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PREFACE 
I 
I 

INTERNATIONAL ENERGY AGENCY 
I 

I 
I 

I n  o r d e r  t o  s t r e n g t h e n  c o o p e r a t i o n  i n  t h e  v i t a l  a rea  o f  ene rgy  p o l i c y ,  an 

Agreement on  an I n t e r n a t i o n a l  Energy  Program was f o r m u l a t e d  among a  number o f  

i n d u s t r i , a l i s e d  c o u n t r i e s  i n  November 1974. The I n t e r n a t i o n a l  Energy Agency 

( I E A )  was e s t a b l i s h e d  as  an autoriomous body w i t h i n  t h e  O r g a n i z a t i o n  f o r  Economic 

Coope ra t i on  and Devel opment (OECD) t o  a d m i n i s t e r  t h a t  agreement. Twenty-one 

. c o u n t r i e s  a r e  c u r r e n t l y  members: o f  t h e  IEA, w i t h  t h e  Commission o f  t h e  European 

Comnun i t i es  p a r t i c i p a t i n g  unde r  s p e c i a l  a r rangement .  

As one e lement  o f  t h e  I n t e r n a t i o n a l  Energy  Program t h e  P a r t i c i p a n t s  

u n d e r t a k e  c o o p e r a t i v e  a c t i v i t i e s  i n  energy  resea rch ,  deve lopment ,  and 

d e m o n s t r a t i o n .  A  number o f  n e w  and improved energy  t e c h o l o g i e s  wh i ch  have ,  t h e  

p o t e n t i a l  o f  mak ing s i g n i f i L a n t  c o n t r i b u t i o n s  t o  o u r  energy  needs were 

i d e n t i f i e d  f o r  c o l l a b o r a t i v e  e f f o r t s .  The IEA C m i t t e e  on Energy  Research and 

Development (CRD), a s s i s t e d  by  a  smal l  S e c r e t a r i a t  s t a f f ,  c o o r d i n a t e s  t h e  ene rgy  

resea rch ,  deve lopment ,  and d e m o n s t r a t i o n  programme. 

The IEA sponsors  r e s e a r c h  and development i n  a  number o f  a reas  r e l a t e d  t o  

energy.  I n  one o f  t h e s e  areas,  ene rgy  c o n s e r v a t i o n  i n  b u i l d i n g s ,  t h e  IEA i s  

s p o n s o r i n g  v a r i o u s  e x e r c i s e s  t o  p r e d i c t  more a c c u r a t e l y  t h e  energy  use  o f  

b u i l d i n g s ,  i n c l u d i n g  ,compar ison o f  e x i s t i n g  computer  programmes, b u i l d i n g  

m o n i t o r i n g ,  compar ison o f  c a l c u l a t i o n '  methods e t c .  The d i f f e r e n c e s  and 

s i m i l a r i t i e s  among t h e s e  compar isons h a v e  t o l d , u s  much abou t  t h e  s t a t e  o f  t h e  

a r t  i n  b u i l d i n g  a n a l y s i s  and have, l i d  t o f u r t h e r  ~ E A  sponsored resea rch .  

, , 

ANNEX 111 RESIDENTIAL BUILDINGS ENERGY ANALYSIS 

Energy c o n s e r v a t i o n  r e t r o f i t <  a r e  an i m p o r t a n t  p a r t  o f  t h e  energy  s a v i n g  

p l a n  i n  a l l  IEA c o u n t r i e s .  F o r  t h e  i n d i v i d u a l  home-owner as  w e l l  as  f o r . t h e  

n a t i o n  as  a  who le ,  i t  i s  v i t a l  t h a t  c o r r e c t  e v a l u a t i o n s  can  b e  made o f  t h e  

ene rgy  s a v i n g  p o t e n t i a l  o f  d i f f e r e n t  r e t r o f i t s .  S ince  most o f  t h e  a n a l y s i s  and 

i n s t a l l a t i o n  o f  t h e s e  r e t r o f i t s  a r e  n o t  done by  a r c h i t e c t s  and/or  eng inee rs ,  



Preface- 2 

t he re  i s  considerable concern t h a t  t he  r e t r o f i t s  w i l l  no t  be p rope r l y  selected 

nor  berform up t o  expectat ions.  

A l l  IEA coun t r i es  need t o  develop f o r  t h e '  marketplace simple, r e l i a b l e  

c a l c u l a t i o n  methods. The ca l cu la ted  recommendations then need t o  be app l i ed  i n  

houses and t es ted  f o r  v a l i d i t y .  

Recommendations may inc lude  new heat ing,  v e n t i l a t i o n  and a i r  cond i t i on ing  

systems, new appl iances, new i n s u l a t i n g  ma te r i a l ,  new g laz ings  etc. Because o f  

the  l a r g e  number o f  p o s s i b i l i t i e s  of c a l c u l a t i o n  types and recommended 

r e t r o f i t s ,  i n t e r n a t i o n a l  co-operat ion w i l l  acce le ra te  t he  r e s o l u t i o n  o f  the  

problems involved.  

The main problem, common t o  a l l ,  i s  how t o  genera l i ze  experimental r e s u l t s  

from t ime  t o  t ime,  p lace  t o  p lace,  on t he  na t i ona l  l e v e l .  I f  t h i s  probem i s  

solved, f i nd i ngs  i n  one count ry  cou ld  a l s o  be used i n  another, and consequently 

ex tens ive  'na t iona l  research progrkmes could be reduced and re t i ona l i zed .  
I 

I n  o rder  t o  genera l i ze  experimental r e s u l t s  two t h i n g s  a re  needed: A  

r e l i a b l e  technique t o  observe and measure t he  conserva t ion  e f fec t ,  and methods 

f o r  conver t ing  these data t o  o the r  environments. The main e f f o r t  i n  Task 111 

has t he re fo re  been made a t  f i n d i n g  the  l i m i t a t i o n s  and t he  bes t  use o f  a  number 

o f  c a l c u l a t i o n  models t h a t  a re  c u r r e n t l y  used f o r  p r e d i c t i n g  t he  energy 

consumption o f  dwe l l ings  (Subtask A), and a t  c o l l e c t i n g  and summarizing gu id i ng  

p r i n c i p l e s  concerning t he  design o f  experiments, ins t rumenta t ion  and measuring 

techniques (Subtask 8). F i n a l l y  t he  r e s u l t s  o f  these two subtasks have been 

used when s tudy ing  t h e  energy conservat ion e f f ec t  o f  a  n ight- temperature setback 

i n  dwe l l i ngs  (Subtask C ) .  

The p a r t i c i p a n t s  i n  t he  Task are:  B e l g i m ,  Denmark, I t a l y ,  t he  

Netherlands, Sweden, ~ w i t z e r l a n d ,  Turkey, and t he  Uni ted States. 

This r epo r t  documents work c a r r i e d  ou t  under subtask B o f  t h i s  task.  The 

coopera t i ve  work and r e s u l t i n g  repo r t  i s  descr ibed i n  t he  f o l l o w i n g  sect ion.  



Foreword- 1 

EDITORS FOREWORD 

The aim o f  t h i s  Report i s  t o  supply t o  techn ic ians  and s c i e n t i s t s '  invo lved  

i n  energy conservat ion i n  b u i l d i n g s  the  bas i s  f o r  s e t t i n g  an exper iment i l  

apparatus devoted t o  the .eva lua t ion  o f  r e t r o f i t  e f fec ts .  The word " r e t r o f i t "  

represents every o p e r a t i o n  on a b u i l d i n g  aiming a t  a reduc t ion  o f  i t s  energy 

demand.. Side e f f e c t s ,  e.g., on indoor  comfort,  r i s i n g  from r e t r o f i t  act ions,  
. . 

are a l so  taken i n t o  considerat ion.  

~ t a i j . ,  a: the  Lead country, proposed t o  the o the r  P a r t i c i p a n t s  t he  contents 

o f  t h i s  Report i n  September 1979. Afterwards, the  Pa r t i c i pan t s  o f  a l l  

Countr ies, i nc l ud ing  the  Lead Country, took upon themselves t h e  r e s p o n s i b i l i t y  

f o r  one o r  more i tems, according t o  t h e i r  personal i n t e r e s t ,  f i e l d . o f  research, 

and t o  the  experience o f  t h e i r  I n s t i t u t e s  and/or Organizations. Every. 

P a r t i c i p a n t  engaged h imse l f  t o  convey Report B mater ia l  t o  competent 

o rgan iza t ions  i n  h i s  own country,  whenever t he  t o p i c  was beyond h i s  s p e c i f i c  

knowledge, i n  order  t o o b t a i n  advice and suggestions. 

Since September 1981, when t he  f i r s t  d r a f t  of t h l s  Report was completed 

several meetings were held, both i n  t he  framework o f  Annex 111, and s p e c i a l l y  

devoted t o  Subtask 0, i n  which t h e  contents o f  every s i n g l e  chapter  were 

discussed among Subtask 8 Pa r t i c i pan t s  and i n  case revised. Suggestions from 

o the r  Annex I 1 1  P a r t i c i p a n t s  have a l so  been considered. 

I n  September 1981 the  f i r s t  d r a f t  o f  t he  R e p o r t  was d i s t r i b u t e d  t o  a l l  

P a r t i c i p a n t s  and t o  a number of exper ts  from each Country. Their  comnents were 

c o l l e c t e d  and de l i ve red  t o  t h e  Lead Country by each Pa r t i c i pan t .  

At the  beginning o f  1982 the  Lead Country member s t a r t e d  t he  complete 

r e w r i t i n g  and e d i t i n g  o f  t he  Report toge ther  w i t h  t he  Swedish Pa r t i c i pan t .  

Overlappings were thus e l im ina ted ,  t he  s i n g l e  Chapters were rearranged i n  such a 

way t h a t  a b e t t e r  , balance among t h e  var ious  i tems "as achieved. The second 

d r a f t  o f  the  Report was t he re fo re  completed i n  A p r i l  1982 and de l i ve red  t o  a l l  

t he  P a r t i c i p a n t s  o f  Annex 111. 

At t he  l a s t  Working Meeting i n  June 1982, the  Report was again discussed i n  

d e t a i l  and new mod i f i ca t i ons  were suggested. The Report was t he re fo re  rev ised,  

and the  t h i r d  d r a f t  was ready by t he  end o f  September 1982, and de l i ve red  t o  t he  

p a r t i c i p a n t s  o f  the  Subtask f o r  f i n a l  comments. Thereaf ter  t he  f i n a l  d r a f t  was, 
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prepared by t h e  E d i t o r s  and sent t o  t h e  Execu t i ve  C a m i t t e e  o f  t h e  IEA Energy 

Conservat ion i n  B u i l d i n g s  and Community Systems f o r  approval  i n  February 1983, 

wherea f te r  t h e  manuscr ip t  of t h i s  Repor t  was w r i t t e n .  

. The experiments about  energy r e t r o f i t s  on b u i l d i n g s  s t u d i e d  i n  t h i s  Report 
' , 

are  thought  t o  be a p p l i e d  on a b u i l d i n g  l e v e l  r a t h e r  than  on a n a t i o n a l  l e v e l  as 

a b a s i s  f o r  l a r g e - s c a l e  energy c o n s e r v a t i o n  plans. 

No economical e v a l u a t i o n s  have been made, because t h a t  would have p rov ided  

i r r e c o v e r a b l e  d isc repanc ies  among t h e  Count r ies  and would have a c c e l e r a t e d  t h e  

obsolescence o f  t h e  Report. Moreover, even if a need f o r  recommendations i s  

f e l t '  i n  many Count r ies ,  t h e  Report does n o t  p r o v i d e  s tandards f o r  t h e  

implementat ion o f  t h i s  k i n d  o f  experiments. The p r i n c i p a l  i dea  was t h a t  every 

experiment has i t s  own v a l i d i t y  once i t  has been c o r r e c t l y  planned, even i f  t h e  

a v a i l a b l e  economic budget i s  n o t  l a r g e  and, consequent ly ,  t h e  exper imenta l  goals  

a r e  n o t  ambi t ious.  An e f f o r t  has been made t o  d e s c r i b e  a number o f  d i f f e r e n t  

methods and techniques f o r  every k i n d  o f  measurement p o i n t i n g  ou t  t h e  r e l a t e d  

advantages and disadvantages. 

T h e b u i l d i n g  i s  such a c a p l e x  system t h a t  t h e  a p p l i e d  measurement 

techniques,  exper imenta l  des igns,  and methods. f o r  e v a l u a t i o n  have t o  be  

c o l l e c t e d  f rom many d i f f e r e n t  research f i e l d s ,  such as b u i l d i n g  phys ics,  

meteorology, measurement technology,  aerodynamics, s t a t i s t i c s ,  mathematical 

mode l l i ng ,  s o c i a l  sc iences etc. P a r t i c u l a r  emphasis was s e t  on t h e  d e s c r i p t i o n  

o f  t h e  behaviour  of occupants as regard  t o  energy management and on how i t  can 

a f f e c t  t h e  exper imenta l  r e s u l t s .  

The Report has been d i v i d e d  i n t o  f o u r  Sect ions:  

I. BASIC PRINCIPLES , 

 h his Sec t ion  descr ibes  t h e  fundamental problems i n  p lann ing  exper iments and 

p rov ides  genera l  t h e o r y  about t h e  energy r e l a t e d  f e a t u r e s  o f  t h e  b u i l d i n g ,  t h e  

environment, t h e  h e a t i n g  system, and t h e  occupants. 

11. DESIGN OF THE EXPERIMENT 

T h i s  Sec t ion  p rov ides  a d e t a i l e d  a n a l y s i s  o f  d i f f e r e n t  comparison procedures 

adopted t o  W a l u a t e  t h e  energy r e t r o f i t  e f f e c t .  S i g n i f i c a n t  examples a re  g i v e n  - 
t o  i l l u s t r a t e  t h e  procedures. 
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111. MEASUREMENTS ON BUILDING AND ENVIRONMENT 

Th is  Sec t ion  descr ibes  t h e  measurement techniques and t h e  guide1 ines  f o r  sensor 

i n s t a l l a t i o n  and data a c q u i s t i o n  f o r  e v e r j  measurement f i e l d  r e l a t e d  t o  t h e  

b u i l d i n g  ( i n f i l  t ra t . i on ,  hea t  f low across t h e  envelope, hea t ing  system) and t h e  

ou tdoor  a n d  indoor  environments. 

I V .  MEASUREMENT AN0 OATA COLLECTION ON OCCUPANCY AND HOUSEHOLD ENERGY 

Th is  Sec t ion  i s d e v o t e d  t o  t h e  study o f  t h e  occupancy r e l a t e d  terms i n  t h e  

energy budget.  I n  t h i s  case, s t a t i s t i c a l  i nformat ion i s  p rov ided ,  a long w i t h  

measurement techniques. 

A l l  r e p r e s e n t a t i v e s  o f  t h e  Subtask B  Count r ies  have p a r t i c i p a t e d  i n  t h e  w r i t i n g  

of t h i s  Report:  

Belgium P. Caluwaerts (CSTC - WSTB) 

I t a l y  G.V. F racas to ro  ( P o l i t e c n i c o  d l  Tor ino )  

Nether lands M. Dubbeld (TNO - D e l f t )  

Sweden . M.D. Lyberg (SIB) 

Swi tze r land  P. Favre (EPF - Lausanne) 

USA D.T. H a r r j e  ( P r i n c e t o n  U n i v e r s i t y )  

C o n t r i b u t i o n s  on s p e c i f i c  t o p i c s  have a l s o  been rece ived  from: 

M. C a l i  

J.B. Cooper 

B.E. E r i k s o n  

M. Fehrm 

R.A. Gro t  

P.J. Ham 

H.A.   of berg 
D. Wyon 

( P o l i t e c n i c o  d i  Tor ino,  I t a l y )  

(EUL - USA) 

(SIB - Sweden) 

(SP - Sweden) 

(NBS - USA) 

(TNO - Nether lands)  

(SIB - Sweden) 

(SIB - Sweden) 
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I a The r e t r o f i t  and the  r e t r o f i t  e f f e c t  

- general i n t r o d u c t i o n  

------- 

The aim of t h i s  r epo r t  i s  t o  p rov ide  t he  bas is  f o r  the  der ; ign and setup o f  

experiments f o r  the  eva lua t ion  o f  the  e f fec ts  o f  energy conservat ion measures i n  

r e s i d e n t i a l  bu i l d i ngs .  

A number of methods can be app l ied  t o  achieve t h i s  r e s u l t ,  ranging from the  

mere measurement o f  indoor-outdoor temperatures and energy consumption t o  the  

must soph is t i ca ted  mon i to r ing  techniques. Each method w i l l  produce an 

informat ion,  the  q u a l i t y  o f  which depends on the  complexi ty  o f  the experiment 

and even more so on the  q u a l i t y  o f  i t s  design. 

This r epo r t  w i l l  descr ibe  how t o  perform those f i e l d  measurements aiming a t  

the  determinat ion o f  the  energy f lows through the  b u i l d i n g  envelope. This 

requ i res  the mon i to r ing  of physical  q u a n t i t i e s  g i v i n g  r i s e  t o  the  energy f lows 

o r  desc r i b i ng  t h e  thermal comfo r t  o f  t he  b u i l d i n g  occupants. We w i l l  o f t en  

re fe r  t o  these experiments as energy moni tor ing.  

F i e l d  measurements, a iming a t  a quick check-up o f  the  thermal performance 

o f  the  b u i l d i n g ,  a re  a l so  considered i n  t h i s  report .  These experiments are 

r e f e r r e d  t o  as energy aud i t ing .  

This repor t ,  a l though i t s  purpose i s  very  spec i f i c ,  w i l l  t he re fo re  p rov ide  

useful in fo rmat ion  about measurements on b u i l d i n g s  i n  general,  such as a u d i t i n g  

and moni tor ing.  

The Report cons is ts  of four Parts. The ' f i r s t  one deals w i t h  general 

p lanning o f  the  experiment, basic p r i n c i p l e s  o f  b u i l d i n g  physics, thermal 

comfort and energy r e l a t e d  behaviour o f  occupants. The second Par t  descr ibes 

the design of the  experiment, t h a t  i s  the comparison on which the eva lua t ion  o f  

energy savings i s  based. The t h i r d  Par t  i s  devoted t o  measurement techniques, 

data acqu i s i t i on ,  and i n s t a l l a t i o n  ru l es  i n  the  d i f f e r e n t  f i e l d s  o f  bui,lding 

physics anb heat ing systems. F i n a l l y ,  the  f o u r t  Par t  deals w i t h  mon i to r ing  o f  

occupants and t h e i r  energy r e l a t e d  a c t i v i t i e s .  



- energy ba lance  o f  a  b u i l d i n g  

B u i l d i n g s  a r e  complex systems, c o n s i s t i n g  o f  a  g r e a t  number o f  non- 

,homogenous components. From t h e  thermodynamic v i e w p o i n t  they can be cons ide red  

as  open therlnodynamic systems. The genera l  e x p r e s s i o n  f o r  t h e  energy 

c o n s e r v a t i o n  e q u a t i o n  f o r  t h i s  k i n d  o f  system i s :  

ZQ+ ZW+ ZH = A U  (I a-1) 

where 

Q i s  heat  exchanged a t  t h e  system boundary ( > O  when e n t e r i n g  t h e  system) 

W i s  work exchanged a t  t h e  system boundary ( > U  when e n t e r i n g  t h e  system) 

H  i s  en tha lpy ,  i.e., energy a s s o c i a t e d  w i t h  mass f l ows  ac ross  t h e  boundary 

(>O when the  mass e n t e r s  t h e  system) 

U i s  t h e  i n t e r n a l  energy o f  t h e  system ( k i n e t i c  energy can be n e g l e c t e d )  

When eq. I a-1  i s  a p p l i e d  t o  a  b u i l d i n g ,  t h e  f o l l o w i n g  s teps  shou ld  be 

cons ide red :  

1) d e f i n i t i o n  o f  t h e  system boundary 

T h i s  s t e p  i s  ve ry  i m p o r t a n t :  what i s  c o n t a i n e d  i n  t h e  b u i l d i n g  and what 

be longs  t o  t h e  env i ronment? I s  t h e  hea t  g e n e r a t o r  a  p a r t  o f  t h e  system? 

A nonambiguous d e f i n i t i o n  o f  t h e  system boundary i s  necessary. 

2 )  d e f i n i t i o n  o f  t h e  energy f lows c r o s s i n g  t h e  boundary - 
Energy f l o w s  between t h e  b u i l d i n g  and i t s  env i ronment  a r e  r a d i a t i v e ,  

c o n v e c t i v e ,  and c o n d u c t i v e  heat  t r a n s f e r s .  S o l a r  r a d i a t i o n ,  a tmospher i c  

r a d i a t i o n , a n d  i n f r a r e d  emiss ion  from t h e  b u i l d i n g  envelope a r e  examples 

o f  r a d i a t i v e  hea t  t r a n s f e r s .  Convec t i ve  hea t  t r a n s f e r s '  t a k e  p l a c e  a t  

t h e  e x t e r n a l  and i n t e r n a l  s u r f a c e s  o f  t h e  b u i l d i n g  enc losure.  Examples 

o f  c o n d u c t i v e  hea t  t r a n s f e r  a r e  hea t  t r a n s f e r s  t o  t h e  basement, and t o  

t h e  ground, across t h e  b u i l d i n g  envelope. 

3)  d e f i n i t i o n  o f  t h e  work e n t e r i n g  ( o r  produced b y )  t h e  system - 
Work e n t e r s  t h e  b u i l d i n g  as e l e c t r i c  energy. Examples a r e :  e l e c t r i c i t y  

f o r  app l i ances ,  i l l u m i n a t i o n ,  cook ing ,  and sometimes f o r  space hea t ing .  

4 )  d e f i n i t i o n  o f  t h e  mass f lows ac ross  t h e  boundary 

Mass f l o w s  across t h e  b u i l d i n g  envelope a r e :  a i r  f l o w s  i n  v e n t i l a t i o n  

systems and a i r  f l ow  caused b y  i n f i l t r a t i o n ,  c o l d  t a p  and sewage water ,  



gas f o r  cook ing  e tc .  I f  t h e  h e a t  g e n e r a t o r  i s  p a r t  o f  t h e  system, fue l  

and f l u e  gases shou ld  be cons ide red  ( t h e  f u e l  e n t h a l p y  is' r o u g h l y  equal 

t o  i t 5  h e a t i n g  v a l u e ) ;  i f  t h e  h e a t  g e n e r a t o r  i s  n o t  p a r t  o f  t h e  system, 

' s u p p l y  and r e t u r n  wa te r  t o  t h e  t e r m i n a l s  shou ld  b e  cons ide red  as mass 

f lows.  

- t h e  r e t r o f i t  

A  r e t r o f i t  i s  d e f i n e d  as : 

" a  r e t r o f i t  i s  an a l t e r a t i o n  o f  an e x i s t i n g  system a im ing  a t  t h e  

improvement o f , i t s  performance w i t h  regard  t o  i t s  f u n c t i o n ,  b u t  n o t  i n t r o d u c i n g  

new uses of  t h e  system" 

Therefore,  b u i l d i n g  r e t r o f i t s  may r e f e r  t o  any o f  t h e  f u n c t i o n s  

accompl ished by  t h e  b u i l d i n g  i t s e l f .  However, i n  t h e  c o n t e x t  o f  t h i s  Repor t ,  a 

r e t r o f i t  w i l l  r e f e r  t o  a c t i o n s  ' a im ing  a t  t h e  r e d u c t i o n  o f  energy consumption, o r  

a t  t h e  improvement of t he rma l  comfo r t  i n  r e s i d e n t i a l  b u i l d i n g s ,  o r  both .  

S ide  e f f e c t s  o f  r e t r o f i t s  must a l s o  b6 t a k e n  i n t o  account  and s t u d i e d  a l o n g '  

w i t h  t h e  d e t e r m i n a t i o n  o f  energy sav ing.  Th is ,  i n  i t s  t u r n ,  shou ld  n o t ,  i n  

p r i n c i p l e ,  be ach ieved a t  t h e  expense o f  human the rma l  comfor t ,  wh ich  shou ld  be 

i n  any case preserved o r  improved upon. An i m p o r t a n t  q u e s t i o n  i s  t h e r e f o r e ,  

what degree i n  energy r e d u c t i o n  can t h e  r e t r o f i t  programme ach ieve.  

I n  genera l ,  r e t r o f i t s  a u t o m a t i c a l l y  l e a d  t o  t h e  improvement o f  comfo r t :  

f o r  example, e x t r a  w a l l  i n s u l a t i o n  and e x t r a  window g l a z i n g  g i v e  r i s e  t o  an 

i n c r e a s e  of  i n s i d e  s u r f a c e  temperatures if t h e  a i r  t empera tu re  i s  k e p t  cons tan t .  

Such r e t r o f i t s  w i l l  a l s o  l e a d  t o  a b e t t e r  i n s u l a t i o n  f rom e x t e r n a l  no ise.  

' Window t i g h t e n i n g  w i l l c a u s e  a r e d u c t i o n  o f  i n d o p r  d raugh ts  c l o s e  t o  t h e  

windows, t h u s  improv ing  comfo r t .  

On t h e  o t h e r  hand, s u p e r i n s u l a t e d  houses w i l l  o f t e n  be uncomfo r tab le  d u r i n g  

summertime and mid-seasons, due t o  t h e  h i g h  amount o f  s o l a r  r a d i a t i o n  and 

i n t e r n a l  hea t  g a i n s  which cannot  be d i s s i p a t e d  by  t r a n s m i s s i o n  t h r o u g h  t h e  

envelope. S i m i l a r l y ,  t i g h t n e s s  o f  b u i l d i n g s  shou ld  n o t  be improved beyond a 

c e r t a i n  l i m i t  a t  wh ich  t h e  n a t u r a l  removal o f  odours and p o l l u t a n t s  i s  

prevented.  T y p i c a l  r e t r o f i t t i n g  a c t i v i t i e s  i n  house t i g h t e n i n g  have r e s u l t e d  i n  



10'3-35'3 r educ t i on  i n  a i r  leakage. Houses t igh tened may have an a i r  change r a t e  

by na tu ra l  v e n t i l a t i o n  which i s  l e s s  than 0.5 a i r  changes per  hour (ACH), i n  

some coun t r i es  i t  may even be as small  as 0.1 ACH. Y i t i i  t h i s  degree o f  

t i gh tness  mechanical v e n t i l a t i o n  i s  a  necessity. If the a i r  leak iness  o f  houses 

can be made very small ,  then a i r - t o - a i r  heat exchangers can be j u s t i f i e d  as an 

a d d i t i o n a l  energy conserva t ion  measure. 

Other negat ive s ide-ef fects t h a t  have t o  be taken i n t o  account are, fo r  

instance,  t he  poss ib l e  appearance o f  mo is tu re  s t a i n s  a t  t he  i n t e r s e c t i o n  w i t h  

i n t e r i o r  wa l l s ,  due t o  emphasized c o l d  b r idges  when app ly ing  e x t r a  wa l l  

i n s u l a t i o n  t o  t h e  i n s i d e  surface. Bad craf tmanship w i l l  i n  some cases lead  t o  

s i m i l a r  e f f ec t s .  

It must be st ressed t h a t  i n  c e n t r a l  hea t ing  systems c o n t r o l l e d  through t h e  

i s  no t  supported by a  s u i t a b l e  readjustment o f  t he  con t ro l  system. 

Educational campaigns addressed t o  occupants must a l s o  be employed t o  

prevent  a  r e t r o f i t  from g i v i n g  on l y  r i s e  t o e h i g h e r  indoor  temperatures, 

exceeding t he  comfort l e v e l .  This can reduce t he  energy saving. 

L i t t l e  i n f o rma t i on  has so ' f a r - b e e n  gathered about s i de  e f f ec t s  o f  

r e t r o f i t s ,  i n  p a r t i c u l a r  about those a l t e r i n g  t h e  human behaviour. I t  i s  the  

task  of t h e  experimenter t o  i n v e s t i g a t e  s i de  e f f e c t s  produced by r e t r o f i t s  and 

t h e i r  i n f l uence  on t he  energy savings. 

R e t r o f i t s  can be c l a s s i f i e d  as f o l l ows :  

- r e t r o f i t s  improving the  t h e n o p h y s i c a l  p rope r t i es  o f  the  b u i l d i n g  envelope 

- r e t r o f i t s  improving t he  performance of t he  heat ing,  l i g h t i n g ,  t ap  water, 

o r  o the r  systems i n  t he  b u i l d i n g .  .- 

Some example of r e t r o f i t s  belonging t o  the  f i r s t  category are:  

- window improvement 

. adding of e x t r a  g l az i ng  

. rep lac i ng  t he  e x i s t i n g  g laz ing  o r  window w i t h  a  more energy e f f i c i e n t  one 

. adding o f  an e x t r a  window (storm window) 

. sea l i ng  o r  weather s t r i p p i n g  o f  the  j o i n t s  

. sea l ing  o r  i n s u l a t i o n  o i  the  r o l l e r  b l i n d s  con ta iner  



. . 
- e x t r a  w a l l  i n s u l a t i o n  

. i n s u l a t i o n  app l ied  t o  the  i n s i d e  surface ( p re fabr ica ted  'panels provided 

w i t h  gypsum board a re  canmercia l ly  a v a i l a b l e )  

. i n s u l a t i o n  i n  t he  a i r  space of c a v i t y  wa l l s  (foam o r  granulous substances 
'.) 

are poured o r  blown i n t o  i t )  

. i n s u l a t i o n  app l ied  t o  ou ts ide  su r f aces ' ( f i n i shed  w i t h  ma te r i a l s  r e s i s t a n t  

t o  thermo-mechanical s t resses.  and w a t e r t i g h t )  

- r o o f  i n s u l a t i o n  

. pouring, b lowing o r  l a y i n g  i n s u l a t i o n  on t he  l o f t  f l o o r  

. p lac ing  the  i n s u l a t i o n  l a y e r  below the  c e i l i n g  

. p lac ing  a  water t ight , .and thenomechan ica l l y  r e s i s t a n t ,  i n s u l a t i o n  l a y e r  

d i r e c t l y  over the  r o o f  

- ground f l o o r  i n s u l a t i o n  

. app ly ing  t h e  i n s u l a t i o n  t o  the  c e l l a r  o r  crawl space below the  f l o o r  

Some r e t r o f i t s  belonging t o  t he  second category are: 

.- improving t he  burner -bo i le r  ef f ic iency.  

- e x t r a  i n s u l a t i o n  o f  domestic h o t  water s torage tank 

- p lac i ng  i n s u l a t i n g - r e f l e c t i n g  panels behind, t he  heat em i t t e r s  

- rep lac i ng  tungsten f i l amen t  lamps w i t h  f luorescent  lamps 

- zoning o f  heated space 

- n i g h t  temperature set-back 

- heat recovery from mechanical ly exhausted a i r  

- heat  recovery from waste water 

- p l ac i ng  t h e r m o i t a t i c  valves on heat em i t t e r s  

- balancing o f  hea t ing  and v e n t i l a t i o n  systems . , 

- i n s t a l l a t i o n  o f  damper reguiators 

- i n s t a l l a t i o n  of motorshunt valves 

- experimental eva lua t ion  of the  r e t r o f i t  e f f e c t  

---- 

A r e t r o f i t ,  as i t  vHs s ta ted  before, can produce bo th  energy savings and 

t he  improvement o f  thermal comfort. The aim of the  experiment i s  there fo re  t o  

eva lua te  these two' i f fects. Regarding t he  improvement o f  comfort, t h e  e f f e c t  of 



a  r e t r o f i t  cannot -be d e f i n e d  i n  a  p r e c i s e  way, as t h e r e  a r e  many d i f f e r e n t  ways 

o f  q u a l i f y i n g  t h e  i n d o o r  c l i m a t e  (see c h .  I c  and ' 1 1 1 ~ ) .  

The energy sav ing ,  which i s  t h e  main reason f o r  a  r e t r o f i t ,  can be def.ined 

as t h e  v a r i a t i o n  o f  energy, consumption, due t o  t h e  r e t r o f i t  i t s e l f ,  o v e r  a  

c e r t a i n  p e r i o d  ( u s u a l l y  one h e a t i n g  season).  

There fo re  we d e f i n e  t h e  r e t r o f i t  e f f e c t  as: 

" t h e  r e t r o f i t  e f f e c t  i s  t h e  amount o f  energy saved by a  r e t r o f i t  i f  a l l  

f a c t o r s  a r e  k e p t  c o n s t a n t  excep t  f o r  t h e  r e t r o f i t  i t s e l f ,  and changes i n  t h e  

behav iou r  o f  t h e  occupants induced by  t h e  r e t r o f i t .  

Sometimes i t  w i l l  be conven ien t  t o  compare t h e  r e t r o f i t  e f f e c t  t o ,  e.g., 

t h e  average of  t h e  energy consumptions i n  t h e  r e t r o f i t t e d  and non r e t r o f i t t e d  

b u i l d i n g s .  The r e l a t i v e  r e t r o f i t  e f f e c t  w i l l  t h e r e f o r e  be d e f i n e d  as t h e  r a t i o  

o f :  . t h e  r e t r o f i t  e f f e c t  t o  t h e  average o f  t h e  energy consumptions i n  t h e  

r e t r o f i t t e d  and t h e  non r e t r o f i t t e d  b u i l d i n g s .  

The, r e t r o f i t  e f f e c t  shou ld  n o t  be confused w i t h  t h e  observed energy sav ing.  

T h i s  one w i l l  be i n f l u e n c e d  by d i f f e r e n c e s  i n  e x t e r n a l  c l i m a t e ,  i n d o o r  c l i m a t e ,  

and changes i n  t h e  occupancy and behav iou r  o f  t h e  occupants  n o t  due t o  t h e  

r e t r o f i t .  Knowledge.  o f  t h e  impact  o f  t h e  occupants-  behav iou r  on energy 

consumpt ion i n  r e s i d e n t i a l  b u i l d i n g s  (see  ch. I e  and P a r t  I Y )  i s  s t i 1 . l  q u i t e  

scarce,  and t h e r e  i s  even l e s s  i n f o r m a t i o n  about  how occupants  r e a c t  t o  r e t r o f i t  

a c t i o n s .  Moreover,  t h e  e f f e c t  o f  t h e  q u a l i t y  o f  c r a f t m a n s h i p  has seldom been 

i n v e s t i g a t e d .  

These f a c t o r s  can o n l y  be p a r t i a l l y  t a k e n  i n t o  account  and c o r r e c t l y  

i n t r o d u c e d  i n  even t h e  most s o p h i s t i c a t e d  t h e o r e t i c a l  models o f  b u i l d i n g  the rma l  

behav iour .  Yet, as e x p e r i e n c e  shows, these  f a c t o r s  a r e  r e s p o n s i b l e  . f o r  marked 

. d i f f e r e n c e s  between t h e  expected and t h e  measured r e s u l t s .  There fo re ,  t h e r e  a r e  

good reasons why t h e  e v a l u a t i o n  o f  r e t r o f i t  e f f e c t s  shou ld  be checked 

e x p e r i m e n t a l l y  on b u i l d i n g s  where peop le  a c t u a l l y  l i v e .  

The exper iment  i t s e l f  w i l l  c o n s i s t  i n  t h e .  compar ison o f  t h e  . e n e r g y  

consumpt ion i n  r e t r o f i t t e d  and non r e t r o f i t t e d  b u i l d i n g s .  . T h i s  compar ison i s  

made d i f f i c u l t  by t h e  f a c t  t h a t  energy consumpt ion depends n o t  o n l y  on t h e  

. b u i l d i n g  the rma l  f e a t u r e s ,  b u t  a l s o  o n  u n c o n t r o l l a b l e  - f a c t o r s ,  i .e. t h e  

occupants  behav iou r  and t h e  weather.  Some f a c t s  t h a t ,  shou ld  be t a k e n  i n t e  



account  by  t h e  exper imen te r  a r e :  

- i t  w i l l  a lways b5 hard  t o  separa te  t h e  r e t r o f i t  e f f e c t  from t h e  e f f e c t  due t o  

t h e  v a r i a t i o n  o f  t h e  o t h e r  f a c t o r s  

- these  t ypes  o f  exper imen ts  a r e  expens ive and t i m e  consuming: consequen t l y  a  

s u p e r f i c i a l  o r  h a s t y  p l a n n i n g  c o u l d , r e s u l t  i n  a  g r e a t  waste o f  t i m e  and money 

- t h e  b u i l d i n g ,  t h e  h e a t i n g  system, and t h e  occupants r e p r e s e n t  a  complex and 

heterogeneous system which w i l l  r e a c t  w i t h  d i f f e r e n t  promptness and i n t e n s i t y  

t o  changes such as r e t r o f i t s  

- pe r fo rm ing  more than one r e t r o f i t  a t  a  t i m e  w i l l  i n t r o d u c e  u n c e r t a i n t i e s  i n  - 

t h e  e v a l u a t i o n  o f  t h e i r  i n d i v i d u a l  e f f e c t .  

Some genera l  c r i t e r i a  f o r  pe r fo rm ing  a good exper iment  should  a l s o  be taken 

i n t o  account  by t h e  researcher .  They a r e  con ta ined  i n  t h e  f o l l o w i n g  q u o t a t i o n :  

"The requ i remen ts  f o r  a  good exper iment  a r e  t h a t  t h e  ... comparisons 

shou ld  as'  f a r  as p o s s i b l e  be f r e e  from sys temat i c  e r r o r ,  t h a t  t h e y  should  be 

made s u f f i c i e n t l y  p r e c i s e l y ,  t h a t  t h e  c o n c l u s i o n s  should  have a wide range o f  

v a l i d i t y ,  t h a t  t h e  exper imen ta l  arrangement shou ld  be as s i m p l e  as p o s s i b l e ,  and 

f i n a l l y  t h a t  t h e  u n c e r t a i n t y  i n  t h e  c o n c l u s i o n s  should  b e ,  assessable"  (Cox 

19%). 

F u r t h e r  d e t a i l s  w i l l  be desc r ibed  i n  ch. I 1  a. See a l s o  genera l  t e x t s  on 

e n g i n e e r i n g  e x p e r i m e n t a t i o n  (e.g. Schenk 1961) 

- p l a n n i n g  o f  t h e  exper iment  

I n  t h i s  s e c t i o n  an o u t l i n e  o f  t h e  whole p l a n n i n g  o f  t h e  exper iment  w i l l  be 

presented.  The d i s c u s s i o n  below w i l l  be  r e s t r i c t e d  t o  problems a s s o c i a t e d  w i t h  

I t h e  s c i e n t i f i c  methodology. Ques t ions  concern ing  p r o j e c t  management i n  a  broad 

sense w i l l  o n l y  be touched upon i n  a' s h o r t  way,.as t h e  reader  o f  t h i s  Repor t  i s  

expected t o  be a  researcher  w i t h  some exper ience  of  p e r f o r m i n g  f i e l d  

exper iments .  

I 
I t  would see111 l o g i c a l t o  s t a r t  t h e  exper iment  by  c o n s i d e r i n g  f i r s t  t h e  

workp lan f o r  t h e  s c i e n t i f i c  p a r t  o f  t h e  p r o j e c t ,  and from t h i s  draw c o n c l u s i o n s  

about  t h e  reso"rces i n  t ime ,  money and peop le  necessary f o r  t h e  r e a l i z a t i o n  o f  
I 

t h e  p r o j e c t .  I n  r e a l i t y ,  t h e  s i t u a t i o n  i s  ve ry  o f t e n  t h e  oppos i te ;  i t  i s  n o t  

1 



convenient t o  make any d e t a i l e d  p lans f o r  the  experiment be fo re  the  a v a i l a b l e  

resources f o r  the  p r o j e c t  a re  known. However, t he  dec is ion  t h a t  t he  p r o j e c t  has 

t o  be performed may be received by shor t  n o t i c e  and i t  i s  there fo re  essent ia l  

t h a t  t he  p r o j e c t  manager has i n  advance a  h i e ra r chy  o f  a l t e r n a t i v e  p lans about 

how the  experiment should be performed, r e l a t e d  t o  what resources w i l l  be 

a l loca ted .  Due. t o  i n e v i t a b l e  mod i f i ca t ions  i n  the  a v a i l a b l e  f i n a n c i a l  budget 

and changes i n  t he  t ime schedule, t he  p lans should be f l e x i b l e .  The t ime  

schedule should a l s o  be f l e x i b l e ,  b u t  some f i x e d  deadl ines f o r  impor tan t  st= 

o f  t he  p r o j e c t  should be es tab l i shed.  

The team performing t h e  experiment and the  equipment a re  the  two major 

resources needed. At d i f f e r e n t  stages o f  t he  p ro j ec t ,  t he  team may inc lude  

techn ic ians  f o r  t he  desigh of t he  measurement equipnent,, computer s p e c i a l i s t s  

f o r  w r i t i n g  t he  da ta  c o l l e c t i o n  programs, a  mon i to r ing  crew fo r  t h e  

i n s t a l l a t i o n ,  su r ve i l l ance  and maintenance o f  t he  equipment, psycho log is ts  and 

soc ia l  s c i e n t i s t s  f o r  t he  eva lua t i on  of t he  behaviour o f  t he  occupants, 

s c i e n t i s t s  f o r  t he  ana l ys i s  o f  t he  r e s u l t s  and f o r  t he  w r i t i n g  of t h e  f i n a l  

r e p o r t ,  and f i n a l l y  p r o j e c t  managers. For f u r t h e r  d e t a i l s  about t h i s  t o p i c  see 

Day, 1983. 

The experiment can be considered as c o n s i s t i n g  o f  e i g h t  connected steps, 

t he  most r e l evan t  o f  which w i l l  be f u r t he r  discussed i n  ch. I l a ,  l I I a  and I I l g :  

I - task 

2 - aim o f  t he  i n v e s t i g a t i o n  

3 - eva lua t i on  o f  t he  problem 

4 - . d e s c r i p t i o ~  o f  t he  system 

5 - design of t he  experiment and cho ice  o f  t h e  model 

6 - p lann ing  o f  measurements 

7 - measurement campaign 

8 - ana l ys i s  o f  data 

1. Task 

The f i r s t  s tep  i n  t he  procedure w i l l  o f t en  be a  request  made t o  t he  - 
experimenter by a  customer (an adm in i s t r a t i ve  a u t h o r i t y ,  a  super ior ,  a  p u b l i c  

u t i l i t y  etc.) t o  so l ve  a general problem as "what i s  t he  energy saving which can 

be achieved through a  c e r t a i n  r e t r o f i t ? "  Th is  request  w i l l  e s t a b l i s h  t he  main 

l i m i t a t i o n s ,  and ob jec t i ves ,  o f  t he  i n v e s t i g a t i o n  i n  d e t a i l .  The f i n a n c i a l  

budget and t h e  a v a i l a b l e  t i m e  w i l l  gene ra l l y  be  proposed by t he  customer a t  t h i s  



stage. The task assigned t o  the  researcher w i l l  c ons i s t  o f  quest ions r e q u i r i n g  

t a rge t -d i r ec ted ,  ' p r a c t i c a l  and genera l i zab le  answers, according t o  t he  

customer-s purpose. 

2. Aim o f  t he  i n v e s t i g a t i o n  , 
The problem, q u a l i t a t i v e l y  def ined a t  t h e  previous stage, has now t o  be 

c l e a r l y  defined. Although the  problem has been presented i n  general terms, i t  

i s  now necessary t o  choose, a  spec i f i c  sample, if t h i s  has no t  been chosen 

prev ious ly .  P r a c t i c a l  circumstances w i l l  l i m i t  t h i s  choice. Nevertheless, the  

o b j e c t ( s )  o f  t h e  i n v e s t i g a t i o n  should be chosen so t h a t  no l a r g e  systematic 

e r r o r s  are in t roduced i n  the experiment. D i f f e ren t  approaches are  possib le.  

The two extreme cases are: 

- a  singl'e apartment, house, o r  b u i l d i n g  can be chosen, representa t i ve  o f  a  

c e r t a i n  popu la t ion  o f  b u i l d i n g s  and occupants 

- a  l a r g e r  sample. can be used t o  minimize t he  in f luence o f  uncon t ro l l ab le  

va r i ab les  

The smal ler  t he  sample t o  be i nves t i ga ted  i s ,  t he  more complex t he  experimental 

apparatus. w i l l  have t o  be. 

3. Eva lua t ion  o f  t he  problem 

At t h i s  stage t he  experimenter must check i f  he can solve t he  problem using 

e x i s t i n g  knowledge. I f  t he  r e p l y  i s  a f f i r m a t i v e ,  t he re  i s  no need f o r  an 

experimental evaluat ion.  Otherwise, he w i l l  have t o  make a  rough est imate o f  

the  energy savings . us ing a  simple, s t a t i c  model, neg lec t ing  t he  e f f e c t  o f  

occupants, making use o f  t y p i c a l  meteorological  data and t ak i ng  i n t o  account t he  

c h a r a c t e r i s t i c s  o f  t he  con t ro l  system. Once a  rough es t imate  o f  t he  energy 

savings has been made, i t  should always be v e r i f i e d  whether t he  u n c e r t a i n t i e s  

are s t i l l  so l a rge  as t o  r equ i re  an experimental evaluat ion.  

4. Desc r i p t i on  o f  t he  system 

The nex t  s tep i s  t o  cons t ruc t  a  d e s c r i p t i v e  model o f  t he  system t o  be 

inves t iga ted .  F i r s t  o f  a l l ,  the  system boundaries must be defined. Theenergy 

f lows across t he  boundary and those coming from i n t e r n a l  sources are desribed. 

The i r  importance w i l l  depend on weather fac to rs  (1). on t he  requ i red  indoor 

c l ima te  (I), on t he  thermal performance o f  b u i l d i n g  components (I), and on 



energy r e l a t e d  a c t i v i t i e s  o f  t h e  occupants (g). Therefore,  t h e  researcher  must 

now d e c i d e  what i n t e r a c t i o n s  have t o  be cons ide red  between 0, 0, W, I and what 

b u i l d i n g  components a r e  i n v o l v e d  i n  t h e  energy dynamics. Fo r  f u r t h e r  d i s c u s s i o n  

o f  t h i s  t o p i c  see ch. I l a .  

5; Design o f  t h e  exper iment  and c h o i c e  of  t h e  model 

I 
I 

The des ign  o f  t h e  exper iment  and t h e  c h o i c e  o f  t h e  model a r e  t h e  v e r y  h e a r t  

o f  t h e  p l a n n i n g  o f  t h e  exper iment .  The des ign  o f  t h e e x p e r i m e n t  i s  t h e  

procedure used t o  compare t h e  r e t r o f i t t e d  and non r e t r o f i t t e d  b u i l d i n g s .  I t  

should reduce t h e  i n f l u e n c e  o f  some u n c o n t r o l l a b l e  f a c t o r s ,  such as 0  o r  W, on 

t h e  energy e v a l u a t i o n s .  The des ign  o f  t h e  exper iment  i s  l i m i t e d  by p r a c t i c a l  

reasons, such as t i m e  and money. 

Along w i t h  t h e  d e s i g n  of t h e  experiment a  model i s  cons t ruc ted .  I n  i t ,  t h e  

energy f l o w s  of t h e  system a r e  f o r m a l l y  d e s c r i b e d  by a  s e t  o f  equat ions.  I f  t h e  

r e l a t i o n s  appear ing i n  t h e  model a r e  w e l l  known, and r e l i a b l e  records  o f  0 -o r  

W-related f a c t o r s  a l r e a d y  e x i s t ,  a  t h e o r e t i c a l  C a l c u l a t i o n  would b e  p r e f e r a b l e  

t o  an exper iment .  

I f ,  on t h e  o t h e r  hand, o n l y  one b u i l d i n g  component i s  i n v o l v e d  i n  t h e  model 

and the  i n f l u e n t i a l  f a c t o r s  can be reproduced under c o n t r o l l e d  c o n d i t i o n s ,  a  

l a b o r a t o r y  exper iment  can b e  performed. 

Otherwise a  f i e l d  exper iment  w i l l  be p re fe rab le .  The t i m e  r e s o l u t i o n ,  t h e  

r e q u i r e d  accuracy and t h e  r e s o l u t i o n  o f  t h e  measurements a r e  dec ided a t  t h i s  

s tage,  as w e l l  as t h e  course  and d u r a t i o n  of  t h e  exper iment .  For  f u r t h e r  

d i s c u s s i o n s ,  see ch. I l a  and I I I a .  

6. P lann ing  o f  t h e  measurements 

A t  t h i s  s tage t h e  t e c h n i c a l  q u e s t i o n s  r e l a t e d  t o  t h e  measurements have t o  

be so lved.  The measurable q u a n t i t i e s  p e r t a i n  t o  d i f f e r e n t  d i s c i p l i n e s  

(meteoro logy,  eng ineer ing ,  s o c i a l  sc iences e t c . ) ,  and t h e r e f o r e  d i f f e r e n t  

methods o f  measurement, such as d i r e c t  measurements, observa t ions ,  surveys, 

etc. ,  have t o  be employed (see Chapter I I I a ) .  Furthermore, t h e  d e t e r m i n a t i o n  o f  

t h e  q u a l i t y  of c ra f tmansh ip  d u r i n g  t h e  implementat ion of t h e  r e t r o f i t ,  should b e  

planned a t  t h i s  s tage.  



The whole measurement system from t ransducers  t o  da ta  s t o r a g e  has t o  be 

p lanned (see  ch. I I l g ) .  The sensors  w i l l  be chosen a l o n g  w i t h  i n s t a l l a t i o n  

r u l e s  and techn iques  (see ch. I l l g ) .  The accuracy o f  t h e  measurement c h a i n  can 

now be e s t a b l i s h e d  and compared w i t h  t h e  expected r e s o l u t i o n  o f  t h e  model. I f  

' . i t  t u r n s  o u t  t o  be i n s u f f i c i e n t  t o  match t h e  model requ i remen ts ,  o t h e r  

measurement techn iques  should  be chosen', o r  t h e  model should  be mod i f i ed .  

1 A t  t h i s  p o i n t ,  programs f o r  o n - l i n e  e l a b o r a t i o n  and s u r v e i l l a n c e  o f  d a t a  

shou ld  be prepared,  d a t a  s t o r a g e  p lanned and t h e  sampl ing t i m e  f o r  eve ry  

measured q u a n t i t y  chosen. 

7. Measurement campaign 

The f i r s t  a c t i o n  i n  t h e  measurement campaign w i l l  be t h e  i n s t r u c t i o n  o f  t h e  

m o n i t o r i n g  crew. Then, t h e  m o n i t o r i n g  equipment should  be i n s t a l l e d  i n  s i t u ,  

w i t h o u t  caus ing  unnecessary d i s t u r b a n c e  t o  t h e  occupants  a c t i v i t i e s .  The 

occupants w i l l  have t o  be i n s t r u c t e d  about what t o  do i n  case they 
. . 

u n i n t e n t i o n a l l y  damage t h e  apparatus o r  d e t e c t  a  m a l f u n c t i o n .  

The whole system shou ld  be tested b e f o r e  s t a r t i n g  t h e  measurement campaign. 

The m o n i t o r i n g  crew shou ld  be g i v e n  t i m e  t o  l e a r n  how t o  o p e r a t e  t h e  measurement 

equipment and c o l l e c t  , exper ience  on how t o  t r e a t  f r e q u e n t l y  o c c u r i n g  

m a l f u n c t i o n s ,  t h e r e  shou ld  b e  a  " runn ing -  i n  and l e a r n i n g  p e r i o d "  f o r  t h e  

m o n i t o r i n g  crew. 

I f  a l l  t h e  p r e v i o u s  s teps  have been c a r e f u l l y  cons ide red ,  d u r i n g  t h e  

measurement campaign o n l y  r o u t i n e  ' ope ra t i ons  should  be r e q u i r e d ,  a i m i n g  a t  t h e  

prompt d e t e c t i o n  o f  any p o s s i b l e  system ma l func t ions .  These shou ld  be expected 

i n  t h i s  k i n d  o f  exper iment  because o f  t h e  c o m p l e x i t y  o f  t h e  exper imen ta l  

apparatus and due t o  t h e  f a c t  t h a t  t h e  occupants i n t e r f e r e  w i t h  i t. - 

Once t h e  measurement campaign has s t a r t e d  no a l t e r a t i o n s  "a p o s t e r i o r i "  o f  

t h e  p r e v i o u s  p o i n t s  5. and 6 shou ld  be made. 

8. A n a l y s i s  o f  d a t a  

A f t e r  t h e  measurement campaign has been t e r m i n a t e d ,  every  exper iment  

r e q u i r e s  t h e  a n a l y s i s  and t h e  i n t e r p r e t a t i o n  o f  data ,  w i t h o u t  which t h e  whold 

p rocedure  i s  meaningless. 



F i r s t  o f  a l l ,  bad data, stemming from p rev ious l y  undetected mal funct ions,  

should be r e j e c t e d  from the  data c o l l e c t i o n .  The reasonable data should be used 

t o  est imate the  numerical va lue o f  the  parameters o f  t he  model. The model i n  

i t s  turn., i s  va l i da ted  by checking the  consistence of the  values o f  t h e .  ' 

parameters w i t h  those provided by previous experience o r  knowledge. If a l l  

checks a re  p o s i t i v e ,  i t  w i l l  be poss ib l e  t o  use the  model as a p r e d i c t i v e  model 

and there fo re  t o  apply i t  t o  o ther  - s i m i l a r  - bu i l d i ngs .  

The experimentar should always w r i t e  a r epo r t  - descr i b i ng  how he faced and 

solved t he  quest ions posed a t  each stage o f  the  experiment and how the  data were 

co l lec ted .  

The results should be presented by us ing graphs and equations, as we l l  as 

t ab les  o r  s t a t i s t i c a l  f igures .  I f  the  task was t o  e s t a b l i s h  the  r e t r o f i t  

e f f e c t ,  t he  model should now be used t o  c o r r e c t  t he  r e s u l t  from the  e f f ec t  of 

uncon t ro l l ed  var iab les .  

- Example 

The f o l l ow ing  example w i l l  cover, s tep by step,  the  procedure descr ibed i n  

' t he  previous sect ion:  i t  has no o ther  p a r t i c u l a r  aim than the d e s c r i p t i o n  of 

the  suggested procedure. 

1. Task: evaluate the  energy saving by i n s t a l l i n g  thermosta t i c  valves. 

2. A i m  o f  the  i nves t i ga t i on :  The aim i s  t o  eva lua te  the energy savings 

obta ined by i n s t a l l i n g  thermosta t i c  valves having a 20°c set  p o i n t  on the  

r a d i a t o r s  of a water- fed gas- f i red  heating'system. The ob jec t  i s  a m u l t i f a m i l y  

b u i l d i n g  i n  a suburban area. 

3. Eva lua t ion  o f  the  problem: From previous knowledge on s i m i l a r  

bu i l d i ngs ,  the average indoor temperature i s  est imated t o  2Z°C.   here fore, if a 

prev ious  energy b i l l  Q. and t he  r e l a t e d  degree-days 00, a re  known, t he  

r e t r o f i t  e f f e c t  R cou ld  be est imated by:  

R = Qc ( 1  - 00x-2/00x ) ( l a  - 2) 

where , 

x  i s  the  reference indoor  temperature fo r  t he  c a l c u l a t i o n  o f  t he  degree-days 
' ,  



4. Desc r i p t i on  o f  the  system: The energy, f lows i n  t he  system which are 

taken i n t o  cons idera t ion  are: 

- the  heat  de l i ve red  t o  the  b u l l d i n g  from the  heat ing  system. 

- the  heat in t roduced i n  t he  b u i l d i n g  by so la r  r a d i a t i o n  impinging on the  

windows fac ing south. 

- the  energy int roduced by occupants through t h e i r  presence, use o f  appl iances. 

and opening o f  windows. 

- the  t ransmission heat loss  through t he  b u i l d i n g  envelope. 

- t he  heat loss  due t o  a i r  i n f i l t r a t i o n  

- t h e  heat  s tored i n  the  b u i l d i n g  s t r u c t u r e  

5. Design of t he  experiment and choice o f  t he  model: Since t he  e f f ec t  of 

occupancy v a r i a t i o n s  has t o  be avoided, an experiment i s  chosen i n  which the 

same b;i lding i s  examined be fo re  and a f t e r  t h e  r e t r o f i t  (before-  a f t e r  design o f  

experiment, see ch. I 1  c ) .  The assumption i s  made t h a t  occupancy i s  

independent of time. bu t  t h a t  i t  may be in f luenced by t he  r e t r o f i t .  The chosen 

model i s ,  according t o  s tep  4.: 

a*Qc + b*qS + c - d+ ( f i  - fo ) n - ee'ATint = 0 ( l a  - 3) 

where: 

a represents t he  average e f f i c i e n c y  o f  t he  b o i l e r  over t he  pe r i od  

b i s  a  constant  of p r o p o r t i o n a l i t y  t o  southwards v e r t i c a l  so l a r  r a d i a t i o n  

c i s  the  "energy e f f e c t  o f  occupants" 

d i s  a  constant  o f  p r o p o r t i o n a l i t y  t o  ins ide-ou ts ide  temperature 

d i f fe rence,  t ak i ng  i n t o  account t ransmission and i n f i l t r a t i o n  losses 

e i s  t h e  heat capac i ty  o f  the b u i l d i n g  

n i s  the  l eng th  o f  the  t ime i n t e r v a l  between two measurements 

Qc i s  t he  energy corresponding t o  t he  amount o f  gas burned, V 

Qs i s  southwards v e r t i c a l  so l a r  r a d i a t i o n  
9 

Ti i s  indoor a i r  temperature 

To i s  outdoor a i r  temperature 

Tint i s  t he  average temperature of the  b u i l d i n g  s t r u c t u r e  

ATint  i s  t he  d i f f e r e n c e  i n  Tint between two readings 

The minimal t ime  r e s o l u t i o n  (n )  o f  t he  model i s  one hour 

6. Planning of the  measurements: the  q u a n t i t i e s  t o  be measured are 

Tint w i t h  a t ime step of one hour 



Tj,To w i t h  a  t ime s tep  of t en  minutes 

Qs,Vg w i t h  a  t ime s tep  o f  one minute 

- e  i s  measured once by l e t t i n g  the  temperature d rop  a f t e r  t h e  hea t ing  system 

has been swi tched o f f  

- a  and b  a r e  known from prev ious  exper ience ' 

- c  and d  a re  parameters t o  be determined by a  f i t  t o  data 

On- l ine i n t e g r a t i o n  i s  r equ i r ed  f o r  T i ,  To, Qs. Vg. Data a r e  recorded w i t h  a  

t ime step o f  one hour. The experimental apparatus w i l l  be composed o f  

- a  gas f low meter f o r  t h e  measurement o f  V 
9  

- res i s t ance  thermometers (RTD) measuring the  average temperature o f  t h e  

b u i l d i n g  s t r u c t u r e  (RTD-s a r e  p laced i n  i n t e r n a l  wa l l s )  

- RTD-s f o r  the  measurement of indoor  a i r  temperature ( i n  t h e  l i v i n g  room o f  

every d w e l l i n g )  

- so la r ime te r s  (pyranometers) p laced on t h e  wa l l  f a c i ng  south 

7. Measurement campaign: A f t e r  t h e  " runn ing  - i n  and l e a r n i n g "  - pe r i od  

o f  the  mon i t o r i ng  crew, t h e  exper imenta l 'apparatus i s  i n s t a l l e d  and tes ted .  The 1 
f i r s t  measurement pe r i od  s t a r t s  and goes on f o r  a  whole hea t ing  season. Before 

t h e  nex t  hea t ing  season begins t h e  t he rmos ta t i c  va lves a re  p laced i n  every room. 

The exper imenta l  apparatus i s  t es ted  again. The second measurement pe r i od  

s t a r t s  and cont inues f o r  t h e  whole hea t ing  season. 

8. Ana lys is  o f  data:  Dur ing and a f t e r  the  f i r s t  campaign t h e  parameters 

o f  t h e  model are assessed by a  f i t  t o  exper imenta l  data, the  model f o r  t h e  

n o n - r e t r o f i t t e d  b u i l d i n g  i s  t he re fo re :  

a * Q c l  + beas, + c I - d*( i i l - iol)*n - e*ATint,l = o ( I  a- 4 )  

t h e  terms w i t hou t  subsc r i p t  a re  assumed t o  be cons tan t  du r i ng  t h e  measurements 

A f t e r  the  second measurement campaign we w i l l  f i nd :  

a*Qc2 + b'QS2 + C Z  - d * ( i i 2 - i o 2 ) * b  eeATint,2 ' 0 

If the va lue  o f  t h e  parameter d  i s  d i f f e r e n t  f rom t h a t  o f  t h e  non- r e t r o f i t t e d  

b u i l d i n g ,  t h i s  i s  an i n d i c a t i o n  t h a t  the  model i s  no t  a  good one. From the  eq. 

I a- 4 we g e t :  

~~1  = ( - b t q s l  - c + d* ( i i l - i o l ) *n+  ee~Tint , , )  / a  

s i m i l a r l y ,  from eq. I a- 5 we get 



ucZ = ( - b q s 2  - c 2  t d*(i i2-io2)*" e * ~ T i , ~ , ~ )  / a 

The re fo re ,  d e f i n e  

I q c  2  .= (-b*qsl  - c 2  t d*(ii2-iOl ) * n  t e*ATi,t,l) / a  

F i n a l l y ,  t h e  r e t r o f i t  e f f e c t  R i s  g i v e n  by :  

I - - 
K = Qcl - Q c 2  = ( c 2  - c l  t (T i l -T i2 ) *0  / a  

I t  shou ld  b e  observed f h a t  t h i s  r e s u l t  c o i n c i d e s  w i t h  t h e  rough e s t i m a t e  i n  eq. 

I a-2 ,  p r o v i d e d  t h e  v a r i a t i o n  i n  t h e  i n f l u e n c e  from t h e  occupan ts  i s  n e g l e c t e d .  



CHAPTER I b  

I n t e r a c t i o n  between b u i l d i n g  and ex te rna l  environment 

Contents 

- general i n t r o d u c t i o n  p . I b - 1  

- meteoro log ica l  fac to rs  p . I b - 2  

- in f luence of meteorological  f a c t o r s  on t h e  

b u i l d i n g  energy budget p . I b - 5  

- thermal performance of b u i l d i n g s  p. I b  -11 

i )  i n f i l t r a t i o n  p. I b  -13 

i i )  heat t r a n s f e r  through wa l l s  p. I b  -14 

i i i )  r a d i a t i v e  heat t r ans fe r  p. I b -17 

i v )  de te rmina t ion  of thermal b u i l d i n g  parameters p. I b  -19 

- references p. I b -21 



Keywords 

a b s o r p t i v i t y  

a i r  f low c o e f f i c i e n t  

a i r  h u m i d i t y  

a i r  t e m p e r a t u r e  

a tmospher ic  r a d i a t i o n  

b u i l d i n g  energy budget  

e m i s s i v i t y  

i n f i l t r a t i o n  

m e t e o r o l o g i c a l  f a c t o r  

s o l a r  r a d i a t i o n  

t e r r e s t r i a l  r a d i a t i o n  

thermal  p a r a m e t e r s  o f  b u i l d i n g  

t h e r m a l  t r a n s m i t t a n c e  

t r a n s m i s s i o n  h e a t  l o s s  

t r a n s m i s s i v i t y  

U - v a l u e  

wind d i r e c t i o n  

wind v e l o c i t y  



I b I n t e r a c t i o n  between b u i l d i n g  and e x t e r n a l  environment 

- genera l  i n t r o d u c t i o n  

The e x t e r n a l  environment e x e r t s  d i f f e r e n t  k i n d s  of  i n f l u e n c e  on a b u i l d i n g ,  

such as a c o u s t i c ,  mechanical,  thermal ,  h y g i e n i c a l ,  e tc .  Here we a r e  i n t e r e s t e d  

i n  those e x t e r n a l  f a c t o r s  which modi fy  t h e  thermal  budget of t h e  b u i l d i n g  and/or 

t h e  thermal comfor t  of i t s  occupants. These f a c t o r s  a r e  r e f e r r e d  t o  as t h e  

m e t e o r o l o g i c a l  fac to rs .  The s e t  o f  m e t e o r o l o g i c a l  f a c t o r s  d e f i n e s  t h e  ou tdoor  - 
c l i m a t e .  

On t h e  o t h e r  hand, t h e  i n d o o r  c l i m a t e  w i l l  be de f ined  by t h e  human 

requi rements f o r  thermal  comfor t  (see ch. I c  f o r  an i n t r o d u c t o r y  d i s c u s s i o n  and 

ch. I I I c  f o r  t h e  measurement o f  i n d o o r  c l i m a t e ) .  * 

The d i f f e r e n c e  between i n d o o r  and ou tdoor  c l i m a t e  produces mass and energy 

f l o w s  across t h e  b u i l d i n g  envelope, t h e  magnitude o f  which w i l l  i n  genera l  

depend on t h e  c l i m a t e  d i f f e r e n c e  and on t h e  performance of t h e  b u i l d i n g  

envelope. 

There a r e  o t h e r  c o n t r i b u t i o n s  t o  t h e  thermal  budget o f  a  b u i l d i n g ,  such as 

t h e  hea t  produced by household app l iances ,  c q l d  and h o t  t a p  water  use and t h e  

metabo l i c  hea t  re leased  by t h e  occupants (see ch. l e  and P a r t  I V ) .  The h e a t i n g  

system c o n t r i b u t i o n  i s ,  o f  course, t h e  most i m p o r t a n t  one of t h e  f a c t o r s  

i n f l u e n c i n g  t h e  thermal  ba lance (see ch. I d  and I I I f ) .  

Th is  c h a p t e r  i s  devoted t o  a  genera l  d e s c r i p t i o n  o f  t h e  i n t e r a c t i o n s  

between t h e  b u i l d i n g  and t h e  e x t e r n a l  c l i m a t e .  Measurements w i l l  b e  d e a l t  w i t h  

i n  ch. I l l b .  

A b u i l d i n g  can be cons idered as an open thermodynamic system, t h e  

boundar ies o f  which c o i n c i d e  w i t h  t h e  b u i l d i n g  p h y s i c a l  envelope. The heat  

t r a n s f e r  across t h e  envelope i s  determined by a -combinat ion o f  a l l  t h e  t h r e e  

components o f  heat  t r a n s f e r :  

- r a d i a t i o n  f rom i n t e r n a l  and e x t e r n a l  sur faces o f  t h e  envelope t o  t h e  

surroundings 



- convect ion t o  indoor  and outdoor a i r  

- conduct ion through t he  envelope 

Mass f l o w  takes p lace  bo th  i n  t he  form o f  a i r  f low and water f low across 

t he  b u i l d i n g  enclosure. A i r  f low, n a t u r a l l y  induced o r  a r t i f i c i a l l y  fo rced  i n t o  

t he  b u i l d i n g ,  w i l l  r e s u l t  i n  an en tha lpy  f low,  thus  c o n t r i b u t i n g  t o  t he  energy 

budget o f  t h e  system. The same app l i es  t o  water f l ow ing  i n  t he  s a n i t a r y  p l an t .  

- meteoro log ica l  fac to rs  

The meteoro log ica l  f a c t o r s  can be d i v i ded  i n t o  two canponents: t h e  f i r s t  

i s  s t r o n g l y  d e t e r m i n i s t i c  and sanehow p red i c tab le ,  be ing  1inked.to the  r e l a t i v e  

mot ion of t h e  Earth and t he  Sun, wh i l e  t he  second one, superimposed on the '  f i r s t  

one, i s  h i g h l y  s t ochas t i c  though o f  t he  same order  of magnitude as t he  other .  

For instance,  one can e a s i l y  recognize t h e  d e t e r m i n i s t i c  component i n  a i r  

temperature records obta ined as an average o f  a  g rea t  number o f  days o r  years,  

as t he  s tochas t i c  component i s  removed by t he  averaging procedure. On t he  o ther  

hand, t he  d e t e r m i n i s t i c  component w i l l  ha rd l y  be recognized if the  records f o r  a  

s ingl 'e  day o r  year  a r e  analyzed. 

Only a  few t y p i c a l  weather parameters a re  gene ra l l y  used i n  t h e  thermal 

design o f  b u i l d i n g s ,  bu t  when t r y i n g  t o  s i r nu la t i  t h e  thermal behaviour o f  a  

b u i l d i n g ,  a  l a r g e  number of meteorol,ogical f a c t o r s  t u r n  o u t  t o  be i n f l u e n t i a l .  

S i m i l a r l y ,  a  number o f  meteoro log ica l  f a c t o r s  should be moni tored when t r y i n g  t o  

assess exper imenta l l y  t he  energy budget o f  a  b u i l d i n g .  

We w i l l  here g i ve  a  l i s t  o f  i n f l u e n t i a l  meteoro log ica l  fac to rs ,  a long w i t h  

t h e i r  d e f i n i t i o n  and rec i p roca l  r e l a t i o n s :  

- a i r  hum id i t y  (AH) 

- a i r  temperature (AT) 

- atmospheric pressure (AP) 

- atmospheric r a d i a t i o n  (AR) 

- c loudiness and (CP)  

s o l a r  r a d i a t i o n  (SR) 

. - wind (W) 



These f ac to r s  a re  generated by the  canplex i n t e r a c t i o n  between so la r  

r a d i a t i o n  and t he  Earth and, there fo re ,  p r i m a r i l y  depend on such geographic and 

astronomical f ac to r s  as the  l o c a l  l a t i t u d e ,  the  t ime of t he  year ( i .e.,  the  Sun 

d e c l i n a t i o n )  and t he  t ime of t he  day (i.e.. t he  Sun hour angle). Other f ac to r s  

a re  the  phys ica l  c h a r a c t e r i s t i c s  o f  t h e  atmosphere ( o p t i c a l  th ickness ,  thermal 

capac i ty ,  etc.) and the  ground ( r e f l e c t i v i t y ,  thermal capac i ty ,  e tc . ) .  

A i r  humidi ty  can be de f ined  as t he  water vapour content  o f  t he  ambient a i r .  

I t .  i s  usua l l y  measured and expressed as the r a t i o  o f  t he  ac tua l  water vapour 

content  t o  the  water vapour content  t h a t  would sa tu ra te  t h e  a i r  a t  i t s  ac tua l  

temperature and pressure ( re1  a t i  ve humidi ty) .  Ho i s t  a i r  diagrams showing t he  

r e l a t i o n s  between r e l a t i v e  humidi ty ,  mass water content per  u n i t  o f  a i r  mass 

(abso lu te  humid i ty ) ,  a i r  temperature, atmospheric pressure, and a i r  enthalpy a re  

used i n  two main vers ions:  t he  M o l l i e r  mo is t  a i r  diagram and t h e  soca l led  

C a r r i e r  mo is t  a i r  diagram. 

', 
A i r  temperature i s  the  most important  meteorological  f a c t o r  from the  p o i n t  

o f  view o f  e f f e c t s  on t he  b u i l d i n g  thermal budget. It shows a  s t rong  seasonal 

as we l l  as d a i l y  va r i a t i on ,  r e f l e c t i n g  i t s  o r i g i n ,  t h a t  i s  the  convect ive heat 

I t r a n s f e r  from the  ground, heated, i n  i t s  t u r n ,  by t h e  Sun rays. Due t o  t he  

I 
thermal capac i ty  o f  t he  atmosphere, a  c e r t a i n  delay appears when comparing the  

seasonal and d a i l y  t rends  o f  a i r  tempecature and g lobal  ho r i zon ta l  s o l a r  

r ad ia t i on .  The y e a r l y  f l uc tua t i ons  o f  a i r  temperature a re  a l so  responsib le f o r  

the  weak y e a r l y  ' o s c i l l a t i o n s  o f  ground temperature. 

Atmospheric pressure i s  defined as t he  weight o f  t he  a i r  contained i n  an 

i n f i n i t e l y  h i gh  v e r t i c a l  c y l i n d e r . w i t h  i t s  base on the  ground. I t s  e f f ec t  on 

the thermal budget o f  b u i l d i n g s  i n  on l y  indi rect ; therefore no f u r t h e r  a t t e n t i o n  

w i l l  be pa id  t o  t h i s  t o p i c  i n  t h i s  chapter. 

Atmospheric r a d i a t i o n  i s  the  longwave r a d i a t i o n  impinging on t he  Earth 

surface. I t s  o r i g i n  can be expla ined as fo l lows:  the  Earth sur face emits  an 

amount o f  r a d i a t i o n  which, according t o  Stefan-Boltzmann-s law, i s  p ropo r t i ona l  

t o  the  f o u r t h  power o f  i t s  absolute temperature, and t o  i t s  &n iss iv i t y .  Par t  o f  

t h i s  r a d i a t i o n  i s  r e f l ec ted ,  o r  absorbed and the  re-emit ted,  by the  a i r  i n  a l l  

d i r ec t i ons .  The p a r t  which i s  r e f l ec ted  o r  re -emi t ted  downwards i s  c a l l e d  

atmospheric ( t e r r e s t r i a l ,  longwave) r ad ia t i on .  It i s  conta ined i n  t he  reg ion  of 

the  spectrum ranging from 4 t o  100 urn. The spec t ra l  atmospheric radiance i s  
d i sc re te  under c l e a r  sky cond i t ions  and more continuous under heavy overcast  

-' cond i t ions .  Sometimes t he  value of atmospheric r a d i a t i o n  i s  expressed through 



t he  "e f f ec t i ve  sky temperature", t h a t  i s  t he  temperature o f  a  blackbody i n  

r a d i a t i v e  e q u i l i b r i u m  w i t h  the  sky. 

Cloudiness i s  de f ined  as the f r a c t i o n  o f  the  sky covered by clouds. There 

are th ree  general types o f  c louds:  cumulus, s t r a t u s  and c i r r u s .  These can be 

d i s t i ngu i shed ,  a t  a  microscopic l e v e l ,  according t o  the  s ize ,  shape, and s t a t e  

of t h e i r  cons t i t uen t s ,  i.e. water p a r t i c l e s .  A c loud touching the  surface o f  

the  ea r t h  i s  c a l l e d  fog. Another c h a r a c t e r i s t i c  o f  clouds i s  t h e i r  he igh t  above 

ground. 

P r e c i p i t a t i o n  i s  def ined as l i q u i d  ( r a i n  o r  d r i z z l e )  o r  s o l i d  (snow, h a i l ,  

e tc . )  water f a l l i n g  onto t he  ground. 

Solar  r a d i a t i o n  c o n s t i t u t e s  a l l  o f  t he  r a d i a t i v e  exchanges between the  Sun 

and the  Earth i n  the  shor t  wavelength reg ion  o f  the  spectrum. It cons i s t s  o f  

t h ree  components: 

- d i r e c t  s o l a r  r ad ia t i on ,  coming d i r e c t l y  from the  Sun d i s k  

- d i f f use  s o l a r  r a d i a t i o n ,  coming from the  sky v a u l t  

- r e f l e c t e d  so la r  r a d i a t i o n ,  coming from the  surroundings 

The d i r e c t  component i s  determined by t he  e x t i n c t i o n  of t he  atmospheric 

l aye rs  (depending i n  i t s  t u r n  on a i r  humidi ty ,  c loudiness,  etc.) and by t he  a i r  

mass crossed by the  Sun rays  (i.e., by t he  Sun a l t i t u d e ) .  The d i f f use  

components i s  due t o  atmospheric sca t t e r i ng ,  d i f f u s i o n  and r e f l e c t i o n .  The 

r e f l e c t e d  component i s  the  amount o f  s o l a r  r a d i a t i o n  r e f l e c t e d  by the  

surroundings on a  g iven surface. The shortwave r e f l e c t i v i t y  o f  the  ground i s  

o f ten  re fe r red  t o  as albedo. D i rec t+  d i f f use+  r e f l e c t e d  r a d i a t i o n  on a  g iven 

sur face y i e l d s  t he  g loba l  so la r  i r r ad iance ,  usua l l y ,  bu t  not  c o r r e c t l y ,  c a l l e d  

g l oba l  s o l a r  r ad ia t i on .  

Wind i s  def ined as the  ho r i son ta l  motion of the  a i r .  Wind can be caused by - 
l a r g e  sca le  pressure g rad ien ts ,  by t he  uneven heat ing  o f  land and sea, and by 

orographic facto,rs. I n  a l l  cases t h e  d r i v i n g  energy comes from the  sun, e i t h e r  

d i r e c t l y  o r  i n d i r e c t l y .  Wind i s  descr ibed by i t s  v e l o c i t x  and d i r e c t i o n .  

A" overview o f  t h e  r e l a t i o n s  between meteorological  f a c t o r s  i s  g iven  i n  

Table I b-1. The r e l a t i o n s  are expressed i n  a  pu re l y  q u a l i t a t i v e  way. 



TABLE I b - 1  

R e l a t i o n s  between m e t e o r o l o g i c a l  f a c t o r s  

INFLUENCED FACTORS 

AH AT AP AR CP SR W 

INFLUENCING A i r  h u m i d i t y  (AH) X X X X  

FACTORS A i r  t e m p e r a t u r e  . (AT) X X X X X 

A tmospher ic  p r e s s u r e  (AP)  X X 

A tmospher ic  r a d i a t i o n  (AR) X 

C louds and P r e c i p i t a t i o n  (CP) X X X 

S o l a r  r a d i a t i o n  (SR) X X X X X 

Wind (u) X 

- i n f l u e n c e  o f  m e t e o r o l o g i c a l  f a c t o r s  on  t h e  b u i l d i n g  energy  budge t  

A i r  h u m i d i t y  - does n o t  d i r e c t l y  a f f e c t  t h e  h e a t i n g  demand o f  a  b u i l d i n g ,  b u t  

has r a t h e r  t o  be c o n s i d e r e d  i n  a i r  c o n d i t i o n i n g '  p rob lems.  Whatever t h e  v a l u e  o f  

t h e  r e l a t i v e  h u m i d i t y  d u r i n g  t h e  h e a t i n g  season, t h e  a b s o l u t e  h u m i d i t y  i s  a lways 

v e r y  smal l  and so a r e  i t s  v a r i a t i o n s .  Outdoor  a i r ,  heated t o  abou t  20°c, w i l l  

a lways  have, when i n t r o d u c e d  i n t o  t h e  b u i l d i n g ,  a  v e r y  l o w  r e l a t i v e  h u m i d i t y .  

A c t i v i t i e s  pe r fo rmed  by  peop le  a t  home; such as c o o k i n g  and use o f  h o t  wa te r ,  

and p e r s p i r a t i o n ,  w i l l  however i n c r e a s e  t h e  i n d o o r  wa te r  vapo r  c o n t e n t .  

A i r  t e m p e r a t u r e  (AT) e x e r t s  i t s  i n f l u e n c e  t h r o u g h  two  mechanisms: 

- h e a t  t r a n s m i s s i o n  t h r o u g h  t h e  b u i l d i n g  enve lope  

- e n t h a l p y  f l o w  a c r o s s  t h e  b u i l d i n g  enve lope  

A  t e m p e r a t u r e  d i f f e r e n c e  between i n d o o r  and o u t d o o r  a i r  sepa ra ted  b y  w a l l s ,  

g i v e s  r i s e  t o  a hea t  f l o w  ( q )  which,  i n  t i e  s t e a d y - s t a t e  reg ime,  i s  p r o p o r t i o n a l  

t o  t h e  a i r  t e m p e r a t u r e  d i f f e r e n c e  AT, t h e  w a l l  a rea  A, and t h e  o v e r a l l  h e a t  

t r a n s f e r  c o e f f i c i e n t  U (somet imes c a l l e d  t r a n s m i t t a n c e )  o f  t h e  w a l l ,  a c c o r d i n g  

t o  t h e  w e l l  known e a u a t i o n :  



q = U' A'AT ( I b - 1 )  

The U-value i t s e l f  depends on t h e  conductance o f  t h e  w a l l  and on t h e  

s u r f a c e  ( o r  f i l m )  heat  t r a n s f e r  c o e f f i c i e n t s .  These, i n  t h e i r  t u r n ,  depend on 

t h e  temperature o f  t h e  a i r  and' of t h e  su r round ing  surfaces, and on t h e  wind 

v e l o c i t y  and d i r e c t i o n .  AT i n f l u e n c e s  t h a t  p a r t  o f  t h e  f i l m  c o e f f i c i e n t s  which 

depends on n a t u r a l  convec t ion ,  and t h i s  i s  o f  i n t e r e s t  m a i n l y  f o r  t h e  f i l m  

c o e f f i c i e n t  on i n t e r i o r  surfaces. Experimental r e s u l t s  a r e  g e n e r a l l y  expressed 

i n  terms o f  equat ions i n v o l v i n g  t h e  Nussel t ,  Grashof and Prand t l  numbers. A  

s i m p l i f i e d  express ion  can be used f o r  a i r  a t  atmospheric p ressure  (Mc Adams, 

1954) : 

h, = A*(ATIL)~ 

where 

h, i s  t h e  f i l m  c o e f f i c i e n t  

AT i s  t h e  temperature d i f f e r e n c e  between t h e  sur face and t h e  a i r  

L i s  t h e  h e i g h t  ( f o r  v e r t i c a l  sur faces)  o r  t h e  s i d e  l e n g t h  ( f o r  h o r i z o n t a l  

sur faces f a c i n g  up) 

A,b a re  cons tan ts  

Another e f f e c t  o f  t h e  temperature d i f f e r e n c e  between i n s i d e  and o u t s i d e  a i r ,  

i s  t h e  t h e r m a l l y  d r i v e n  a i r  i n f i l t r a t i o n  ( " s t a c k  e f f e c t " ) .  Temperature 

d i f f e r e n c e s  between t h e  i n s i d e  and t h e  o u t s i d e  cause d i f f e r e n c e s  i n  a i r  d e n s i t y .  

Th is  leads t o  pressure d i f f e r e n c e s  across t h e  b u i l d i n g  envelope which a r e  g i v e n  

i n  terms of a i r  d e n s i t y ,  o r  a i r  temperature,  by:. 

~p  = - Pi)fg*z = a*ztp*( l /To - l / T i )  ( I  b-2)  

where 

pp = p ressure  d i f f e r e n c e  

p .  = i n d o o r  a i r  d e n s i t y  
1 

Po = ou tdoor  a i r  d e n s i t y  

g  = g r a v i t a t i o n a l  a c c e l e r a t i o n  

z  = h e i g h t  c o o r d i n a t e  i n  system w i t h  o r i g o  a t  t h e  l e v e l  where t h e  

p ressure  d i f f e r e n c e  i s  ze ro  ( n e u t r a l  l e v e l )  

p  , = atmospheric p ressure  (Pa) 

Ti = i n t e r n a l  a i r  temp.erature (K) 

To = e x t e r n a l  a i r  temperature (K) , 

a  = cons tan t ,  whose va lue  i s  equal t o  0.0342 (K/m) 



  he a i r  f low through any k i nd  of opening depends on t he  pressure 

d i f fe rence,  induced by temperature d i f fe rences  o r  by wind pressure, across the 

l a t t e r .  Empir ica l  r e l a t i o n s  have been expressed i n  var ious ways depending on 

the  k i n d  o f  opening. For f low i n  long regu la r  p ipes and ducts the  f l ow  i s  i n  

general expressed i n  terms o f  a power o f  the  pressure d i f f e rence  as 

Q = c + A * A ~ ~  ( I  b-3a) 

where 

Q = f l o w  r a t e o f  a i r  

C = p r o p o r t i o n a l i t y  constant  

A = cross-sect ional  area of opening 

Ap = p res iu re  d i f f e rence  across t he  opening 

6 = f low exponent 

I t  has been shown t h a t  the  value o f  the  exponent B may depend on ~p (Honma 

1975). The value o f  6 i s  known exac t l y  on ly  f o r  laminar  o r  f u l l y  developped 

t u rbu len t  f low i n  long smooth channels. I t  then takes respec t i ve l y  a value o f  1 

and 112. For f l ow  through o r i f i c e s  i t  i s  common t o  express t he  f low r a t e  as 

q = c * ~~~l~ (I b-3b) 

where C, the  discharge f a c t o r ,  i n  general depends on t he  Reynolds number. 

S t r i c t l y  speaking, none of the  expressions I b-3a and I b-3b can be app l ied  

t o  descr ibe  t he  f l ow  r a t e  through a small opening i n  t he  b u i l d i n g  envelope. 

Th is  i s  due t o  t he  complexi ty  o f  such openings; rough wa l l s ,  vary ing cross 

sect ion,  bends, non- s t a t i ona ry  flow, entrance e f f ec t s  e tc .  However, from a 

p r a c t i c a l  p o i n t  of view, i t  i s  necessary t o  use some model t o  descr ibe  the  f low 

through openings i n  b u i l d i n g  envelopes. I t  has then become common t o  use the  

expression I b-3a w i t h  an exponent having a value between 112 and 1. 

Atmospheric r a d i a t i o n  i s  probably the  most neglected o f  a l l  the  p rev ious l y  

mentioned factors.  I t  i s  nevertheless respons ib le  for. l a r g e  amounts o f  energy 

losses. Empir ica l  models o f  the atmospheric r a d i a t i o n  r e l a t e  i t s  value t o  the  

values o f  air temperature, a i r  humidi ty  and cloudiness. A number o f  r e l a t i o n s  

have been repor ted  f o r  c l e a r  sky cond i t ions  (see e.g. Kondra t i jev  1969, S e l l e r s  

1965, Monte i th  1975, P a l t r i d g e  and P l a t t  1976 o r  Oke 1978). Some examples which 

i nvo l ve  on l y  the  temperature and no t  t he  humid i ty  are:  

Go = 1.2*o*T4 - 171, Go = 208 +6.*T, Go = 0 . 9 4 * ~ * 1 0 - ~ * ~ ~  



Go = a tmospher ic  r a d i a t i o n  f o r  c l e a r  sky ( ~ / m 2 )  

T  = a i r  tempera tu re  (K) 

o = t h e  Stefan-Bol tzmann c o n s t a n t  
F o r  c loudy  sky K o n d r a t i j e v  r e p o r t s  t h e  f o l l o w i n g  r e l a t i o n  ( developed by 

B o l t z ,  see a l s o  Ge iger  1965) 

G  = Go+( l  + k%2) 

where 

G = a tmospher ic  r a d i a t i o n  (W/m2) 

n  = c l o u d  cover  ( p a r t s  of u n i t y )  

k  = c o n s t a n t  depending on t y p e  of c l o u d  ( k  = 0.04 f o r  c i r r i ,  k  = 0.17-0.20 f o r  

cumu l i ,  k  = 0.24 f o r  s t r a t a )  

The d i f f e r e n c e  between r a d i a t i o n  e m i t t e d  by a  "g ray "  s u r f a c e  and atmospher ic  

r a d i a t i o n ,  g e n e r a l l y  p o s i t i v e ,  i s  g i v e n  by:  

4 R = F*(E +ar TS - G) 
where 

F = t h e ' v i e w  f a c t o r  o f  t h e  s u r f a c e  t o  t h e  sky ( f o r  i s o t r o p i c  sky 

F = 0.5*(1 + cose) ,  e = t i l t  a n g l e  o f  t h e  sur face)  

E = t h e  e m i s s i v i t y  o f  t h e  s u r f a c e  

.Ts = t h e  su r face  tempera tu re  

When t h e  sky i s  c l e a r ,  d u r i n g  c o l d  w i n t e r  n i g h t s ,  and t h e  s u r f a c e  i s  

h o r i z o n t a l ,  R can a t t a i n  a  va lue  o f  200 W/m2. 

The i n f l u e n c e  o f  c l o u d i n e s s  on b u i l d i n g s  i n  o n l y  i n d i r e c t .  Therefore i t  

w i l l  n o t  be d iscussed here. 

I t  i s  a  hard task  t o  r e l a t e  p r e c i p i t a t i o n  t o  t h e  energy requi rements of a  

b u i l d i n g .  D r i v i n g  r a i n  and snow can mois ten '  t h e  w a l l s ,  the reby  i n c r e a s i n g  t h e i r  

U-value. Snow w i l l  a f f e c t  ground r e f l e c t i v i t y  (a lbedo) ,  thus  i n c r e a s i n g  t h e  - 
g l o b a l  s o l a r  r a d i a t i o n  on non-hor i zon ta l  su r faces .  It w i l l  a l s o  reduce t h e  

U-va lue o f  r o o f s ,  and produce an i n c r e a s e  o f  ground temperature.  

S o l a r  r a d i a t i o n  g i v e s  a  ma jo r  c o n t r i b u t i o n  t o  t h e  b u i l d i n g  energy budget ,  

m inor  i n  impor tance o n l y  t o  a i r  temperature.  Many a n a l y t i c a l  and/or  e m p i r i c a l  

models have been c o n s t r u c t e d  f o r  c l e a r  sky c o n d i t i o n s .  They a r e  based on Beer-s  

Law o f  a tmospher ic  monochromatlc extinction. The co r respond ing  equa t ion  

i n t e g r a t e d  over  t h e  spectrum can be w r i t t e n  i n  t h e  form used by Lunelund (1936) 



and ASHRAE (1977) : 

In = A*exp(-BIs inB)  

where 

In = d i r e c t  normal r a d i a t i o n  (u/m2) 

B . = a l t i t u d e  ang le  o f  t h e  Sun 

A,B = parameters  depending on t h e  day o f  t h e  y e a r  

For  d i f f u s e  r a d i a t i o n  i t  has been proposed (ASHRAE 1977) t h a t  t h e  d i f f u s e  

h o r i z o n t a l  r a d i a t i o n  i s  p r o p o r t i o n a l  . t o  I n  w i t h  a  p r o p o r t i o n a l i t y  c o n s t a n t  

depending on t h e  day of t h e  year .  S o l a r  r a d i a t i o n  has two e f f e c t s  on t h e  energy 

budget  o f  b u i l d i n g s :  

- i t  i s  absorbed by  opaque w a l l s  

- i t  i s  t r a n s m i t t e d  across t r a n s p a r e n t  w a l l s  

One way t o  t a k e  i n t o  account  t h e  f i r s t  e f f e c t  i n  c a l c u l a t i o n s  i s  t o  use t h e  

s o l - a i r  temperature,  d e f i n e d  as  t h e  a i r  t empera tu re  which would cause a  

c o n v e c t i v e  heat  t r a n s f e r  f rom t h e  w a l l  su r face  equal t o  t h a t  a c t u a l l y  caused by 

r a d i a t i o n  and c o n v e c t i o n  toge the r .  S o l - a i r  t empera tu re  i s  de f ined  as :  

Tsa = To + (a'l - R)/ho 
I I 

where - 
Tsa = s o l - a i r  temperature 

To = o u t s i d e  a i r  t e m p e r a t u r e  

a  = a b s o r p t i v i t y  o f  t h e  w a l l  sur face 

I = g l o b a l  s o l a r  r a d i a t i o n  on t h e  w a l l  sur face 

R  = n e t  longwave r a d i a t i o n  l e a v i n g  t h e  w a l l  s u r f a c e  

ha = o u t s i d e  f i l m  c o e f f i c i e n t  

The second e f f e c t  produced b y  s o l a r  r a d i a t i o n  i s  even more ' impor tant .  The 

amount of s o l a r  r a d i a t i o n  t r a n s m i t t e d  th rough  a  u n i t  area o f  a  non-opaque medium 

(e.g. window g l a z i n g ) ,  i s  p r o p o r t i o n a l  t o 1  w i t h  a  p r o p d r t i o n a l i t y  c o n s t a n t  T, 

t h e  t r a n s m i s s i v i t y  of t h e  g l a z i n g ,  u h i c h  depends on, among o t h e r  t h i n g s ,  t h e  

a n g l e  o f  i nc idence .  

S o l a r r a d i a t i o n  represents's p o s i t i v e  f a c t o r  i n  t h e  hea t  ba lance  o f  a 

b u i l d i n g ,  b u t  t o  t a k e  advantage o f  i t  r e q u i r e s  a  s u i t a b l e  d e s i g n  o f  t h e  b u i l d i n g  

and t t i e  c o n t r o l  system, as w e l l  as a  c e r t a i n  s k i l l  on t h e  p a r t  o f  t h e  occupants. 



The wind a lso  p lays  a  g rea t  r o l e  i n  the  energy consumption o f  bu i l d i ngs .  - 
It acts  i n  two d i f f e r e n t  ways: 

- modi fy ing the  ou ts ide  f i l m  c o e f f i c i e n t  

- producing a  pressure d i f f e rence ,  and consequently an a i r  f low, across t he  

b u i l d i n g  enclosure 

The ou t s i de  convec t ive  heat  t r a n s f e r  c o e f f i c i e n t  hot i s  s t r ong l y  r e l a ted  - 
t o  the a i r  v e l o c i t y  ( f o r ced  convect ion) .  Non dimensional empi r i ca l  r e l a t i o n s  

l i n k i n g  the  Nusselt,  Prandt l  and Reynolds numbers can be employed t o  g i ve  

r e l a t i o n s  between hoc and t he  wind speed. Unfor tuna te ly  such r e l a t i o n s  cannot 

be e a s i l y  employed because the  l o c a l  a i r  v e l o c i t y  var ies  w ide ly  over t he  wal l .  

Co r re l a t i ons  w i t h  a  reference wind v e l o c i t y  measured, e.g., over t he  roo f ,  w i l l  

y i e l d  d i f f e r e n t  values o f  hoc on d i f f e r e n t  w a l l s  and even a t  d i f f e r e n t  p o i n t s  

o f  t he  same wa l l  (edges, centre,  etc. )  ( I t o  e t  a l .  1972). The parameter hot 

i s  o f ten  neglected compared t o  t he  thermal res is tance  o f  most components o f  an 

ex te rna l  I w a l l ,  poss ib l y  w i t h  the  except ion f o r  windows. General ly ,  the  

v a r i a t i o n  o f  t he  convect ive c o e f f i c i e n t  w i l l  no t  g r e a t l y  change t he  thermal 

res is tance  o f  a  low conductance wa l l ,  f o r  common wind speeds i t  w i l l  reduce i t  

by only a  few per  cent .  I n  c a l c u l a t i o n s  o f  t h e h e a t  balance i t  i s  common t o  

s i ~ n u l a t e  t he  i n f l uence  o f  hoc by g i v i n g  i t  a  f i x e d  value, independent o f  

temperature and wind speed. 

The wind has a  more important  e f f e c t  on a i r  i n f i l t r a t i o n :  i t  w i l l  cause a  

pressure d i f f e rence  between the  i n s i d e  and the  ou t s i de  o f  the  b u i l d i n g  envelope. 

The wind pressure i s  found t o  vary over the  envelope. This i s  o f i e n  expressed 

through t he  i n t r o d u c t i o n  o f  the  dimensionless pressure c o e f f i c i e n t  C de f ined  
P 

from 

A P  = cpfp'v2/2 ( I b -4 )  

where 

= dens i t y  o f  a i r  

v  = reference wind v e l o c i t y  

~p  = d i f f e r e n c e  between t he  p r e s s u r e a t  a  p o i n t  on 

the  b u i l d i n g  facade and a  re fe rence pressure 

The reference wind speed and reference p r e i s u r e  a re  genera l l y  def ined as 

the  wind speed and s t a t i c  pressure i n  t he  f ree stream a t  a  he igh t  equal t o  t h a t  

o f  the  b u i l d i n g .  These e n t i t i e s  a re  e a s i l y  determined i n  model s t u d i e o  i n  a  

wind- tunnel  and poss ib l y  i n  f i e l d  measurements i n v o l v i n g  on ly  an i s o l a t e d  



b u i l d i n g ,  bu t  are l ess  e a s i l y  determined i n  f i e l d  measurements i n  an urban o r  

sub- urban se t t i ng .  

Pressure c o e f f i c i e n t s  a re  most ly  ava i l ab le  on ly  f o r  i s o l a t e d  buildings, 

exposed t o  wind from a l l  d i r ec t i ons ,  which i s  a s i t u a t i o n  r a r e l y  encountered i n  

p rac t i ce .  Surrounding b u i l d i n g s  may d r a s t i c a l l y  change\ t he  wind pressure 

d i s t r i b u t i o n  aver a  b u i l d i n g  (see f ig .  I b - I ) ,  and thus a lso  the  i n f i l t r a t i o n  

losses ( ~ i r b n  1983). 

The wind speed var ies  w i t h  height ,  and the  v e r t i c a l  p r o f i l e s  of wind 

v e l o c i t y  vary w i t h  the  roughness o f  t he  t e r r a i n  over which t he  wind i s  passing. 

Several r e l a t i o n s  desc r i b i ng  the  wind speed v a r i a t i o n  w i t h  he igh t  have been 

proposed. Re la t ions  of t h i s  k i n d  are d i f f i c u l t  t o  employ i n  c a l c u l a t i o n s  o f  the  

b u i l d i n g  heat balance, poss ib l y  w i t h  except ion f o r  use i n  s tudies o f  i so l a ted  

h igh-  r i s e  bu i l d i ngs .  I n  an urban o r  sub- urban s e t t i n g  they a re  no t  even 

approximately v a l i d  below a  he igh t  which i s  severa l ' t imes  t he  average he igh t  of 

the  b u i l d i n g s  i n  t he  neighbourhood of t he  b u i l d i n g  studied.  However, r e l a t i o n s  

o f  the  k i n d  above are  sometimes employed when ex t rapo la t i ng  wind data f r an  a  

meteorological  s t a t i o n  t o  t he  b u i l d i n g  s i t e  (see ch. 111 b) .  Ex t rapo la t ions  o f  

t h i s  k i n d  a re  always uncer ta in ,  and meteorological  experts  should be consulted. 

A second type  o f  wind-induced v e n t i l a t i o n  through an opening i s  due t o  

tu rbu lence and a  vary ing f low separation. These fac to rs  a re  very complex 

because t he  pu l sa t i ng  v e n t i l a t i o n  f low w i l l  depend on t he  frequency of the  

ex te rna l  pressure f l uc tua t i ons .  It has been estimated (Handa 1979) t h a t  t h i s  

f a c t o r  may increase t he  na tura l  v e n t i l a t i o n  by up t o  30 per  cent ,  compared t o  

the  case when the  turbulance i n t e n s i t y  i s  smal l ,  depending on t he  tu rbu lance 

i n t e n s i t y  and t he  c o r r e l a t i o n  between t he  pressure on t he  windward and leeward 

facades o f  t he  bu i l d i ng .  Model s tud ies  o f  t h i s  e f f e c t  have a l so  been performed 

(Cockrof t  and Robertson 1976) 

- thermal performance o f  b u i l d i n g s  

I n  t he  previous sec t ion  a  number o f  equations have been given, r e l a t i n g  t he  

outdoor and indoor thermocl imat ic  f a c t o r s  (temperature, pressure, etc. )  t o  the  

energy o r  enthalpy f low across t he  b u i l d i n g  envelope. The parameters, which a re  

used i n  these equations, q u a n t i t a t i v e l y  descr ibe  t he  thermal performance o f  the  

bu i l d i ng .  Some parameters have been der ived  from physical  t e o r i e s  and can be 



F ig .  I b-1 Pressure c o e f f i c i e n t  C asmeasured  a t  mid-height 
P 

o f  e x t e r i o r  w a l l s  and on t h e  roo f  of a  two- s t o r e y ,  

house. The fu l l -d rawn  l i n e s  a r e  f o r  an i s o l a t e d ,  

exposed house and t h e  hatched l i n e s  f o r  an i d e n t i c a l  

house i n  a ve ry  densely  b u i l t  sub-urban s e t t i n g .  

' ( a f t e r  W i r h  1983) 



computed a n a l y t i c a l l y ,  others are e m p i r i c a l l y  determined and cannot be 

t h e o r e t i c a l l y  ca lcu la ted .  

Whendealing w i t h  f i e l d  experiments, t he  measurement o f  thermal parameters 

i s  convenient i f :  

1) it can be performed qu i ck l y ,  simply, and accura te ly  

2)  t h e  model i n  which t h e  parameters a re  used i s  r e l i a b l e  

Otherwise a  d i r e c t  measurement of energy f lows should be performed.Building. 

thermal parameters can a l so  be determined us ing  model c a l c u l a t i o n s  combined 

w i t h  f i e l d  measurements. The main areas f o r  f i e l d  measurements a re  then:  

i )  i n f i l t r a t i o n  

ii) heat t r a n s f e r  through the  wa l l s  

i i i )  r a d i a t i v e  heat t r a n s f e r  

i v )  determinat ion o f  thermal b u i l d i n g  parameters 

i )  i n f i l t r a t i o n  

If a b u i l d i n g  i s  considered as having a  c e r t a i n  po ros i t y  w i t h  an o v e r a l l  

leakiness such t h a t  the  f low through a l l  openings can be descr ibed by, e.g., the  

eq. I b-3a, t ne  na tura l  v e n t i l a t i o n  can be est imated provided t he  i n t e r n a l  

pressure i s  known. This can be done using t he  mass conservat ion law, which 

s ta tes  t h a t  the  sum o f  a i r  f lows i n t o  the  b u i l d i n g  must equal t he  sum o f  a i r  

flows o u t  o f  the  b u i l d i n g .  This law can be used t o  c a l c u l a t e  t he  i n t e r i o r  

pressure o f  the  b u i l d i n g  i f  no i n t e r n a l  res is tance  t o  a i r  f l o w  i s  present. I f  

t h i s  i s  no t  t he  case, t he  b u i l d i n g  i n t e r i o r  has t o  be d i v i d e d , i n t o  c e l l s  w i t h  no 

i n t e r n a l  res is tance.  The law of mass conservat ion then has t o  be app l ied  t o  

each c e l l  separate ly ,  t ak i ng  i n t o  account a l so  the  a i r  f low between c e l l s .  

The r a t e  o f  a i r  change w i l l ,  d i r e c t l y  o r  i n d i r e c t l y ,  be dependent on: 

- t he  pressure d i s t r i b u t i o n  over t he  b u i l d i n g  facade 

- t he  temperature d i f f e rence  'between t he  indoor and outdoor a i r  

- l o c a t i o n  o f  openings ( o f t e n  f a r  from a  uniform d i s t r i b u t i o n )  

- bypass i n s i d e  t he  b u i l d i n g  ( sha f t s  etc.,  connecting one p a r t  o f  t he  b u i l d i n g  

t o '  another) 

- i n t e r n a l  f l ow  res is tance  



As the  i n t e r n a l  pressure i n  t he  case above has t o  be ca l cu la ted  by .a t i m i -  

consuming numerical i t e r a t i o n ,  s imp ler  models and methods are o f t en  used t o  

assess t he  r a t e  o f  a i r -change i n  bu i l d i ngs .  

Using da ta  on leakiness provided by the  p ressu r i za t i on  method (see ch. 

I I l e ) ,  one can a t t ack  the  problem o f  comparing leakiness from one house t o  the  

next. One attempt i n  t h i s  d i r e c t i o n  has been t o  make such comparisons f o r  a  

number o f  houses using t he  parameter Q/A  ( f low/sur face  area) ,  and then de r i ve  a  

r e l a t i o n s h i p  between p ressu r i za t i on  t e s t s  and na tu ra l  a i r  i n f i l t r a t i o n  (Kronva l l  

1978, 1980). 

Another l i n e  o f  a t t ack  i s  t o  make a  number o f  s i m p l i f i c a t i o n s  i n  t he  

modeling o f  i n f i l t r a t i o n  t o  a l l ow  p red i c t i ons  o f  a i r  i n f i l t r a t i o n  from 

p ressu r i za t i on  measurements (Sherman and Grimsrud 1980). Surface pressures a re  

est imated from knowledge of t e r r a i n  and weather. These surface pressures and 

leakage f unc t i ons  (and geometry) a re  then used t o  c a l c u l a t e  a i r  i n f i l t r a t i o n .  

This method provides good r e s u l t s ,  cons ider ing  the  s i m p l i c i t y  o f  the  model. 

When t he  b u i l d i n g  i s  equipped w i t h  a  mechanical v e n t i l a t i o n  system, o ther  

methods must be used. An example i s  a  method i n c l u d i n g  a  c a l c u l a t i o n  scheme and 

model (Nylund 1980). The method.consists of the  ana l ys i s  o f  a  d r i v i n g  power 

system (wind, thermal e f fec ts  and fans) ,  and a  leak ing  system ( t h e  b u i l d i n g  

envelope and penet ra t ions  i nc l ud ing  v e n t i l a t i o n  ducts) .  The a i r  exchange r a t e  

i s  the  sum of t he  des i red  and uncon t ro l l ed  v e n t i l a t i o n .  Numerical va lues can be 

obta ined f o r  i n d i v i d u a l  houses w i t h  vary ing  t i gh tness  and a  v a r i e t y  o f  

v e n t i l a t i o n  systems. 

The so-cal led "crack method", as one means of es t imat ing  a i r  i n f i l t r a t i o n ,  

emphasizes leakage ra tes  associated w i t h  windows and doors, which, however, 

c o n s t i t u t e  a  minor  f r a c t i o n  of the  o v e r a l l  leak iness  i n  many instances.  

Methods o f  measurement o f  a i r  i n f i l t r a t i o n  are repor ted  i n  ch. 111 e. 

i i )  heat t r a n s f e r  through the wa l l s  

Heat conduct ion i n  a  ma te r i a l  i s  de f ined  by Fou r i e t - s  equation, which 

s ta tes  t h a t  the  heat f low r a t e  i s  d i r e c t l y  p ropo r t i ona l  t o  the  ' temperature 

g rad ien t  and t o  t he  area o f  the  sur face  normal t o  the  flow; t he  constant  o f  

p r o p o r t i o n a l i t y  i s  c a l l e d  thermal conduc t i v i t y .  I n  one dimension we have: 



i = - A'At dT/dx 

where 

q  = hea t  f l ow  r a t e  
1 = thermal  c o n d u c t i v i t y  

A  = a rea  o f  t h e  su r face  normal t o  t h e  f l o w ,  

dT/dx = tempera tu re  g r a d i e n t  i n  t h e  d i r e c t i o n  o f  t h e  heat  f l ow  

F o u r i e r - s  l a w  can be canbined w i t h  t h e  energy c o n s e r v a t i o n  law: assuming 

t h a t  t h e r e  i s  no i n t e r n a l  energy g e n e r a t i o n  and t h a t  the rma l  c o n d u c t i v i t y  i s  

c o n s t a n t  i n  a l l  d i r e c t i o n s ,  t h e  th ree -d imens iona l  h e a t  c o n d u c t i o n  e q u a t i o n  

becomes: 

a2T/ax2 + a Z ~ / a y 2  + a 2 ~ / 2 z 2  = ( ,"c/~)* aT/at (I b-6) 

where 

X, y, z a r e  t h e  t h r e e  space c o o r d i n a t e s  

P i s  t h e  d e n s i t y  o f  t h e  m a t e r i a l  . 
c i s  t h e  s p e c i f i c  h e a t  o f  t h e  m a t e r i a l  

t i s  t ime ,  

The q u a n t i t y  A / ( ~ c )  = ,, i s  c a l l e d  t h e  the rma l  d i f f u s i v i t y  o f  t h e  m a t e r i a l ,  

i t  d e s c r i b e s  t h e  unsteady-  s t a t e  behav iou r  o f  t h e  m a t e r i a l :  t h e  l a r g e r  t h e  

va lue  of ., t h e  f a s t e r  w i l l  h e a t  d i f f u s e  t h r o u g h  t h e  m a t e r i a l .  

C a l c u l a t i o n s  o f  hea t  t r a n s f e r  th rough  b u i l d i n g  components a r e .  g e n e r a l l y  

o n l y  per formed i n  one dimension. Even so, F o u r i e r - s  e q u a t i o n  i s  s t i l l  r a t h e r  

complex t o  s o l v e  f o r  m u l t i l a y e r  w a l l s  because o f  boundary c o n d i t i o n s  v a r y i n g  

w i t h  t ime.  I n  t h i s  case, t h e  r i g o r o u s  a n a l y t i c a l  approach l e a d s  t o  a  s imp le  

s o l u t i o n  o n l y  f o r  s t e a d y - s t a t e  c o n d i t i o n s .  

The i n t e g r a t i o n  o f  F o u r i e r - s  equa t ion ,  when the rma l  c o n d u c t i v i t y  i s  

cons ide red  c o n s t a n t  w i t h  tempera tu re  ( t h i s  h y p o t h e s i s  i s  j u s t i f i e d  if t h e  

v a r i a t i o n s  i n  w a l l  temperature a r e  s m a l l ) ,  y i e l d s :  

;( = CtA*(TSi , -  Tso) ( I  b-7) 

where 

q = hea t  f l ow  
$ 

TSi = i n s i d e  s u r f a c e  tempera tu re  

Tso = o u t s i d e  s u r f a c e  tempera tu re  

C = conductance of  t h e  w a l l ,  de f i ned  as C = 1 / (z  s ~ / A ~  ) 

s1 = t h i c k n e s s  o f  t h e  i - t h  l a y e r  



A = thermal  c o n d u c t i v i t y  o f  t h e  i - t h  l a y e r  

When a l s o  s u r f a c e  h e a t  t r a n s f e r  i s  cons idered,  eq. 1  b-7 becomes eq. 1  b -1  

and t h e  o v e r a l l  heat  t r a n s f e r  c o e f f i c i e n t ,  U,  i s  c a l c u l a t e d  f rom 

U = 1 / (  l / h i  + 1 / C  + l / h o )  

where 

h i  = i n s i d e  su r face  hea t  t r a n s f e r  c o e f f i c i e n t  

ho = o u t s i d e  s u r f a c e  heat  t r a n s f e r  c o e f f i c i e n t  

T r a n s i e n t  hea t  c o n d u c t i o n  i n  b u i l d i n g  w a l l s  i s  a lways connected w i t h  

v a r i a b l e  c o n v e c t i v e  + r a d i a t i v e  boundary c o n d i t i o n s  a t  t h e  i n s i d e  and o u t s i d e  

su r faces .  There fo re ,  even f o r  r e g u l a r l y  shaped s o l i d s  such as m u l t i l a y e r  w a l l s ,  

an a n a l y t i c a l  s o l u t i o n  can n o t  o f t e n  be found. I n  t h i s  case t h e  prob lem i s  b e s t  

handled by numer ica l  t echn iques  such as 

1 )  f i n i t e - d i f f e r e n c e  approx ima t ion  ( fo rward  and backward d i f f e r e n c e s )  (see,  

e.g., A r p a c i ,  1966) 

' 2 )  f i n i t e -  element [method (see e.g., Wi lson and N i c k e l l ,  1966) 

When t h e  t i m e  s e r i e s  o f  ou tdoor  tempera tu re  and hea t  f l o w  can be developped 

i n  a  F o u r i e r  s e r i e s ,  t h e  F o u r i e r  t r a n f o r m  method can  be used (see e.g., C a l i  and 

Sacchi ,  1976). F o r  eve ry  f requency  . cons ide red  i n  t h e  thermal  o s c i l l a t i o n s ,  

t h e  i n s i d e  and o u t s i d e  su r face  tempera tu res  and f l u x e s  a r e  r e l a t e d  t h r o u g h  four  

complex q u a n t i t i e s  Av, 

where 

Bv, Cv, Dv, accord ing  t o  t h e  exp ress ion :  

( I  b-8)  

Tiv and TOY= i n s i d e  and o u t s i d e  canponent o f  s u r f a c e  tempera tu re  a t  f requency v  

Giv and i n s i d e  and o u t s i d e  component of s u r f a c e  f l u x  a t  f requency  v 

The f o u r  c o e f f i c i e n t s  must s a t i s f y '  t h e  c o n d i t i o n  Ay+Dv - .  Bv*Cv = 1 . 

The response f a c t o r  method ( M i t a l a s  and Stephenson 1971) ,  r e l a t e s  t h e  h e a t  

f l u x  a t  a  g i v e n  t i m e  t t o  t h e  h o u r l y  t i m e  s e r i e s  o f  i n s i d e  and o u t s i d e  su r face  

tempera tu res  and t o  t h e  t i m e  s e r i e s  o f  hea t  f l u x e s  p r e v i o u s  t o  t i m e  t, a c c o r d i n g  

t o  t h e  e q u a t i o n :  

+ .b,+Tio) + d . * ~ ( ~ )  ( I  b-9) 
j = o  J t - j b  

j=, t - j b  



where 

upper index ( i )  and (0 )  r e fe r  t o  indoor and outdoor 

lower index denotes the  t ime a t  which the  e n t i t y  i s  evaluated 

A i s  t he  t ime i n t e r v a l  between each eva lua t ion  o f  the  e n t i t y  

Sets of b, c, d  c o e f f i c i e n t s  f o r  a  g rea t  number o f  wa l l s  and roo f s  

s t r uc tu res  can be found i n  ASHRAE,' 1977. Methods o f  measurement of heat 

t r a n s f e r  through the  b u i l d i n g  envelope are descr ibed i n  ch. I 1 1  d. 

i i i )  r a d i a t i v e  heat t r a n s f e r  

Experience shows t h a t  the  amount o f  r a d i a t i o n  emit ted by a  body depends on 

i t s  temperature, on t h e  s t a t e  o f  i t s  surface (roughness and co lour )  and on t he  

area of the  surface. When r a d i a t i o n  encounters a  body, p a r t  o f  i t  i s  r e f l ec ted ,  

p a r t  of i t  i s  absorbed, and i f  t he  body i s  t ransparent ,  p a r t  o f  i t  i s  

t ransmi t ted .  The r e f l e c t e d  f r a c t i o n  o f  incoming r a d i a t i o n  i s  de f ined  as t he  

re f l ec tance  p , the absorbed f r a c t i o n  as the  a b ~ o r p t a n c e ~ ,  and the  t r ansm i t t ed  

f r a c t i o n  as t he  t r a n s m i t t a n c e r .  These t h ree  components must add up t o  u n i t y :  

a + r  t p  = 1  

For an opaque body, r = 0. For a  blackbody, being opaque as we l l  as non 

r e f l e c t i n g ,  r = p = 0, and hence a = 1 .  The blackbody i s  taken as reference 

f o r  t he  r a d i a t i o n  o f  rea l  bodies, whose emittance i s  by d e f i n i t i o n  t he  r a t i o  

( l e s s  than one) o f ,  t he  r a d i a t i o n  f l u x ,  t o  the  r a d i a t i o n  f l u x  of a  blackbody 

having the  same temperature. K i r chho f f - s  law s ta tes  t h a t ,  a t  equ i l i b r i um ,  = 

a .  

The c o e f f i c i e n t s  (a, 9 ,  r )  are  independent of t he  temperature o f  t he  body, 
bu t  they a re  s t r ong l y  r e l a ted  t o  the  wavelength, which leads t o  t he  d e f i n i t i o n  

o f  t he  monochromatic q u a n t i t i e s ,  ax, p~ and r A  . 
~ransm iss ion ,  absorpt ion,  and r e f l e c t i o n ,  as we l l  as emission, i s  o f  g rea t  

p r a c t i c a l  i n t e r e s t .  For example, the  importance o f  t he  wavelength o f  r a d i a t i o n  

may be i l l u s t r a t e d  by the  example o f  a  greenhouse. Window glass t ransmi ts  

r a d i a t i o n  i n  t he  range o f  wavelengths from about 0.15 t o  3 pn, as shown i n  f i g .  

Ib-2. It i s  almost opaque t o  r a d i a t i o n  o f  longer  wavelengths. Most of the  

r a d i a t i o n  which reaches t he  ea r t h  from the  sun i s  w i t h i n  t h i s  range, and so la r  

r a d i a t i o n  there fo re  passes through t he  g lass t o  t h e  t o p s o i l  i n  the  greenhouse. 



v i s i b l e  range 
I 

F ig .  I b-2 Spectrum d i s t r i b u t i o n  o f  s o l a r  r a d i a t i o n ,  

e m i s s i v i t y  o f  t o p  s o i l ,  and t r a n s m i s s i v i t y  

of g l a s s  



On t h e  o ther  hand, t he  t o p s o i l  r ad ia tes  ma in ly  i n  t he  longer  wavelengths, 

and r e r a d i a t i o n  from the  t o p s o i l  t o  t he  surroundings i s  unable t o  pass through 

t he  glass. The heat t r ans fe r red  tiy so la r  r a d i a t i 0 n . i ~  t he re fo re  trapped i n  t he  

greenhouse, and causes t h e  temperature t o  be higheK than t h a t  o f  the  

surroundings. 

i v )  de te rmina t ion  of .thermal b u i l d i n g  parameters 

When analyz ing the  dynamical thermal behaviour of bu i l d i ngs ,  i n t e r a c t i n g  

w i t h  t h e  outdoor c l imate ,  i t  i s  o f t en  conven ien t '  t o  make use of non- - 
d e t e r m i n i s t i c  models whose parameters have t o  be assigned a value by a 

numerical data. I n  these models, t he  b u i l d i n g  thermal mass ' i s  e i t h e r  t r e a t e d  as 

a whole, o r  i s  d i v i ded  i n t o  a small number o f  components ( a i r ,  f u r n i t u r e ,  

b u i l d i n g  f a b r i c  etc. )  ( B i l l i n g t o n  1965). E a c h o f  these canponents i s  considered 

as a lumped parameter system having a c e r t a i n  ' 'equivalent"  heat t r a n s f e r  

c o e f f i c i e n t ,  and thermal capac i ty  o r  thermal t ime  constant  (TTC). The models 

are i n  general l i n e a r  i n  t he  parameters. Models of t h i s  k i n d  have been used i n  

several  s tud ies  o f  t he  b u i l d i n g e n e r g y  balance (see, e.g., Sd"deregger 1977 and 

Steinmul l e r  1982). 

When t he  b u i l d i n g  thermal mass i s  considered t o  cons i s t  o f  the  components 

" a i r "  and " b u i l d i n g .  f ab r i c " ,  the  equ iva len t  thermal parameters (ETP) a re  f o r  

instance:  

- t he  equ iva len t  heat  t r a n s f e r  c o e f f i c i e n t  (EHTC) between room and outdoor a i r  

- the  equ iva len t  EHTC between room a i r  and t he  b u i l d i n g  s t r u c t u r e  

- t he  EHTC between room a i r  and an env i r onmen to f  cons tan t tempera tu re ,  

desc r i b i ng  t he  basement and ad jo i n i ng  dwe l l ings  

- the  equ iva len t  thermal capac i ty  o f  t he  b u i l d i n g  o r  

- the  equ iva len t  TTC o f  t he  bu id i ng  

- the  equ iva len t  s o l a r  window area, de f ined  as the  area of a p e r f e c t l y  

t ransparent  and i nsu la ted  opening on the  southern facade tha t .wou ld  a l l ow  

, f o r  t he  same degree o f  indoor s o l a r  heat ing as what i s  a c t u a l l y  obta ined 

Once t he  model has been constructed,  t he  ETP-s a re  determined by a f i t  t o  

experimental data. Fromyhe above i t  i s  obvious t h a t , . i n  t h i s  case, one would 

have t o  mon i to r  va r i ab les  l i k e  indoor and outdoor temperatures, so la r  r ad ia t i on ,  

energy from heat ing systems, v e n t i l a t i o n  etc.  I t  i s  of importance t o  con t ro l  

a l l  con t r i bu t i ons  t o  t he  b u i l d i n g  energy balance. For t h i s  reason i t  i s  more 

convenient t o  operate i n  an unoccupied b u i l d i n g .  One then a l so  has the  



p o s s i b i l i t y  t o  "speed up t h e  p r o c e d u r e "  b y  i n t r o d u c i n g  supp lemen ta ry  e l e c t r i c  

h e a t i n g  (Sonderegger  1977).  

The d i s p e r s i o n  o f  p o i n t s  froln a  s t r a i g h t  l i n e  i n  t h e  d a i l y  ene rgy  

consumpt ion-  t e m p e r a t u r e  p l o t  i s  o n l y  p a r t i a l l y  due t o  t h e  presence o f  d r i v i n g  

f o r c e s  o t h e r  t h a n  t h e  i n d o o r -  outdoo; a i r  t e m p e r a t u r e  d i f f e r e n c e ;  i f  t n e  model 

t i m e  r e s o l u t i o n  i s  o f  t h e  same o r d e r  o f  magn i tude  as  t h e  TTC( e.g. one d a y ) ,  

t h e  d i s p e r s i o n  i s  a l s o  produced b y  uns teady  s t a t e  e f f e c t s .  I n  a  s i m p l i f i e d  

method f o r  t h e  e v a l u a t i o n  o f  t h e  TTC, one shows t h a t  energy  consumpt ion  i s  

a p p r o x i m a t e l y  a  l i n e a r  f u n c t i o n  o f  an " e q u i v a l e n t  t e m p e r a t u r e " ,  c a l c u l a t e d  as  

( D r u s i a n i  and N e g r i n i  1979 ) :  - 
- - 
T i  = Kt Ti .+ (1-K)'Ti_, 

where 

T i  = ave rage  o u t d o o r  t e m p e r a t u r e  o f  day  i - 
Ti = " e q u i v a l e n t  t e m p e r a t u r e "  o f  day i 

Us ing  t h i s  method, one has t o  m o n i t o r  o n l y  t h e  d a i l y  ene rgy  consumpt ion  and 

t h e  d a i l y  ave rage  o u t d o o r  t empera tu re .  By l e t t i n g  t h e  pa rame te r  K  v a r y  f rom 0 

t o  1, i n  t h e  d a i l y  ene rgy  consumpt ion-  " e q u i v a l e n t '  t e m p e r a t u r e "  p lo t s , ,  t h e  b e s t  

f i t t e d  v a l u e  o f  K  can be de te rm ined ,  l e a d i n g  t o  a  r e l i a b l e  e s t i m a t e  o f  t h e  

ave rage  TTC o f  t h e  sample t h r o u g h  t h e  r e l a t i o n :  

TTC = - 241 I n ( 1 - K )  ( h )  

An a n a l y s i s  o f  t h i s  k i n d  has been pe r fo rmed  t o  e v a l u a t e  t h e  ave rage  TTC o f  

a  group o f  b u i l d i n g s  t h r o u g h  . i n f o r m a t i o n  abou t  t h e  d a i l y  h e a t i n g  gas 

consumpt ion.  
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I c Physical indoor environment f ac to r s  a f f e c t i n g  man 

- general i n t r o d u c t i o n  

Every dwe l l i ng  should b,e constructed so t h a t  a c l ima te  s u i t a b l e  for ,  human 

beings can be created. This i s  achieved by sh ie l d i ng  the  dwe l l i ng  from the  

i n f l uence  of t h e  ex te rna l  c l ima te  by a su i t ab le  design o f  t he  b u i l d i n g  envelope 

and i f  necessary . b y  us ing energy t o  keep the  i n t e r i o r  o f  the  dwe l l i ng  a t  a 

temperature a i f f e r e n t  from t h a t  o f  t he  outdoor a i r .  

The indoor a i r  should be kep t  a t  a temperature comfor table f o r  the  

occupants, t ak i ng  i n t o  account t h e i r  c l o t h i n g  and t h e i r  a c t i v i t i e s  a t  home. The' 

temperature of t he  i n t e r i o r  'surfaces should n o t  d i f f e r  t o o  much from t h a t  o f .  the  

indoor  a i r .  There should no t  be any l a r g e  temperature g rad ien ts  i n s i d e  t he  

dwel l ing.  

The moisture content  o f  the  indoor a i r  should be kept  w i t h i n  c e r t a i n  l i m i t s  

if the  . i n d o o r  c l ima te  i s  t o  be a comfortable one. The moisture content  o f  the 

indoor  a i r  w i l l  i n  general be d i f f e r e n t  from t h a t  o f  t he  outdoor a i r  due t o  the  

outdoor- indoor a i r  temperature d i f f e r e n c e  and the  use o f  water by t he  occupants 

i n s i d e  the  dwel l ing.  

The heat ing  o f  t he  dwe l l i ng  and a c t i v i t i e s  performed by t he  occupants w i l l  

r e s u l t  i n  the adding o f  p o l l u t a n t s  t o  t he  indoor a i r .  The indoor a i r  may a lso  

be contaminated by gaseous cons t i t uen t s  d i s s i p a t i n g  from the  b u i l d i n g  f a b r i c .  

There should n o t  be any draught i n  the  dwe l l ing ,  a s u f f i c i e n t  degree o f  

l i g h t i n g  should be provided and t h e  demand f o r  p r i vacy  should a l so  be 

considered. 

A l l  f a c t o r s  mentioned above are  o f  importance f o r  t he  phys io log ica l  

we l lbe ing  o f  t he  occupants. The i r  behav ioura l response t o  the  indoor c l ima te  

can be very complex. Only on r a r e  occasions w i l l  t he  occupants experience a 

s i ng le  f a c t o r  l i k e  a i r . tempera tu re ,  r ad ian t  temperature of wa l l s  and windows, 

i n d w r  humidi ty ,  draught, i l l um ina t i on , '  v e n t i l a t i o n ,  o r  l e v e l  o f  no ise  as 

inadequate. I n  general they w i l l  experience a combination o f  these f ac to r s  

through the senses o f  v i s i on ,  hear ing,  smel l ,  touch, and thermal sensation. 1.f 



at ,  most, two of t he  f ac to r s  mentioned above are involved,  experience fran 

psycho- phys ica l  experiments under c o n t r o l l e d  l abo ra to r y  cond i t i ons  i n  many 

cases t e l l s  t he  l i m i t s  of t he  comfort range of these f a c t o r s  f o r  a c e r t a i n  

c l o th i ng .  

R e t r o f i t t i n g  a r e s i d e n t i a l  b u i l d i n g  w i l l  o f t e n  r e s u l t  i n  a change i n  t he  

indoor  c l imate .  When performing a r e t r o f i t  t h i s  should there fo re  be. taken i n t o  

account and n o t  j u s t  the  energysaving e f f e c t s ' o f  t he  r e t r o f i t .   his can o f t e n  

be done i n  a q u a l i t a t i b e  manner. However, i t  i s  sometimes of i n t e r e s t  t o  be 

ab le  t o  do t h i s  i n  a q u a n t i t a t i v e  manner. The thermal environment of the  

occupant can then be descr ibed by the  use of a so c a l l e d  comfort index. This 

t o p i c  i s  t r ea ted  i n  the  f i r s t  sec t ion  of t h i s  chapter ,  "thermal environment". 

Th is  i s  fo l lowed by two sect ions t r e a t i n g  quest ions r e l a t e d  t o  a i r  contaminants 

and l i g h t i n g  t h a t  are o f  i n t e r e s t  when performing a r e t r o f i t  o f  a r e s i d e n t i a l  

b u i l d i n g .  

- thermal environment 

i )  phys io l og i ca l  bas i s :  heat balance and.metabol ism o f  t he  human body 

Heat i s  produced cont inuous ly  i n  the  human body a t  a r a t e  t h a t  i s  s t r o n g l y  

dependent on the  a c t i v i t y  being performed. Fuel i s  requ i red  f o r  producing t h i s  - 
heat, and a i r  t o  burn i t .  I n  these respects t he  human body does n o t  d i f f e r  from 

the  furnace t h a t  mainta ins t he  temperature o f  a b u i l d i n g  a t  t he  requ i red  

temperature. The fuel  we burn, o r  metabol i se ,  i s  food. The c a l o r i c  value of 

the  food eaten , less  the  mechanical work' performed, i s  equal t o  the  heat 

produced i n  t he  body. It must a l l  be d i ss i pa ted  . The body can t o l e r a t e  on ly  

small and r e l a t i v e l y  b r i e f  changes i n  temperature, u n l i k e  houses, t h a t  can s t o r e  

heat  from warm days t o  co ld  n i gh t s  o r  even over per iods  o f  several days. Houses 

need no t  ma in ta in  t h e i r  i n t e r n a l  temperature so exac t l y  as we do, n e i t h e r  a re  

they sub jec t  t o  t he  f i v e - f o l d  a l t e r a t i o n s  i n  r a t e  o f  heat  p roduc t ion  t h a t  we 

impose on our  bodies as we engage i n  d i f f e r e n t  a c t i v i t i e s .  

The average r a t e  of heat 'p roduc t ion  f o r  a 24 hour per iod  has been 

ca l cu la ted  as 102 wat ts  f o r  women and 126 wat ts  f o r  men. These f igures  are 

based on food i n take  ' for an average-sized person, n o t  engaging i n  any of ;the 

more a c t i v e  occupations o r  pu rsu i t s .  Large people w i l l  ea t  more food and 

produce more heat. I t  i s  usual t o  normal ize these f igures  by d i v i d i n g  by the  



body *su r face  area, a  good measure of  t h e  s i z e  of  a  person and a c r i t i c a l  f a c t o r  

i n  heat  ba lance,  as o u t s i d e  w a l l  area i s  f o r  a  house. Since, e.g., women' i n  

Nor the rn  ~ u r o ' p e  have an average body su r face  area if 1.6 m2, men 1.8 m2, t h e  

24-hour average r a t e s ' o f  hea t  p r o d u c t i o n  a r e  64 and 70 W/m2 , r e s p e c t i v e l y .  

I g n o r i n g  sex d i f f e r e n c e s  g i v e s  an average o f  67 W/m2. 

The 24-hour average i s  a  use fu l  concept f o r  c a l c u l a t i n g  t h e  hea t  

c o n t r i b u t i o n  from occupants t o  a  house, b u t  i t  conceals  l a r g e  and sys temat i c  

d i f f e r e n c e s  a t  d i f f e r e n t  t imes  o f  day and i s  t h e r e f o r e  inadequate even f o r  

c a l c u l a t i n g  c o n t r i b u t i o n s  t o  t h e  hea t  ba lance of a  room. However, as we s h a l l  

see below, i t  p r o v i d e s  a s u r p r i s i n g l y  good b a s i s .  f o r  c a l c u l a t i n g  t h e  average 

r e q u i r e d  room temperature i n  d i f f e r e n t  c l o t h i n g  ensembles. I n  most cases, 

however, i t  i s  necessary t o  a l l o w  f o r  d i f f e r e n t  r a t e s  o f  heat  p r o d u c t i o n  f o r  

d i f f e r e n t  a c t i v i t i e s :  s l e e p i n g  40 W/m2, s i t t i n g  q u i e t l y  55 W/m2, s tand ing  s t i l l  

work ing  78 W/m2, l i g h t  house work 110 W/m2. Much h i g h e r  r a t e s  o f  work ing  occur  
2  o c c a s i o n a l l y  i n  t h e  home, co r respond ing  t o  medium heavy i n d u s t r i a l  work 150 W/m 

heavy manual work 200 W/m2, b u i  a r q  seldom mainta ined f o r  long.  

Rate o f  hea t  p r o d u c t i o n  i s  governed by t h e  a c t i v i t v  i n  which we engage. It 

i s  t h e r e f o r e  t o  agvery l a r g e  e x t e n t  under consc ious  c o n t r o l  d u r i n g  l e i s u r e  t i m e  

i n  t h e  home. Th is  i s  n o t  t h e  case d u r i n g  work ing  hours. Rate o f  hea t  l o s s  i s  
. . 

governed by 5 p r i n c i p a l  f a c t o r s :  -, a i r  temperature,  & 
temperature,  a i r  v e l o c i t y  and a i r  humid i t y .  These have been l i s t e d  i n  

descending o r d e r  o f  impor tance f o r  heat  ba lance  i n  normal d w e l l i n g s  and f o r  

normal a c t i v i t i e s .  Humid i t y  - i s  i n  l a s t  p l a c e  because i t  a f f e c t s  m a i n l y  t h e  r a t e  

a t  w h i c h  sweat can evaporate. Sweating i s  something we t ry  t o  a v o i d  d u r i n g  

normal occupa t ion  o f  t h e  home, f o r  h y g i e n i c  reasons as much as f o r  t h e  f a c t  t h a t  

i t  i s  t h e  l a s t  l i n e  of  defence. S i m i l a r l y ,  s h i v e r i n g  i s  a  heb t  ba lance 

mechanism we t r y  t o  avoid. Owe l l i ngs  should be planned so t h a t  o n l y  i n  f reak 

weather c o n d i t i o n s  i s  i t  necessary f o r  t h e  body t o  use these  s t r a t e g i e s .  I n  h o t  

c o u n t r i e s  t h i s  may be an u n r e a l i s t i c  goa l ,  and i f  so h u m i d i t y  a t  once becomes an 

i m p o r t a n t  f a c t o r  i n  hea t  balance. Sweating can save enormous amounts o f  energy 

used f o r  summer a i r  c o n d i t i o n i n g  i n  advanced h o t  c o u n t r i e s ,  b u t  t h i s  s p e c i f i c  

form o f  energy conserva t ion  w i l l  n o t  be d e a l t  w i t h  here. 

i i )  i n d o o r  temperature 

I 

The p e r m i s s i b l e  range of  temperature i s  g i ven  by t h e  r e s t r a i n t s  imposed 

upon t h e  o t h e r  5  f a c t o r s  govern ing  t h e  hea t  ba lance of t h e  body - a c t i v i t y ,  

c l o t h i n g ,  r a d i a n t  temperature,  a i r  v e l o c i t y ,  humid i t y .  Under nonsweating 



cond i t i ons  even very l a r g e  d i f f e rences  i n  r e l a t i v e  humid i ty ,  between t he  

extremes a t  which humid i ty  becomes a  nuisance i n  i t s e l f  , 20% t o  70% , can be 

compensated t he rma l l y  by a  change o f  on l y  1 K i n  t he  a i r  temperature. A i r  

v e l o c i t y  becomes a  nuisance by causing l o c a l  coo l i ng  o f  t he  body above 0 .2 .  mls. 

and blows paper about. I t  i s  usual t o  l i m i t  a i r  v e l o c i t y  t o  0.1 mls i n  rooms 

occupied by sedentary people f o r  t h i s  reason. Under these cond i t i ons  the  a i r  - ' 

and t he  rad ian t -  temperature a f f e c t  heat  l oss  t o  about the  same ex ten t .  The 

"ope ra t i ve  temp'erature" t an  be taken as t he  a r i t h m e t i c  mean o f  the  two and used 

t o  cha rac te r i ze  t he  temperature o f  t he  space. Table1 c -1  se t s  ou t  t he  maximum 

and minimum a i r  temperatures f o r  t he  a c t i v i t i e s  whose heat  p roduc t ion  r a t e  has 

been discussed above, as a  func t ion  o f  c l o t h i n g  ( o r  bed-c lo th ing)  i n s u l a t i o n  

value. At these l i m i t s  sweating o r  sh iver ing ,  r espec t i ve l y ,  must occur i n  t he  

steady State. They have been ca l cu la ted  on t he  bas i s  o f  t he  heat f low from the  

cen t re  o f  t he  body a t  37%, t o  the  room, t a k i n g  account o f  t he  minimum and 

maximum i n s u l a t i o n  a f fo rded by t he  body t i s sues  when f u l l y  vaso-d i la ted  and 

vaso-constr ic ted,  respec t ive ly .  The i n s u l a t i o n  v a l u e - o f  t he  c l o t h i n g  worn i s  a  

parameter o f  Table 1  c -  1. The i n s u l a t i o n  value o f  t he  a i r  i s  a  func t ion  o f  i t s  

r e l a t i v e  v e l o c i t y  taken here t o  be 0.1 m/s except i n  the  case o f  l i g h t  

house-work where 0.3 m/s i s  assumed. A  small  amount o f  unce r ta i n t y  i s  

in t roduced by the  dependence o f  c l o t h i n g  i n s u l a t i o n  on a i r  ve l oc i t y ,  b u t  s ince  

e f f e c t i v e  c l o t h i n g  i n s u l a t i o n  can be a l t e r e d  much more , i n  an adapt ive way, by 

opening o r  c l os i ng  buttons; f o r  instance,  t h i s  can probably b e  neglected. 

C lo th i ng  and a c t i v i t y ,  t he  parameters o f  Table I c- 1  , may be seen t o  have 

very l a r g e  e f f e c t s  on t he  pe rm iss i b l e  range o f  room temperature. They n a t u r a l l y  

a f f e c t  a l so  optimum temperatures, which f o r  t he  present  purpose can be taken t o  

mean o p t i m a l l y  comfor tab le  temperatures and t o  l i e  mid way between t he  l i m i t s  

se t  out  ' i n  Table 1  c - 1 .  It i s  a  common observa t ion  t h a t  p re fe r red  temperatures 

vary seasonally, d i u r n a l l y  and between count r ies .  a n y  f i e l d  s tud ies  have 

documented these d i f f e rences ,  w i thou t  normal iz ing  c l o t h i n g  and a c t i v i t y .  Had 

they done so i t  i s  probable t h a t  t he  undoubtedly l a r g e  and systemat ic  

d i f f e rences  i n  c l o t h i n g  and a c t i v i t y  t h a t  occur between seasons, between t imes 

o f  day and between count r ies ,  ,would have accounted f o r  t he  d i f fe rences  i n  

p re fe r red  temperaure. Fanger (1970) has performed ex tens ive  s tud ies  o f  

p re fe r red  temperature i n  standard c l o t h i n g ,  s i t t i n g  s t i l l ' i n  a  l abo ra to r y ,  and 

has .never found any v a r i a t i o n  due t o  t h e  above factors.  It seems the re fo re  

adequate t o  assume t h a t  by t ak i ng  account o f  the  c l o t h i n g  and a c t i v i t y  l i k e l y  to, 

occur i n  a  g iven p lace  a t  a  g iven t ime, Table 1  c -1  values may be used t o  g i ve  

the  permiss ib le  range o f  room temperature w i thou t  f u r t h e r  c o r r e c t i o n  f o r  the  

so-ca l led  seasonal, d i u r n a l  and.geographica1 b ias.  The o n l y  except ion,  a l ready 



TABLE I c-I 

Permiss ib le temperature range 

A. Minimum temperature w i thou t  sh i ve r i ng  

A c t i v i t y  fletabol ism C lo th ing  ( c l o )  

w/m2 0 0.5 1.0 1.5 2.0 3.0 

Sleeping 40 30 28 26 24 21 17 

S i t t i n g ,  55 27 24 21 18 15 

24-hour average 67 25 22 18 14 

Housework (s tanding)  78 23 19 15 

Ac t i ve  housework 110 20 14 

8. Maximum temperature w i thou t  sweating 

A c t i v i t y  f letabol ism c l o t h i n g  ( c l o )  

~ / m 2  0 0.5 1.0 1.5' 2.0 3.0 

Sleeping 40 32 30 28 26 23 19 

S i t t i n g  55 30 27 24 21 18 

24-hour average I67 29 25 21 18 

Housework (s tand ing)  78 27 23 19 

Ac t ive  housework 110 26 20 



exc luded from t h e  p resen t  t r e a t m e n t  b u t  w o r t h  r e i t e r a t i n g ,  i s  when swea t ing  i s  

s o c i a l l y  a c c e p t a b i e  o r  economica l l y  necessary  i n  h o t  c d u n t r i e s .  Tab le  I c - 1  

upper  l i m i t s  do n o t  t h e n  a p p l y ,  o t h e r  hea t  s t r e s s  e q u a t i o n s  must be used and 

hea t  a c c l i m a t i z a t i o n  must be cons ide red  q u a l i t a t i v e l y .  Th is  w i l l  i n t r o d u c e  

marked seasonal and geograph ica l  v a r i a t i o n .  Table  I c - 1  i s  based on an e q u a t i o n  

f o r  d r y  hea t  ba lance by  Humphreys (1976) ,  assuming t h a t  0.7 o f  t h e  t o t a l  heat  

l o s s  i s  non-evapora t i ve ,  t h a t  t h e  a i r  v e l o c i t y  i s  0.1 m/s excep t  i n  a c t i v e  

housework', where 0.3 m/s r e l a t i v e  a i r  v e l o c i t y  i s  assumed, and t h a t  t h e  

p e r m i s s i b l e  tempera tu re  range i s  g i v e n  by  t h e  l i m i t s  o f  v a s o c o n s t r i c t i o n  and 

v a s o d i l a t i o n ,  beyond which s h i v e r i n g  and swea t ing  occur ,  r e s p e c t i v e l y .  

Thermal g r a d i e n t s  occur.  i n  b o t h  space and t ime.  H o r i z o n t a l  t he rma l  

g r a d i e n t s  a r e  exper ienced  as tempera tu re  swings i n  t i m e  by occupants  who move 

t h r o u g h  them. Temperature swings, t h e  f a c t o r s  i n f l u e n c i n g  t h e i r  p e r c e p t i o n  and 

t h e i r  e f f e c t s  on c o m f o r t ,  per formance and behav iou r  have been s t u d i e d  

e x t e n s i v e l y  by  Wyon e t  a l .  (1971, 72, 73, 77).  T h e i r  r e s u l t s  may be summarized 

f o r  t h e  p r e s e n t  purposes as showi'ng a s u r p r i s i n g  l a c k  o f  h y s t e r e s i s  d u r i n g  t h e  

r e l a t i v e l y  s low tempera tu re  swings o c c u r r i n g  i n  d w e l l i n g s  - dynamic e f f e c t s  may 
be n e g l e c t e d  and occupants assumed t o  respond t o  t h e  a c t u a l  temperatu;e, 

r e g a r d l e s s  o f  i t s  p a s t  v a r i a t i o n .  

V e r t i c a l  t he rma l  g r a d i e n t s  have been i n s u f f i c i e n t l y  s t u d i e d .  A  c o r r e c t  

t r e a t m e n t  o f  c r i t e r i a  shou ld  be based on a  q u a n t i t a t i v e  unders tand ing  o f  

p h y s i o l o g i c a l  response.   his i s  a v a i l a b l e  f o r  t o t a l  hea t  ba lance  i n  a  u n i f o r m  

env i ronment  b u t  n o t  y e t  f o r  an env i ronment  t h a t  v a r i e s  between d i f f e r e n t  p a r t s  

o f  t h e  body. it has been found good p r a c t i c e ,  , however, t o  l i m i t  v e r t i c a l  

t he rma l  g r a d i e n t s  t o  2 K lme t re .  T h i s  requ i remen t  i s  i n c l u d e d  i n  b u i l d i n g  

r e g u l a t i o n s  i n  seve ra l  c o u n t r i e s .  La rge r  g r a d i e n t s  a r e  l i k e l y  t o  occu r  o n l y  

w i t h  such marked c o n v e c t i v e  c i r c u l a t i o n  o f  a i r  t h a t  d raugh ts  and c o l d  f l o o r s  

w i l l  cause problems r a t h e r  t h a n  t h e  thermal  g r a d i e n t  pe r t se .  I t  i s  w o r t h  n o t i n g  -- 
t h a t  such the rma l  g r a d i e n t s  a r e  a lways p o s i t i v e ,  t h e  tempera tu re  i n c r e a s i n g  w i t h  

h e i g h t  abbve t h e  f l o o r .  A l though  v e r y  few the rma l  comfo r t  s t u d i e s  have asked 

f o r  m u l t i p l e  judgements o f  t he rma l  c o m f o r t  r e f e r r e d  t o  d i f f e r e n t  p a r t s  o f  t h e  

body, Uyon e t  a1 (1968) showed t h a t  the rma l  p r e f e r e n c e  i s  f o r  a  n e g a t i v e  thermal  

g r a d i e n t .  ( I n  o t h e r  words, p e o p l e  p r e f e r  t o  keep a  c o o l  head r a t h e r  than  get  

c o l d  f e e t ) .  Most h e a t i n g  systems can a c h i e v e  a t  b e s t  a  sma l l  p o s i t i v e  the rma l  

g r a d i e n t  i n  a i r  t empera tu re .  However, r a d i a n t  systems can  e a s i l y  c r e a t e  a  

n e g a t i v e  g r a d i e n t  i n  o p e r a t i v e  temperature.  The l i m i t s  a p p l i c a b l e  i n  t h i s  case 

a r e  d i scussed  i n  t h e  f o l l o w i n g  s e c t i o n .  



i i i )  sur face heat r a d i a t i o n  

. . 
The ope ra t i ve  temperature i n  a  room i s  a f f ec ted  t o  t he  same ex ten t  by t he  

surface temperatures as by t he  a i r  temperature.. The mean rad ian t  temperature a t  

any po in t  i n  t h e  occupi,ed zone must be ca l cu la ted  i n  o rder  t o  be ab le  t o  

est imate t he  o v e r a l l  heat balance o f  t he  human body. Table I b-1 may then be 

used t o  g i ve  t he  permiss ib le  range o f  opera t i ve  temperature. It i s  necessary t o  

de f ine  . t h e  occupied zone q u i t e  c l ose l$  i n  t h i s  connection, f o r  t he  s o l i d  angle 

subtended by a  g iven surface area whose temperature d i f f e r s  from the  a i r  

temperature determines i t s  con t r ibu t ion ,  t o  the  mean rad ian t  temperature. This 

becomes unreasonably l a r g e  i f  t h e  occu<pied zone i s  taken t o  extend r i g h t  up t o  

wa l l s  and windows. 

B u i l d i n g  regu la t i ons  o f t e n  d e f i n e  the  occupied zone as e x t e n d i n g t o  w i t h i n  

1 metre o f  t he  wa l l s  o r  window, and t o  0.5 metres o f  an outs ide,  wa l l  w i thou t  a  

window fo r  t he  specia l  purpose o f  c a l c u l a t i n g  t he  plane rad ian t  temperature. 

High dens i t y  &cupat ion  w i l l  r equ i r e  t h a t  t he  occupied zone i n  p r a c t i c e  extends 

i n t o  t he  l a s t  metre excluded above. Real hea l t h  r i s k s  can thereby occur, fo r  

example when occupants must s leep r i g h t  up aga ins t  co ld  ou t s i de  wa l l s .  

Increasing i n s u l a t i o n  standards a re  reducing these r i s k s ,  bu t  i t  i s  worth 

cons ider ing  whether ex t ra  f l o o r  space would not  i n  some s i t u a t i o n s  be j u s t i f i e d  

economical ly by the  h i gh  a l t e r n a t i v e  cos t  o f  meeting b u i l d i n g  regu la t i ons  f o r  

thermal environment i f  the  occupied zone must extend t o  t he  wal ls .  

I n  a d d i t i o n  t o  s a t i s f y i n g  t he  above requirements fo r  o v e r a l l  heat balance, 

sur face temperatures must n o t  cause excessive heat l oss  from the  body. If 

r a d i a t i o n  exchange w i t h  a  co ld  sur face causes a p a r t i c u l a r  p a r t  o f  the  body t o  

be co lde r  than i t  would be i n  the  absence o f  t he  surface, t he  sensat ion and 

e f f e c t  i s  i d e n t i c a l  t o  t h a t  caused by a  co ld  draught o r  excessive a i r  ve l oc i t y .  

As s ta ted  above, the  under ly ing  phys io log ica l  model f o r  response t o  such 

asymnetr ic -thermal loads i s  lack ing .  It has been found good p r a c t i c e  t o  r equ i re  

i n  b u i l d i n g  regu la t i ons  t h a t  the  plane rad ian t  temperature must be ca l cu la ted  o r .  

measured i n  the  occupied zone, and t o  in t roduce t he  concept of the  plane - 
operat ive  temperature, analogous t o  opera t i ve  temperature. Th is  q u a n t i t y  should 

not  be l ess  than 18oC anywhere, nor  should d i f f e rences  i n  p lane opera t i ve  

temperature w i t h i n  t he  occupied zone exceed 5 . K .  I n  p r a c t i c e  the  extreme po in t s  

are usua l l y  1 metre from the  cen t re  of a  r a d i a t o r  below the  window and 1 metre 

from the  cen t re  o f  the  window. Observe t h a t  the  p lane opera t i ve  temperature a t  

the  l a t t e r  p o i n t  w i l l  be lower than a t  t he  former; An occupant seated o r  



standing i n  f r on t  o f  t he  window w i l ' l  experience a negat ive  g rad ien t  i n  p lane 

ope ra t i ve  temperature, provided t h a t  the  r a d i a t o r  i s  f u l f i l l i n g  i t s  o the r  

f unc t i on  o f  p revent ing  down-draught by c r e a t i n g  upward convection. Whereas t he  

r a d i a n t  heat exchange o f  the  body as a whole w i t h  window and r a d i a t o r ,  as 

r e f l e c t e d  by the  convent ional  c a l c u l a t i o n  of mean r a d i a n t  temperature o r  

measurement of g lobe temperature, may show acceptable ope ra t i ve  temperature 

values, ca re  must s t i l l  be taken t o  ensure t h a t  the  asymmetric r a d i a n t  f i e l d  

does n o t  cause too  much l o c a l  heat  ga in  o r  l o s s  from d i f f e r e n t  pa r t s  o f  the 

body. T h e  above c r i t e r i a  have been found adequate even under severe w in te r  

cond i t i ons  w i t h  present-day windows. With increased i n s u l a t i o n  standards fo r  

ou t s i de  wa l l s  and windows l ead ing '  t o  reduced r a d i a t o r  s i z e  and sur face  

temperature, t he  asymmetry w i l l  be reduced and i t  w i l l  be easy t o  meet the  above 

c r i t e r i a  except i n  specia l  cases o f  very l a r g e  windows o r  h igh  temperature 

r a d i a n t  sources. 

i v )  a i r  v e l o c i t y  (draught)  

A i r  v e l o c i t i e s  t h a t  a re  too  h i g h  can cause excessive l o c a l  coo l i ng  o f  pa r t s  

O f  t he  body. They can cause d iscomfor t  by d r y i n g  the  mucous membranes o f  t he  

eyes, nose and mouth, p a r t i c u l a r l y  i n  d r y  w in te r  cond i t ions .  Some people a re  

p a r t i c u l a r l y  s e n s i t i v e  t o  t he  l a t t e r  e f fec t .  Older  women o f ten  f a l l  i n t o  t h i s  

category and bccount f o r  a l a r g e  p ropo r t i on  o f  complaints o f  draught. Even t he  

former e f f e c t  i s  h i g h l y  dependent on t he  c l o t h i n g  worn and the  exact  way 

c l o t h i n g  i n s u l a t i o n  i s  d i s t r i b u t e d  over t he  body surface. Sex d i f f e r e n c e s  i n  

c l o t h i n g  lead t o  sex d i f fe rences  i n  complaints o f  draught. Women tend t o  wear 

l e s s  c l o t h i n g  on t he  legs, ankles, shoulders and arms than men do and are  

there fo re  more l i k e l y  t o  be a f fec ted  by draughts. Thus draught  s u s c e p t i b i l i t y  

i s  a h i g h l y  i n d i v i d u a l  mat ter .  .A l though work has been done on minimum 

temperatures f o r  avo id ing  canp la i n t s  of draughts a t  a g iven a i r  v e l o c i t y ,  

p rov id i ng  t h e  means f o r  i n d i v i d u a l  adjustment of t h i s  i s  b e t t e r  than r a i s i n g  t he  

temperature. These v e l o c i t i e s  can then be increased i n  h o t  weather t o  p rov ide  

increased coo l ing ,  l o c a l  o r  general ,  b u t  reduced t o  avo id  draughts o r  t o  r a i s e  

t he  e f f e c t i v e  temperature i n  c o l d  weather. ~ a i s i n g  t he  temperature t o  avoid 

draughts i s  no t  conducive t o  energy conservation. 

I t  i s  good p r a c t i c e  t o  l i m i t  the  general a i r  v e l o c i t y  i n  an occupied zone - 
t o  0.,1 m/s b u t  p rov ide  t he  means t o  increase a i r  v e l o c i t y  when required.  The , 
general e f f e c t  o f  a i r  v e l o c i t y  on t h e  heat t r a n s f e r  c o e f f i c i e n t  f o r  whole body 

hea t  balance ' i s  discussed below, bu t  i n  dwe l l ings  i s  u n l i k e l y  t o  be a major 
\ 

source of va r i a t i on .  



v )  combined e f f e c t s  o f  a i r  temperature,  r a d i a t i o n  and d raugh t  on the  human body 

There have been many a t tempts  t o  predict q u a n t i t a t i v e l y  t h e  effecrs o f  t h e  

thermal  environment on t h e  human body. Over 20 d i f f e r e n t  i n d i c e s  of thermal  - 
s t r e s s  have been used i n  d i f f e r e n t  connect ions.  A l l  have t h e i r  l i m i t a t i o n s :  

some t a k e  account o n l y  o f  c e r t a i n  thermal  f a c t o r s ,  n e g l e c t i n g  o t h e r s  i n  o r d e r  t o  

s i m p l i f y  t h e  measurement o f  thermal c l i m a t e  i n  a  p a r t i c u l a r  s i t u a t i o n .  They 

l e a d  t o  w i d e l y  d i f f e r e n t  pred i ,c t ions of thermal  s t r e s s  even i n  t h e o r y  and 

t h e r e f o r e  canndt p r e d i c t  r e l ' i a b l y  any ' r e l e v a n t  measure of thermal  s t r a i n  i n  

p r a c t i c e ,  except  i n  t h e  p a r t i c u l a r  c o n d i t i o n s  under which t h e y  were der ived.  

Most such i n d i c e s  a t tempt . to  p r e d i c t  e q u i v a l e n t  combinat ions o f  extreme thermal  - 
s t r e s s  t h a t  produce t h e  same l i m i t i n g  p h y s i o l o g i c a l  s t r a i n ,  e.g. maximum 

p e r m i t t e d  h e a r t  r a t e ,  sweat r a t e ,  o r  i e n t r a l  body temperature. They do n o t  l e a d  

e x p l i c i t l y  t o  a  p r e d i c t e d  numer ica l  va lue  f o r  these  r e l e v a n t  parameters, 

however, b u t  t o  an a r b i t r a r y  va lue  of " thermal  s t r e s s " .  S t r a i n  parameters must 

be l i n k e d  t o  t h i s  dimension e x p e r i m e n t a l l y .  Since t h e r e  i s  always a  s t a t i s t i c a l  

d i s t r i b u t i o n  of p h y s i o l o g i c a l  response even under i d e n t i c a l  c o n d i t i o n s ,  the  

s e l e c t i o n  o f  a  r e a s s u r i n g l y \  exac t  number on t h e  thermal  s t r e s s  d imension 

conceals  a  v e r y  l a r g e  degree o f  u n c e r t a i n t y  on the  s t r a i n  dimension. Only when 

the  measure o f  p h y s i o l o g i c a l  s t r a i n  i s  t h e  p r o p o r t i o n  observed t o  d i e  of hea t  

s t r o k e  has t h e  exac t  shape of the  d i s t r i b u t i o n  been s t u d i e d  w i t h  any c l o s e  

a t t e n t i o n .  

These i n d i c e s  o f  extreme thermal  s t r e s s  a r e  of l i m i t e d  use i n  assess ing 

c o n d i t i o n s  i n  d w e l l i n g s .  They a r e  a l l  based on exper iments  where sweat ing was 

p ro fuse  and d i s c o m f o r t  cons ide rab le .  

Another  s e t  o f  i n d i c e s  a r e  based on s u b j e c t i v e  responses t o  comfor t  

ques t ionna i res .  They equate thermal  c o n d i t i o n s  i n  terms o f  t h e  thermal  

d i s c o m f o r t  t h e y  produce. T h e i r  weakness i s  t h a t  comp la in ts  o f  d i s c o m f o r t  depend 

ve ry  much on what people a r e  t r y i n g  t o  do, i n  s p i t e  o f  t h e  hea t  o r  t h e  c o l d ,  and 

i n a l m o s t  a l l  o f  t h e  exper iments  on which comfor t  i n d i c e s  a r e  based,, t h e  

s u b j e c t s  were n o t  t r y i n g  t o  do any th ing .  A l though q u i t e  success fu l  i n  e q u a t i n g  

d i f f e r e n t  combinat ions o f  thermal  c o n d i t i o n s  g i v i n g  optimdm comfor t  f o r  s i t t i n g  

q u i e t l y ,  t h e y  p r o v i d e  a  r a t h e r  inadequate b a s i s  f o r  t h e  two k i n d s . o f  assessment 

r e q u i r e d  f o r  energy c o n s e r v a t i o n  d e c i s i o n s ,  which, a r e :  

1 )  t o  de te rm ine  t h e  l i m i t s  of t h e  reasonably  comfo r tab le  zone beyond which i t  

i s  j u s t i f i a b l e  t o  use energy t o  improve t h e  thermal  env i ronment  



2) t o  p rov ide  a  thermal environment i n  which i t  i s  poss ib l e  f o r  t he  body t o  

ma in ta in  thermal balance i n  a  way t h a t  does no t  h inder  t he  performance o f  

s p e c i f i e d  a c t i v i t i e s .  

Most comfort i nd i ces  t ake  no account o f  c l o t h i n g ,  a c t i v i t y  o r  the  adapt ive 

mechanisms o f  the  body. They t he re fo re  neg lec t  t he  most important  f a c t o r s  t h a t  

can extend the  comfort zone. The on l y  bas is  they cou ld  p rov ide  f o r  ( 1 )  above i s  

t o  p r e d i c t  some a r b i t r a r y  "unacceptable" degree o f  d iscomfor t  o r  percentage 

uncomfortable, wh i le  g i v i n g  no in fo rmat ion  a t  a l l  on (2 ) .  Table I c-1  shows how 

'inadequate t h i s  s i m p l i f i c a t i o n  would be. .Fanger (1970) made an important  s tep 

forward by t ak i ng  account o f  c l o t h i n g  and a c t i v i t y  leve l .  H is  equat ion can show 

the  cond i t i ons  p rov id i ng  i dea l  comfort f o r  a  g iven a c t i v i t y  l e v e l  and c l o t h i n g ,  

i dea l  comfor t  being a  p a r t i c u l a r  s t a t e  of thermal balance as de f ined  by the  mean 

s k i n  temperature and sweat r a t e  of subjects i n  exact  thermal coinfort. A comfort 

zone de f ined  by acceptable c l o t h i n g  changes would be much narrower than requ i red  

f o r  ( I ) ,  'as i t  would no t  u t i l i z e  the  adapt ion o f  which t he  body i s  capable. 

Fanger t r e a t s  dev ia t i ons  from idea l  comfort on a  s t a t i s t i c a l  bas is ,  p r e d i c t i n g  

the  number of people no t  i n  i d e a l  comfort r a t h e r  than the  consequences f o r  an 

i n d i v i d u a l  i n  terms o f  t he  adaption h i s  body would be requ i red  t o  make. It i s  

there fo re  n o t  poss ib l e  t o  address (2 )  a t  a l l  by us ing Fanger-s equation. 

Humphreys (1976) in t ruduced a  much s impler  equat ion f o r  t h e  heat balance of 

t h e  human body which enables assessments ( 1 )  and (2 )  t o  be made. It i s  an 

equat ion f o r  t h e  heat  f low from the  c e n t r a l  body core  a t  37 OC t o  the  

surroundings, t ak i ng  account o f  the  t h ree  i n s u l a t i n g  l aye rs  t h a t  govern t h i s  

f low: t h a t  of the  body t i s sues ,  o f  the  c l o t h i n g  and o f  t h e  surrounding a i r .  

For  cont inuous occupation, t he  heat  f low must be equal t o  t he  heat produced i n  

the  body, otherwise a  s tab le  cen t ra l  body temperature cou ld  no t  be maintained. 

The temperature d i f f e rences  across these th ree  l aye rs  o f  thermal res is tance  are 

expressed by t h ree  terms o f  t he  equat ion and toge ther  equal t he  temperature 

d i f f e rence  between body core  and a i r  temperature: 

T, - T b  =M/A*(Rb t R c  tKJ(4.2t13 u1J2) ) 
where: 

Ta = Body core  temperature, 3 7 O ~  

Tb = A i r  temperature, O C  

MIA= Metabol ic  r a t e  o f  heat p roduc t ion  per  m2 o f  body surface, w/m2 

K = Propor t ion  o f  metabo l i c  heat d i ss i pa ted  by means o the r  than evaporat ion,  

about 0.7 indoors. I 

R = Thermal res is tance  uf .body t i s sues ,  m2,K/W 



R = Thermal r e s i s t a n c e  o f  c l o t h i n g ,  m2,K/w (Popular  u n i t : l  c l o =  0.155 ~ z , K / w )  

u  = A i r  speed, m/s 

l l ( 4 . 2  + 13~' '~)= Thermal r e s i s t a n c e  between c l o t h i n g  and surroundings,  m 2 , K / ~  

Using Humphrey-s l i m i t i n g  va lues f o r  body t i s s u e  r e s i s t a n c e ,  R b  = 0.04 

m2,K/M a t  onset  o f  sweat ing and Rb= 0.09 m 2 , K / ~  a t  onset  o f ' s h i v e r i n g ,  t h i s  

e q u a t i o n  a l l o w s  t h e  c a l c u l a t i o n  of c o n d i t i o n s  t h a t  p e r m i t  s t a b l e  ad justment  o f  

s k i n  temperature t o  t h e  p r e v a i l i n g  a i r  temperature.  It i s  conven ien t  t o  s e l e c t  

f i x e d  va lues o f  m e t a b o l i c  r a t e  a p p r o p r i a t e  t o  a  g i ven  a c t i v i t y ,  and f i x e d  

c l o t h i n g  r e s i s t a n c e ,  i n  o r d e r  t o  a l l o w  t h e  c a l c u l a t i o n  o f  maximum and minimum 

room temperatures. Table I c - 1  was prepared i n  t h i s  way. A i r  v e l o c i t y  should 

n o t  be assumed t o  be l e s s  than  0.1 m/s. Thermal r a d i a t i o n  can be i n c l u d e d  by 

u s i n g  t h e  o p e r a t i v e  tempera tu re  i n s t e a d  of  t h e  a i r  temperature,  i .e.  by 

r e p l a c i n g  Ta by t h e  a r i t h m e t i c  mean o f  a i r  temperature and mean r a d i a n t  

temperature.  Th is  approx imat ion  i s  a p p r o p r i a t e  f o r  a l l  normal i n d o o r  a i r  

v e l o c i t i e s .  

Assessment (1) r e q u i r e d  f o r  energy c o n s e r v a t i o n  d e c i s i o n s  can be made q u i t e  

s imp ly  from t h e  above equa t ion ,  i n  t h e  f o l l o w i n g  way: f o r  a  g i v e n  room and t i m e  

o f  day, a  number o f  a c t i v i t i e s  a r e  t o  be expected. A  judgement must be made as 

t o  what i t  i s  reasonable t o  be a b l e  t o  do w i t h o u t  sweat ing o r  sh ive r ing , ,  and 

what a r e  t h e  reasonable l i m i t s  f o r  c l o t h i n g  f o r  these  . a c t i v i t i e s .  These 

judgements w i l l  v a r y  g r e a t l y  between c o u n t r i e s .  The equa t ion  w i l l  t hen  g i v e  

maximum and minimum temperatures,  e n a b l i n g  t h e  engineer  t o  c a l c u l a t e  frequency 

diagrams showing the  number and d u r a t i o n  o f  occas ions d u r i n g a  t y p i c a l  y e a r  t h a t  

g i ven  a c t i v i t i e s  a t  g i v e n  t imes  o f  day w i l l  i n e v i t a b l y  l ead  t o  d i scomfor t .  The 

consequences o f  r e f u s i n g  t o  adapt c l o t h i n g  can be c a l c u l a t e d  i n  terms o f  t h e  

i n c r e i s e d  f requency and d u r a t i o n  of  d i s c o m f o r t  then  p r e d i c t e d .  A l t e r n a t i v e l y ,  

t h e  b e n e f i t s  o f  increased energy consumption can be expressed e i t h e r  as a  

r e d u c t i o n  i n  t h e  frequency and d u r a t i o n  of p e r i o d s  of d i s c o m f o r t  o r  i n  terms of _ 
a  reduced need t o  adapt c l o t h i n g  o r  t o  reschedule a c t i v i t i e s  t o  o t h e r  rooms o r  

o t h e r  t imes  of day. 

> 
Assessment (2 )  r e q u i r e d  f o r  energy c o n s e r v a t i o n  d e c i s i o n s  can be made by 

c o n s i d e r i n g  t h e  consequences o f  a d j u s t i n g  t h e  body-s hea t  ba lance t o  cope w i t h  

u n s u i t a b l y  h i g h  o r  low temperatures. A  genera l  r u l e  i s  t h a t  a c t i v i t i e s  

r e q u i r i n g  mental  c o n c e n t r a t i o n  cannot be adequate ly  performed when f u l l y  

vaso-d i l a ted ,  i .e.  when a t  t h e  l i m i t  o f  reduced thermal  r e s i s t a n c e  o f  body 

t i s s u e s .  0.04 m2,~/M, c l o s e  t o  t h e  onset  o f  sweating. For  such a c t i v i t i e s ,  a  

l ower  l i m i t  o f  0.065 ~ ~ , K I W  should be assumed. It i s  b e t t e r  t o  be s l i g h t l y  coo l  



than s1i;htly t oo  hot .  For soc ia l  in te rcourse ,  too,  i t  i s  unpl;asant t o  be on 

t he  verge of sweating: i t  dis'courages animation and induces le thargy .  On the  

o the r  hand, i t  i s  no t  p leasant  t o - b e  c o l d  e i t he r .  The reg ion  0.075 t o  0.055 

m 2 , ~ / I d  i s  probably acceptable f o r  pleasant, a c t i v e  re l axa t i on .  If s k i 1  l ed  

manual work i s  t o  be performed, i t  w i l l  be hampered by too  g rea t  a  degree o f  

vasocons t r i c t ion .  A maximum value o f  0.07 m2 ,K/W should be assumed fo r  

sewing,wr i t ing, typing,  p l ay i ng  musical inst ruments,  etc. 

The above approach a1 lows o f  g rea t  f l e x i b i l i t y  i n  energy .conserva t ion  

decis ions.  Occupant behaviour can be assumed t o  be adapt ive o r  i n f l e x i b l e ,  as 

appropr iate,  and the  consequences can be ca l cu la ted  q u a n t i t a t i v e l y .  Occupant 

dec is ions  can be pred ic ted .  The e f f e c t s  o f  energy conservat ion on a c t i v i t i e s  o f  

var ious  k inds  can be est imated. The degree o f  approximation in t roduced by the  

assumptions i s  no g rea ter  than t h a t  inheren t  i n  us ing group experimental r e s u l t s  

t o  p r e d i c t  i n d i v i d u a l  reac t ions .  

- a i r  contaminants 

One of the  most common measures when r e t r o f i t t i n g  a  r e s i d e n t i a l  b u i l d i n g  i n  

o rder  t o  cu t  down the  energy consumption, i s  t o  increase t he  heat res is tance  of 

the  w a l l  by adding an e x t r a  l a y e r  o f  i n s u l a t i n g  mater ia l .  This measure i n  

a d d i t i o n  o f t en  leads t o  an increased a i r - t i g h t n e s s  of the  b u i l d i n g .  This may 

cause problems, espec.ia1 l y  f o r  b u i l d i n g s  w i t h  na tu ra l  v e n t i l a t i o n ,  because t he  

v e n t i l a t i o n  r a t e  can be d imin ished t o  an unacceptable l e v e l .  

We w i l l  now discuss some of the  major a i r  p o l l u t a n t s  separate ly .  Carbon 

d i ox i de  (CO2 ) i s  a  p o l l u t a n t  the  concent ra t ion  of which has been used as a  - 
measure of the  q u a l i t y  o f  the  a i r  i n  a  dwe l l i ng  f o r  more than  100 years. 

A concent ra t ion  of C02 lower than 0.5% by volume i s  o f t e n  considered as 

acceptable. For a  r e s t i n g  person an a i r  supply r a t e  o f  12 m3/h i s  requ i red  t o  

keep a  concent ra t ion  of 0.15% a t  an equ i l i b r i um .  For a  l i v i n g  area o f  60 m2. and 

a  volume o f  150 m3containing f i v e  persons t h i s  leads t o  a  requ i red  a i r  change 

r a t e  o f  0.4lh. A t  h i ghe r  concent ra t ions  than 0.15% the  a i r  s t a r t s  s t i nk i ng .  

Th is  i s  no t  because of t he  Cop concent ra t ion ,  b u t  because o f  associated 

p o l l u t a n t s .  The C02 concent ra t ion  must a t t a i n  a  value o f  3% by volume before 

phys io l og i ca l  r eac t i ons  1  i ke breath lessness and headache become no t iceab le .  

This concent ra t ion  corresponds t o  an a i r  exchange o f  0.6 m3/h and person and i s  



o n l y  one t w e n t i e t h  of t h e  a i r  supp ly  r a t e  r e q u i r e d  t o  keep a  c o n c e n t r a t i o n  o f  

0.15% constant .  

The problem o f  excess ive  m o i s t u r e  con ten t  i n  r e s i d e n t i a l  b u i l d i n g s ,  m o s t l y  

caused by e x c e s s i v e l y  a i r - t i g h t  c o n s t r u c t i o n s  o r  v e n t i l a t i o n  systems'wi th  an 

inadequate e f f i c i e n c y ,  has become more impor tan t  i n  recen t  years.  T h i s  problem ' 

may occur  i n  b u i l d i n g s  where t h e  r a t e  o f  v e n t i l a t i o n  has been decreased i n  o rder  

t o  save energy, o r  have been r e t r o f i t t e d  by adding e x t r a  i n s u l a t i o n  t o  t h e  

wa l l s .  

A  seated person w i l l  e x p i r e  about 40 g  o f  wa te r  pe r  hour. For  a  f a m i l y  o f  

f i v e  persons t h i s  l eads  t o  an i n c r e a s e  o f  t h e  m o i s t u r e ~ c o n t e n t  i n  a  d w e l l i n g  by 

200 gfh. D r y i n g  o f  l a u n d r y  by i t s e l f  w i l l  t a k e  about one day. Laundry a f t e r  

s p i n - d r y i n g  w i l l  c o n t a i n  50 -100 % of  wa te r  b y  weight .  Thus, . laundry w i t h  a  d r y  

we igh t  o f  4 kg w i l l  c o n t a i n  2-4 kg of water. Assuming t h e  emiss ion o f  m o i s t u r e  

from d r y i n g  laundry  t o  be c o n s t a n t  d u r i n g  24 hours leads t o  an inc rease  o f  t h e  

m o i s t u r e  c o n t e n t  i n  a  d w e l l i n g  by 80-160 g /h  from 4  k g  d r y i n g  launary .  

Adding t o  t h i s  t h e  c o n t r i b u t i o n  from t h e  occupants and a  s m a l l e r  

c o n t r i b u t i o n  from cook ing,  t h e .  es t ima ted  inc rease  o f  m o i s t u r e  c o n t e n t  i n  t h e  

l i v i n g  area w i l l  be about 300 gfh. Fo r  t h e  example used here o f  a  5-person 

f a m i l y  i n  a  l i v i n g  area o f  60 m2wi th  a  volume of 150 m3, we have p l o t t e d  i n  f i g .  . 
I c -1  t h e  r e q u i r e d  a i r - change  r a t e  t o  keep t h e  i n d o o r  r e l a t i v e  h u m i d i t y  a t  a  

c o n s t a n t  l e v e l  f o r  some d i f f e r e n t  ou tdoor  temperatures.  The c a l c u l a t i o n s  have 

been performed f o r  an ou tdoor  h u m i d i t y  o f  85 % . Assuming t h a t  t h i s  f a m i l y  i s  

a t  home o n l y  16 hours a  day w i l l  reduce t h e  r e q u i r e d  a i r - change  r a t e  by 25%. I n  

t h i s  case an a i r -change r a t e  of 0.5fh w i l l  i n  any case s u f f i c e  t o  keep t h e  

i n d o o r  r e l a t i v e  h u m i d i t y  below 60% d u r i n g  t h e  h e a t i n g  season. 

A  h i g h  i n d o o r  h u m i d i t y  may b r i n g  problems o f  a  d i f f e r e n t  k i n d . ,  

Condensat ion may occur  on c o l d  su r faces  such as windows. ~ u m i d i t y c a n  g i v e  r i s e  

t o  se r ious  h y g i e n i c  d isadvantages and t h e  a i r  can s t i n k . '  Dust m i t e s  can 

f l o u r i s h  and be a  t h r e a t  t o  t h e  h e a l t h  e s p e c i a l l y  f o r  a l l e r g i c  persons. High 

h u m i d i t y  can a l s o  cause r o t  and t h e  growth o f  d r y  r o t  w i t h  se r ious  economic and 

h y g i e n i c  consequences. 

High c o n c e n t r a t i o n s  o f  formaldehyde has r e c e n t l y  become a  prob lem i n  

b u i l d i n g s  where p a r t i c l e  board has been used i n  t h e  c o n s t r u c t i o n .  C e r t a i n  t ypes  

o f  f u r n i t u r e  a l s o  c o n t a i n  p a r t i c l e  board. The formaldehyde i s  con ta ined  i n  

c e r t a i n  t ypes  o f  . g l u e  used a t  t h e  f a b r i c a t i o n  o f  p a r t i c l e  board. A l l e r g i c  



r (Air  changes per hour1 

, 1.5 

F i g  I c  - 1 Required a i r  change r a t e ,  r, t o  keep indoor  humidi ty ,  u, 
constant  f o r  d i f f e r e n t  outdoor temperature ,  t i s  t h e  
outdoor temperature .  C a l c u l a t i o n  performed f o r  d u e l l i n g  
descr ibed  i n  t e x t  (5-person fami ly ,  L i v i n g  a rea  6 0  m2, 
volume of d u e l l i n g  150  m 3 ) .  
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F ig  I c  - 2 Radon concentrat ion versus a i r  change r a t e  from some 
case studies o f  bu i ld ings  (Radonutredn. 1979) 



persons may r e a c t  t o  concen t ra t ions  as low as 0.1 ppm. I n  some r e c e n t l y  b u i l t  

houses c o n c e n t r a t i o n s  of 2  ppm have been measured. I n  some cases i n c r e a s i n g  t h e  

a i rchange r a t e  f rom 0.5 t o  l / h  o n l y  lowered t h e  c o n c e n t r a t i o n  f rom 1 t o  0.7 ppm, 

due t o  i m p e r f e c t  m i x i n g  o f  t h e  a i r  . Th is  problem can n o t  t h e r e f o r e  be so lved 

by an inc rease  of t h e  v e n t i l a t i o n ,  b u t  has t o  be so lved  by e l i m i n a t i o n  a t  t h e  

source. , 

Radon i s  a  r a d i o a c t i v e .  substance e m i t t e d  fran t h e  radium e x i s t i n g  i n  - 
c e r t a i n  rocks  . I n  some b u i l d i n g  m a t e r i a l s  t h e  c o n c e n t r a t i o n  can be  r e l a t i v e l y  

h igh .  I f  t h e  v e n t i l a t i o n  r a t e  i s  t o o  low, a  cons tan t  exposure may a f t e r  15-40 

years  cause l u n g  cancer. An a i r  change r a t e  o f  0.5/h i s  considered s u f f i c i e n t  

t o  e l i m i n a t e  t h i s  r i s k .  I n  f i g .  I c-2 we g i v e  as an example t h e  c o n c e n t r a t i o n  

o f  radon as a  f u n c t i o n  o f  t h e  a i r  change r a t e  as measured i n  some case s t u d i e s  

o f  b u i l d i n g s  o f  d i f f e r e n t  k ind.  

The examples d iscussed here i n d i c a t e  t h a t  an a i rchange r a t e  of 0.5/h i s  

s u f f i c i e n t  t o  f u l f i l  a l l  h y g i e n i c  ventilation requirements. For  t h e  purpose o f  

t h i s  Report t h e  h y g i e n i c  problem o f  a i r  contaminants need n o t  be considered as 

l o n g  as one does n o t  enc0un te r .a  r e s i d e n t i a l  b u i l d i n g  where t h e  a i rchange r a t e  

may f a l l  below 0.51h. 

- l i g h t i n g  

Windows, and consequent ly  d a y l i g h t i n g ,  i s  a  fundamental p a r t  o f  rooms i n  

d w e l l i n g s .  The s i z e  o f  t h e  windows and t h e i r  performance have t o  be considered 

i n  t h e  c a l c u l a t i o n  o f  t h e  hea t  ba lance bf t h e  bu i l ' d ing .  

I n  many c o u n t r i e s  t h e  b u i l d i n g  r e g u l a t i o n s  c o n t a i n  minimum requi rements f o r  

window. s izes.  These requi rements a r e  . o f t e n  expressed as minimum d a y l i g h t  

fac to rs ,  t o  some e x t e n t  based on s t u d i e s  o f  preference.  The use o f  windows 

depends on such t h i n g s  as vicw, demand f o r  p r i v a c y  and c l imate .  

D i f f e r e n c e s  i n  c u l t u r a l  t r a d i t i o n s  and f a s h i o n  a r e  r e f l e c t e d  i n  t h e  use o f  

c u r t a i n s ,  b l i n d s ,  f l o w e r s  and p l a n t s .  T h i s  has a  g r e a t  i n f l u e n c e  on t h e  amount 

o f  d a y l i g h t  e n t e r i n g  t h e  room and consequent ly  on t h e  need f o r  e l e c t r i c  l i g h t .  



The e l e c t r i c  l i g h t  used i n  d w e l l i n g s  i s  m a i n l y  incandescent  l i g h t  w i t h  a  

few excep t ions ,  f o r  i n s t a n c e  Japan, where f l o u r e s c e n t  l i g h t i n g  i s  dominant. 

\ 

F l o u r e s c e n t  l i g h t i n g  i s  i n  some c o u n t r i e s  used m o s t l y  i n  k i t c h e n  l i g h t i n g .  

The e l e c t r i c i t y  used f o r  l i g h t i n g  i n  d w e l l i n g s  i s  r e l a t i v e l y  smal l  compared t o  

t h e  t o t a l  energy consumption. 

There a r e  ve ry  few s t a t e d  requ i remen ts  f o r  e l e c t r i c  l i g h t i n g  i n  d w e l l i n g s .  

However, f o r  s t a i r s  t h e r e  i s  o f t e n  a  requ i remen t  o f  50-150 l u x .  For  most o t h e r  

rooms t h e r e  shou ld  be s u f f i c i e n t  number o f  e l e c t r i c  o u t l e t s  t o  make i t  p o s s i b l e  

t a  a r r r a n g e  a  s u i t a b l e  l i g h t i n g  a l l o w i n g  f o r  i n d i v i d u a l  cho ice  . 
For a  f u l l e r  t r e a t m e n t  o f  t hese  q u e s t i o n s  see Hopkinson- P e t h e r b r i d g e -  

Longmore (1966) and de8oer-F isher  (1978).  
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I d I n f l u e n c e  of  t h e  h e a t i n g  system on energy consumption 

- genera l  i n t r o d u c t i o n  

Energy used t o  hea t  a  b u i l d i n g  o r  domest ic h o t  wa te r  i s  n o r m a l l y  i n  t h e  

form o f  p r imary  energy as o i l ,  gas o r  s o l i d  f u e l s ,  o r  secondary energy as 

e l e c t r i c i t y .  Renewable energy sources l i k e  sun r a d i a t i o n  and energy con ta ined  

i n  ambient a i r ,  ground wa te r ,  e a r t h  e tc .  can be u t i l i z e d  w i t h  t h e  h e l p  of s o l a r  

c o l l e c t o r s  o r  heat  pumps. 

A h e a t i n g  system o f  a  b u i l d i n g  i s  o f t e n  d i v i d e d  i n t o  f o u r  sub-systems o r  
- 

components: t h e  heat  g e n e r a t o r  ( t h e  heat  p r o d u c t i o n  u n i t ) ,  t h e  h e a t  - 
d i s t r i b u t i o n  system, t h e  hea t  t e r m i n a l s  ( r a d i a t o r s  e t c . ) ,  and t h e  c o n t r o l  

system. There a r e  h e a t i n g  systelns which do n o t  c o n t a i n  a l l  t hese  f o u r  

components. 

The most cainnon h e a t  genera to rs  a r e  based on t h e  above mentioned p r imary  o r  

secondary energ ies .  Table  I d - 1  g i v e s  examples o f  t ypes  o f  energy; hea t  

d i s t r i b u t i o n  media, and hea t  t e r m i n a l s .  

Warm a i r  f u rnaces  a r e  t h e  o l d e s t  space h e a t i n g  equipments. The development 
\ 

o f  h e a t i n g  systems has r e s u l t e d  i n  e f f i c i e n t  combust ion b o i l e r s  and fu rnaces .  

more e f f i c i e n t  e l e c t r i c  b o i l e r s ,  furnaces and space h e a t e r s  and even more 

e f f i c i e n t  thermodynamic h e a t  genera to rs  as h e a t  pumps. 

Heat d i s t r i b u t i o n  systems a r e  wa te r -  o r  a i rbased .  Heat t e r m i n a l s  a r e  

r a d i a t o r s ,  convec to rs ,  baseboard and f i n n e d  t u b e  t e r m i n a l s ,  dua l  d u c t . a n d  

i n d u c t i o n  t e r m i n a l s  e t c .  F l o o r h e a t i n g  systems a r e  des igned f o r  low tempera tu re  

systems as s o l a r  o r  hea t  pump systems. C o n t r o l  systems can be a n y t h i n g  from 

manual r a d i a t o r  v a l v e s  t o  computer based c e n t r a l  feed-back c o n t r o l  systems. The 

c o n t r o l  system must be such t h a t  i t  can match t h e  requ i remen ts  on t h e  h e a t i n g .  

system. Thus, a  c e r t a i n  c o n t r o l  s y s t e m i s  o n l y  e f f i c i e n t  i n  comb ina t ion  w i t h  , 

c e r t a i n  h e a t i n g  systems. 

The success o f  energy c o n s e r v a t i o n  depends on t h e  knowledge of  b u i l d i n g  

behav iou r ,  h e a t i n g  and v e n t i l a t i o n  systems behav iou r  and t h e  c o u p l i n g  between 

b u i l d i n g  and i n s t a l  l a t l o n  systems. The i n t e r a c t i o n  between b u i l d i n g  and h e a t i n g  



Table I d-1. Res ident ia l  hea t ing  systems 

Forced a i r  Hydronic Zonal 

Primary Gas Gas Gas 

energy O i  1  O i  1  S o l i d  f ue l s  

S o l i d  f u e l s  S o l i d  f ue l s  E l e c t r i c i t y :  

E l e c t r i c i t y :  E l e c t r i c i t y :  -heat pump 

- res is tance  - res is tance  - res is tance  

-heat pump -heat pump 

Heat d i s t r i b u t i o n  A i r  Water, steam - 
medi um 

Heat d i s t r i b u t i o n  Duct ing P ip ing  - 
system 

Heat D i f f u s e r s  Radiators Included 

te rmina ls  Reg is te rs  Fan c o i l  u n i t s  w l t h  product  

G r i l l e r s  F l oo r  heat ing  

Table I d-2. Heat generators 

Fuel o r  e l e c t r i c i t y  Heat generators Heat d i s t r i b u t i o n  medium. 

A i r  tia s  Combustion b o i l e r s  

S o l i d  fuels Combustion furnaces Rad ia t ion  

O i  1  - Water 

E l e c t r i c i t y  E l e c t r i c  furnaces Ai r 

Resistance space heater  Rad ia t ion  

Heat pump 

E l e c t r i c  b o i l e r  Water 

Heat pump 



system i s  analyzgd i n  the  l a s t  sec t ion  of t h i s  chapter. 

The e f f i c i e n c y  o f  a  heat ing  system i s  o f ten  def ined as the  product o f  the 

e f f i c i e n c i e s  o f  i t s  components. The e f f i c i e n c y  o f  the  heat  generator and the  

heat d i s t r i b u t i o n  system can be unambiguously def ined i n  terms of the 

thermodynamical p rope r t i es  o f  these components. The e f f i c i e n c y  o f  the  heat 

te rmina ls  and the  e f f i c i e n c y  o f  the con t ro l  system, the  con t ro l  e f f i c i e n c y ,  are 

l ess  e a s i l y  defined. For these components there  do no t  e x i s t  any genera l l y  

accepted d e f i n i t i o ~ t s  of the e f f i c i ency .  

- heat  generators 

Fuel o r  e l e c t r i c i t y  i s  transformed t o  heat i n  a  device c a l l e d  heat 

generator ,  whose cons t ruc t i on  depends on the  type of fue l  and heat d i s t r i b u t i o n  

medium. I n  Table I d-2 most common types of heat generators a re  l i s t e d .  

Acombust ion b o i l e r  i s  a  pressure vessel designed t o  t r a n s f e r  'hea t  

(produced by combustion) t o  a  f l u i d .  B o i l e r s  may be designed t o  burn coal ,  

wood, var ious grades o f  fuel  o i l ,  var ious types of fuel  gas, o r  t o  operate as 

e l e c t r i c  b o i l e r s .  A  b o i l e r  designed f o r  one s p e c i f i c  f u e l  may no t  be 

c o n v e r t i b l e  t o  another type  o f  f ue l .  Some b o i l e r s  can be adapted t o  burn coal ,  

wood, o i l ,  o r  gas. Some b o i l e r s  have two separate combustion chambers, one f o r  

s o l i d  fuel  and one f o r  o i l .  Several designs a l l ow  f i r i n g  w i t h  o i l  o r  gas by 

burner  conversion, o r  by us ing  a  dual f ue l  burner. 

Warm a i r  furnaces are of 'two types,  g r a v i t y  and forced a i r .  Forced warm 

a i r  furnaces use a  motor-dr iven blower t o  c i r c u l a t e  a i r  over t he  heat  exchanger 

and through t he  ducts. A  d r a f t  hood i s  a t tached t o  t he  o u t l e t  of the  furnace 

and replaces t he  barometr ic  damper. 

Conversion burners a re  complete burners and con t ro l  u n i t s  designed f o r  

i n s t a l l a t i o n  i n  e x i s t i n g  b o i l e r s  and furnaces. Conversion burners for 'domest ic  

a p p l i c a t i o n  a re  a v a i l a b l e  i n  s izes  ranging from about 10 t o  100 kU capac i ty .  

Space heaters a re  used f o r  heat ing a  s i ng le  room o r  a  l i m i t e d  area. Tiiey 

d i f f e r  from cen t ra l  hea t ing  equipment i n  the  ex ten t  o f  d i s t r i b u t i o n  system 

incoporated. Both na tu ra l  convect ion and forced c i r c u l a t i o n  warm a i r  systems 

are  used. 



An o i l  burner i s  a  mechanical dev ice  f o r  p repar ing  f ue l  o i l  t o  cbmbine w i t h  

a i r  under con t ro l  l e d  cond i t ions  f o r  combustion. Two methods (a tomiza t ion  and 

vapor iza t ion)  a re  used f o r  the  p repara t ion  o f  fue l  f o r  t he  combustion process. 

A i r  f o r  combustion i s  supp l ied  by na tu ra l  o r  mechanical d r a f t .  I g n i t i o n  i s  

genera l l y  acco~nplished by an e l e c t r i c  spark, gas p i l o t  flame, o r  o i l  p i l o t  

flame. Burners o f  d i f f e r e n t  types operate w i t h  luminous o r  nonluminous flame. 

The opera t ion  may be continuous, i n t e r m i t t e n t ,  modulat ing, o r  h igh- low flame. 

Res ident ia l  o i l  burners o r d i n a r i l y  have a  fue l  consumption r a t e  from about 0.5 

t o  5 m l ts .  

A gas burner i s  a  dev ice  fo r  the  f i n a l  conveyance of t he  gas, o r  a  m ix tu re  

o f  gas and a i r  t o  the  combustion zone. Burners a re  o f  the atmospheric 

i n j e c t i o n ,  luminous flame, o r  power burner types. Res ident ia l  gas burners may 

be c l a s s i f i e d  as those types designed f o r  c e n t r a l  hea t ing  p l an t s  o r  those 

designed f o r  room app l i ca t i on .  Gas burners and conversion burners a re  a v a i l a b l e  

f o r  several  k inds  o f  c e n t r a l  systems and f o r  o the r  app l i ca t i ons ,  where the u n i t s  

a re  i n s t a l l e d  i n  the. heated space. Centra l  hea t ing  appl iances i nc l ude  warm a i r  

furnaces and steam o r  ho t  water  bo i l e r s .  

A mechanical s toker  i s  a  dev ice  t h a t  feeds a  s o l i d  f ue l  i n t o  a  combustion 

chamber. I t  provides a  supply of a i r  f o r  burn ing  the f ue l  under automatic 

c o n t r o l  and, i n  some cases, incorpora tes  a  dev ice  fo r  automat ic  removal o f  ash. 

Coal, wood, and p e l l e t s  can be burned ,more e f f i c i e n t l y  by a  mechanical s toker  

than by hand f i r i n g  because t he  s toker  provides a  uni form fue l  feed ra te ,  b e t t e r  

d i s t r i b u t i o n  i n  the  f ue l  bed, and p o s i t i v e  c o n t r o l  o f  the  a i r  supp l ied  f o r  

canbustion. 

Most o i l - f i r e d  burners,  and many gas - f i r ed  r e s i d e n t i a l  b o i l e r s  a re  equipped 

w i t h  an i n t e r n a l  tank less  heater  c o i l .  The b o i l e r t h e a t e r  i s  a  water t o  wa te r ,  

heat  exchanger, used t o  supply domestic hot  water. By d e f i n i t i o n ,  a  tankless 

heater  u s e s  no storage tank:  the only heat s torage i s  the  volume o f  heated 

. b o i l e r  water surrounding t he  heater c o i l .  A s torage tank f o r  domestic water may 

be added t o  supply peak loads and thus t o  a l l o w  a  reduc t ion  i n  b o i l e r  capaci ty .  

A c i r c u l a t i o n  pump i s  u s a l l y  needed t o  c i r c u l a t e  water between b o i l e r  heater  and 

storage tank. 

E l e c t r i c  heat ing systems a re  e i t h e r  c e n t r a l i z e d  hydronic o r  warm a i r  

Systems o r  cons i s t  o f  room u n i t s  such as space heaters,  r ad ia to r s ,  o r  

convectors. Hydronic systems o f t en  use an e l .ec t r i c  b o i l e r  which i s  a  pressure 

vessel designed t o  t r a n s f e r  heat from e l e c t r i c  res is tance  elements t o  a  f l u i d .  



E l e c t r i c b o i l e r s  are nea r l y  100% e f f i c i e n t  i n  t r a n s f e r r i n g  heat  w i t h i n  t h e  

b o i l e r .  Losses from e l e c t r i c  b o i l e r s  are heat l o s t  from the  ex te rna l  b o i l e r  

sur face and p i p i n g  connections. Depending on l oca t i on ,  t h e  heat losses can 

con t r i bu te  t o  the  heat iny o f  the  dwe l l i ng  dur ing  t h e  heat ing  season: 

A heat pump i s  a  device t h a t  w i t h  he lp  o f  work can t r a n s f e r  heat fran a  

lower temperature l e v e l  t o  a  h igher  l e v e l .  The vapor-canpression cyc le ,  

e l e c t r i c a l l y  dr iven,  i s  t he  most common working p r i n c i p l e  f o r  heat pumps. Heat . 
pumps a re  normal ly  c l a s s i f i e d  according t o  heat source and s i nk  and heat ing  and 

coo l i ng  d i s t r i b u t i o n  f l u i d .  . The most ccnmon type  i s  the  a i r - a i r  heat pump 

most ly  depending on t r a d i t i o n s  from a i r - cond i t i on ing .  The use o f  a i r -wa te r  and 

water-water heat pumps i s  inc reas ing  i n  Europe as we l l  as i n  t he  U.S and Canada. 

- heat d i s t r i b u t i o n  

water systems can be o f  the  forced type, where water i s  c i r c u l a t e d  by a  

pump, o r  g r a v i t y  systems where t h e  thermal head i s  created by the  d i f f e rence  i n  

temperature and weight between supply and r e t u r n  columns o f  water. . Grav i ty  

systems are seldom used .today. 

The heated f l u i d  i s  d i s t r i b u t e d  throughout  t he  res idence by a  system o f  

p i p i n g  t o  c a s t - i r o n  o r  s tee l  p l a t e  r ad ia to r s  and.cabinet  convectors o r  fan-co i l  

t e rm ina l s  l oca ted  i n  each room. Basic p i p i n g  arrangements a re  se r i es  loop, 

one-pipe, two-pipe reverse-'return and twozpipe d i r e c t  r e t u r n  (see f i g .  I d-1). 

Losses of energy e.g'. by water leaks a re  ccinmon. F i r i n g  ra tes  h igher  than 

needed reduce e f f i c i e n c y  and increase energy waste. Radiant and convect ive heat  

losses f r a n  heat yenerators and p i p i n g  are unrecovered i f  t h e  heat i s  de l i ve red  

t o  t h e  ou t s i de  a i r  r a t h e r  than t o  the  spaces where heat i s  desired. Energy 

saving i s  accomplished by i n s u l a t i n g  the  surfaces of al! hea t ing  system 

components which have a  temperature appreciably above t h a t  o f  the  surrounding 

a i r  and which do not  con t r i bu te  heat t o  t he  design load. 

A i r  c e n t r a l  systems are  r a r e l y  used, i n  apartments, s ince i t  i s  genera l l y  

considered undes i rab le  t o  mix r e t u r n  a i r  from more t h i n  one apartment. I n  

s i ng le - f am i l y  dwe l l ings  forced a i r  systems are  w ide ly  used i n  t he  U.S. Heated 

a i r  i s  d i s t r i b u t e d  throughout  t h e  residence by metal and/or f i be rg l ass  a i r  

ducts. The heat losses from an a i r  system are  ma in ly  due t o  a i r  leakage and bad 
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F ig .  I d-I  Examples o f  p i p i n g  systems 
A s e r i e  Loop system 
B one-pipe system 
C = two-pipe reverse  r e t u r n  system 
D = two-pipe d i r e c t  r e t u r n  system 



i n s u l a t i o n  of t h e  ducts .  

It i s  impor tan t  t h a t  t h e  h e a t i n g  system i s  w e l l  ad justed.  . Otherwise some 

areas m i g h t  become overheated when o t h e r  areas a r e  t o o  coo l .  A  bad system can 

a l s o  lead  t o  overs i zed  fans and o v e r s i z e d  furnaces. 

- heat  t e r m i n a l s  

The te rm radiator i s  g e n e r a l l y  conf ined t o  s e c t i o n a l  s t e e l p l a t e  o r  c a s t  

i r o n  r a d i a t o r s  o f  column tubes o r  s t e e l  p l a t e  panel r a d i a t o r s .  The hea t  

emiss ion from a  r a d i a t o r  i s  p a r t l y  r a d i a t i o n  and p a r t l y  convect ion.  The hea t  

emiss ion from a  r a d i a t o r  depends on: 

- t h e  s i z e  o f  convec t i ve  sur face 

- t h e  h e i g h t  of the  r a d i a t o r  

- a i r  f l o w  c o n d i t i o n s  

- wa te r  temperature and f l o w  

- temperatures and r a d i a t i o n  c o e f f i c i e n t  o f  room sur faces 

- f u r n i t u r e  

- a i r  movement i n  t h e  room 

- c u r t a i n s  

- t h e  p o s i t i o n  of t h e  r a d i a t o r  

- t h e  d i s t a n c e  r a d i a t o r -  w a l l  and r a d i a t o r -  f l o o r  

- c a s i n g  

The hea t  e m i t t e d  by t h e  r a d i a t o r  i s  n o t  p r o p o r t i o n a l  t o  t h e  temperature 

d i f f e r e n c e  between t h e  r a d i a t o r  sur face and t h e  ambient temperature,  b u t  i s  

r a t h e r  p r o p o r t i o n a l  t o  some power o f  t h i s  temperature d i f fe rence .  The numer ica l  

va lue  o f  t h e  exponent i s  i n  genera l  around 1.3. The s u r f a c e  temperature of t h e  

w a l l  ,sect ion behind a  r a d i a t o r  i s  much h i g h e r  t h a n  on o t h e r  p a r t s  o f  t h e  w a l l .  

The heat  l osses  th rough  t h e  w a l l  behind t h e  r a d i a t o r  can be i s  much as t h r e e  

t imes  t h e  l o s s e s  th rough  o t h e r  p a r t s  of t h e  w a l l .  As t h e  w a l l  i s  p r i m a r i l y  

heated by r a d i a t i 0 n . a  s imp le  r a d i a t i o n  s h i e l d  can be a t tached  t o  t h e  w a l l .  

The te rm convec to r  r e f e r s  t o  a  hea t  t e r m i n a l  t h a t  operates w i t h  

g r a v i t y - c i r c u l a t e d  a i r  and has a  h e a t i n g  element w i t h  a  l a r g e  amount o f  

secondary su r face  c o n t a i n i n g  two o r  more tubes. The h e a t i n g  element i s  

surrounded on. a l l  s i d e s  by an enc losure  hav ing  one a i r  i n l e t  opening below and 



one above t he  heat ing  element. The heat  emission from convectors depends on: 

- t he  water temperature 

- a i r  f l ow  over convector sur faces 

- t he  degree o f  d i r t  on convector sur faces 

- contac t  between pipes and seconday surfaces 

- the  s i ze  of i n l e t  and o u t l e t  openings 

The term baseboard heater  r e f e r s  t o  heat  t e rm ina l s  designed f o r  

i n s t a l l a t i o n  a long t he  bottom o f  wa l l s .  They operate w i t h  g r a v i t y - c i r c u l a t e d  

room a i r .  The term f inned tube r e f e r s  t o  heat  t e rm ina l s  f ab r i ca ted  from 

m e t a l l i c  t ub ing  w i t h  m e t a l l i c  f i n s  bounded t o  the  tube. They operate w i t h  

g r a v i t y - c i r c u l a t e d  room a i r .  

The te rm dual duct  re fe rs  t o  a  heat  t e rm ina l  c o n s i s t i n g  o f  a  "mix ing box" 

w i t h  two a i r  supply connections, one w i t h  a i r  o f  a  temperature below and one 

w i t h  a i r  o f  a  temperature above t h a t  o f  t he  room a i r .  The box mixes t he  two a i r  

streams so t he  r e s u l t i n g  a i r  stream has t h e  wanted temperature. 

I n  an i nduc t i on  te rmina l  cond i t ioned supply a i r  i s  mixed w i t h  room a i r  

passing over a  heat ing  c o i l  (steam,hot water o r  e l e c t r i c  t ype) .  The temperature 

of t he  mixed a i r  i s  c o n t r o l l e d  by r e g u l a t i n g  t he  output  o f  t he  heat ing  c o i l ;  

Room fan-co i l  u n i t s  con ta i n  a  small motor-dr iven c e n t r i f u g a l  fan  and a  

f inned c o i l  heat exchanger. They operate on a l l  r e c i r c u l a t e d  a i r ,  o r  t ake  a  

p ropo r t i on  o f  f resh a i r  through an ex te rna l  wa l l ,  o r  takes t he  a i r  from a  

cen t ra l  p l a n t .  The f inned c o i l  i s  o f t e n  heated by ho t  water. 

There are hydronic o r  e l e c t r i c  hea t ing  systems where t he  f l o o r  o r  t he  - 
c e i l i n g  i s  heated by a  p i p i n g  system o r  e l e c t r i c  r e s i s t e n t  straps. Heat i s  - 
emitted  by rad ia t i on .  

- c o n t r o l  systems 

The f unc t i ona l  requirement o f  con t ro l  i n  a  heat ing  system i s  t o  a l t e r  the  

system va r i ab les  i n  such a  way t h a t  the  equipment capac i ty  i s  changed t o  meet 

t he  - load. D i f f e r e n t  hea t ing  systems requ i re  d i f f e r e n t  k inds  o f  c o n t r o l  systems. 

A c e r t a i n  c o n t r o l  system may on ly  be e f f i c i e n t  i n  combination w i t h  a  c e r t a i n  



heat ing  system.'. Essen t i a l l y ,  t he re  a re  two types o f  c o n t r o l  loops present  i n  

modern heat ing  systems: open loop and closed loop. 

1) A feed-forward con t ro l  (see f i g .  I d-2a) i s  an open loop  c o n t r o l  

because i t  i s  a n t l c i p a t i n g  t he  e f f e c t  on t he  system o f  an ex te rna l  v a r i a b l e  

which i s  c h a r a c t e r i s t i c  f o r  the  open loop con t ro l .  An outdoor thermostat 

arranged t o  con t ro l  heat f low t o  a  b u i l d i n g  i n  p ropor t ion  t o  t he  load, vary ing  

w i t h  outdoor temperature, i s  an example. The ac tua l  room temperature has .no 

e f f ec t  on t h i s  c o n t r o l l e r .  I f  the  load  of a  room i s  decreased because of .  some 

k i n d  o f  f ree  heat, t he  room temperature w i l l  r i s e  w i t h  e f f ec t s  on 'comfort and on 

energy consumption. Many occupants open t he  windows t o  avoid overheating. 

Thermostat ic valves are o f t en  used i n  combination w i t h  feed- forward con t ro l  

systems t o  avo id  overheating. 

2 ) ' ~ h e  cen t ra l  feedlback con t ro l  (see f i g .  I d-2b) i s  an example . of a  

c losed loop c o n t r o l .  I n  t h i s  type  o f  system the  c o n t r o l l e r  measures t he  ac tua l  

changes i n  the  c o n t r o l l e d  va r i ab le  and ac t i va tes  the  c o n t r o l l e d  device t o  o f f s e t  

such va r i a t i on .  An example i s  a  room thermostat t h a t  c o n t r o l s  t he  amount o f  

heat  being d i s t r i b u t e d  from the  heat ing  system. A room thermostat  c o n t r o l l i n g  

the  heat d i s t r i b u t i o n  t o  a  b u i l d i n g  must be loca ted  i n  t he  most representa t i ve  

room according t o  indoor  temperature. 

A modern con t ro l  system has an outdoor thermostat  t o  con t ro l  the  supply 

temperature o f  the  heat d i s t r i b u t i o n  medium and a room thermostat  t o  c o n t r o l  the  

amount o f  heat d i s t r i b u t e d .  

A l o c a l  automatic con t ro l  i s  a  device t h a t  con t ro l s  room temperature on ly  

i n  t he  room where t he  c o n t r o l  i s  placed. The con t ro l  device may cons i s t  o f  

- a  thermostat  c o n t r o l l i n g a n  o n - o f f s w i t c h  on e l e c t r i c  space-heaters 

- a  thermosta t i c  va lve  c o n t r o l l i n g  water f l ow  through a  r a d i a t o r  o r  o the r  

water based heat t e rm ina l s  

- a  thermostat c o n t r o l l i n g  a  damper designed t o  con t ro l  t h e , f l o w  o f  a i r  

The performance o f  l o c a l  manual con t ro l  depends on the  operator ,  who i n  

most cases w i l l  be the  occupant of the  dwel l ing.  I n  b u i l d i n g s  w i t h  a  water 

system the  manual con t ro l  most ly  operates on t he  water flow. 
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F i g .  I d-2 Examples o f  c e n t r a l  h e a t i n g  c o n t r o l  systems 
Feed f o r w a r d  system ( t o p )  and 
Feed  b a c k  system (bot tom)  



- e f f i c i e n c y  o f  h e a t i n g  systems 

The d e f i n i t i o n  o f  e f f i c i e n c y  i s  seldom un ique  o r  commonly accepted.  I n  

gene ra l  e f f i c i e n c y  can b e  d e f i n e d  as t h e  r a t i o  between " u s e f u l  ene rgy "  and 

"consumed energy" .  F o r  complex systems such as h e a t i n g  systeins,  wh i ch  c o n s i s t  

of a  number o f  components, t h e  e f f i c i e n c y  o f  t h e  sys tem can  be expressed e i t h e r  

i n  t e rms  o f  t h e  e f f i c i e n c y  o f  e a c h , s e p a r a t e  component, o r  i n  t e rms  o f  t h e  system 

e f f i c i e n c y .  

A h e a t i n g  System can  b e  d i v i d e d  i n t o  

- t h e  heat  g e n e r a t o r  

- t h e  hea t  d i s t r i b u t i o n  sys tem 

- t h e  hea t  t e r m i n a l s  

- t h e  c o n t r o l  sys tem 

The c o n t r o l  system s h o u l d  i n f l u e n c e  t h e  per formance o f ,  and t h e  i n t e r a c t i o n  

between, t h e  o t h e r  t h r e e  components so t h a t  t h e  a c t u a l  i n d o o r  c l i m a t e  i s  as  

c l o s e  as p o s s i b l e  t o  t h e  d e s i r e d  one. 

The energy  f l o w s  o f  t h e  h e a t i n g  sys tem a r e  l i s t e d  be low  (See f i g .  I d-3 ) .  

Note  t h a t  h e r e  t h e  chimney i s  n o t  i n c l u d e d  i n  t h e  h e a t i n g  system. 

Q i  = h e a t  c o n t e n t  o f  t h e  s u p p l i e d  f u e l  ( c a l o r i f i c  v a l u e )  

Qj = C o n v e c t i v e  and r a d i a t i v e  h e a t  l o s s e s  t o  t h e  env i ronmen t  f rom t h e  h e a t  

g e n e r a t o r  

CJL = c o n v e c t i v e  and r a d i a t i v e  h e a t  l o s s e s  t o  t h e  env i ronmen t  f r o m  t h e  h e a t  

d i s t r i b u t i o n  sys tem 

' Q u  = c o n v e c t i v e  and r a d i a t i v e  h e a t  l o s s e s  t o  t h e  environmeng from t h e  h e a t  

t e r m i n a l s  

Ha = e n t h a l p y  o f  t h e  a i r  e n t e r i n g  t h e  b o i l e r  

Hf = e n t h a l p y  o f  t h e  f l o w  gases and vapour  i n  t h e  f l u e  gases 

Hq = e n t h a l p y  o f  t h e  heated f l u i d  e n t e r i n g  t h e  b o i l e r  

HI = e n t h a l p y  o f  t h e  hea ted  f l u i d  l e a v i n g  t h e  b o i l e r  

Hz = e n t h a l p y  o f  t h e  h e a t e d  f l u i d  e n t e r i n g  t h e  h e a t  t e r m i n a l  

H3 = e n t h a l p y  o f  t h e  h e a t e d  f l u i d  l e a v i n g  t h e  hea t  t e r m i n a l  

Wv = work per formed by  t h e  b u r n e r  

Wp = work pe r fo rmed  by  t h e  c i r c u l a t i o n  pump 

The energy  c o n s e r v a t i o n  e q u a t i o n  o f  t h e  components i n  s teady  s t a t e  c o n d i t i o n s  



Heat terminal - 

Fig. I d-3 General ized p i c t u r e  o f  energy f l o u s  i n  a heat ing  system 

c o n s i s t i n g  o f  heat generator, heat d i s t r i b u t i o n  system, 

and heat t e rm ina l  ( the  chimney - i s  not  inc luded) 

9. = heat content o f  f u e l  
1 

, 9. = r a d i a t i v e  and conduct ive heat Losses from the  
1 

generator  ( j acke t  Losses) 

Q = heat Losses from the  d i s t r i b u t i o n  system 
1 

QU = heat g i ven  o f f  by the t e rm ina l s  

H = enthalpy o f  a i r  en te r i ng  burner  
a 

H f  = en tha lpy  o f  smoke gases and vapoor e n t e r i n g  

the chimney 

H = enthalpy of heated f l u i d  Leaving generator  1 

H4 = " 
0, ,, " en te r i ng  " 

. H  = " 0, $0 

2 " en te r i ng  t e rm ina l  
I + =  " s o  ,, " Leaving 
3 

'4 = uork performed by burner  
v 

'4 = uork performed by pump o r  f a n  
P 



i s  then f o r  t he  heat generator :  

- q j  + W v + q i  +'Ha - H f +  H4 - H i  =O 

f o r  t he  heat  d i s t r i b u t i o n  system: 

-qt +.up + H1 -HZ + H3 - H4 '0 

f o r  t he  heat  te rmina l  

-qu + HZ - H j  =O 

and f o r  t he  whole system 

The e f f i c iences  can then be de f ined  as the  r a t i o  between "useful, energy" and 

"consumed energy". I t  i s  then common no t  t o  inc lude  t he  work requ i red  f o r  the  

process i n  the  "consumed energy", bu t  t o  inc lude  on ly  t he  heat content  o f  t he  

fue l .  The hypothesis i s  made t h a t  W v  and W p  can be disregarded. One can then 

de f i ne  t he  e f f i c i e n c i e s  o f  the  heat generator :  

a t  = Qu/(H2 - H j )  = 1  
and o f  the  whole system 

1 = Ou/Qi 

I t  i s  e a s i l y  v e r i f i e d  t h a t  

= * 9 = 99'' I d  * l e  l g  I d  

I n  p rac t i ce ,  t he  term "energy conversion e f f i c i e n c y "  o f  a  b o i l e r  ( o r  a  furnace) 

can r e f e r  t o  two d i f f e r e n t  d e f i n i t i o n s  o f  e f f i c i e n c y  as t h i s  one o f ten  va r i es  

w i t h  . the load:  

I )  t he  steady s ta te  e f f i c i ency  a t  a  f i xed  l oad  (def ined as i n  eq. I d-2) 

2) the  average o r  c y c l i c  e f f i c i ency  ( t h e  average e f f i c i e n c y  over a  per iod.  The 

v a r i a t i o n  i n  the  load w i t h  t ime must then a l so  be defined) 



The s teady  s t a t e  e f f i c i e n c y  i s  i n  genera l  e x p e r i m e n t a l l y  determined i n  one o f  

two  ways: 

- t h e  d i r e c t  ba lance method 

- t h e  i n d i r e c t  ba lance  method 

These t o p i c s  a r e  t r e a t e d  i n  more d e t a i l  i n  ch. I 1 1  f. 

I t  shou ld  be no ted  t h a t  p a r t  o f  t h e  r a d i a t i v e  and c o n v e c t i v e  h e a t  l o s s e s  o f  

t h e  h e a t  g e n e r a t o r  and t h e  h e a t  d i s t r i b u t i o n  system and p a r t  o f  t h e  f l u e  l o s s e s  

may a l s o  c o n t r i b u t e  t o  t h e  h e a t i n g  o f  a  b u i l d i n g .  T h i s  has n o t  been t a k e n  i n t o  

account  i n  t h e  d e f i n i t i o n s  o f  e f f i c i e n c y  g i v e n  above. A l t e r n a t i v e  p r o p o s a l s  f o r  

t h e  d e f . i n i t i o n  o f  e f f i c i e n c i e s  have been made. The e f f i c i e n c y  o f  t h e  h e a t i n g  

system has been d e f i n e d  as t h e  p r o d u c t  o f  t h e  e f f i c i e n c y  o f  t h e  hea t  genera to r ,  

t h e  e f f i c i e n c y  o f  t h e  heat  d i s t r i b u t i o n  system, t h e  e f f i c i e n c y  o f  t h e  hea t  

t e r m i n d l s  and t h e  c o n t r o l  e f f i c i e n c y  (Uytenbroeck 1981); b u t  no p r e c i s e  

d e f i n i t i o n s  o f  t h e  e f f i c i e n c y  o f  t h e  h e a t  t e r m i n a l  o r  t h e  c o n t r o l  e f f i c i e n c y  a r e  

g i v e n  i n  t h i s  case.   he e f f i c i e n c y  o f  t h e  hea t  t e r m i n a l  has been d e f i n e d  as t h e  

r a t i o  between t h e  m in ima l  energy r e q u i r e d  t o  p r o v i d e  a  c e r t a i n  i n d o o r  c l i m a t e  

and t h e  a c t u a l  energy o u t p u t  by  t h e  h e a t  t e r m i n a l  ~Gui l laume-Gengoux 1981). 

T h i s  then  r e q u i r e s  a  q u a n t i t a t i v e  e v a l u a t i o n  o f  t h e  energy r e q u i r e d  by  an i d e a l  

h e a t  . t e r m i n a l  t o  guaran tee  a  c e r t a i n  i n d o o r  c l i m a t e .  T h i s  e v a l u a t i o n  i s  n o t  

easy t o  per form,  due t o  t h e  c o m p l e x i t y  of t h e  i n t e r a c t i o n  between t h e  t e r m i n a l ,  

t h e  ambient a i r  and t h e  s u r r o u n d i n g  w a l l s .  

The c o n t r o l  e f f i c i e n c y  can b e  de f ined  i n  terms o f  t h e  d e v i a t i o n  o f  t h e  

c o n t r o l l e d  v a r i a b l e  from t h e  s e t -  p o i n t  ( p r o v i d e d  t h e r e  i s  o n l y  one c o n t r o l  

v a r i a b l e ) .  If t h e  c o n t r o l  v a r i a b l e  i s  t h e  i n d o o r  tempera tu re ,  and one denotes 

b y :  

T: = t h e  a c t u a l  i n d o o r  tempera tu re  

Ti = t h e  wanted i n d o o r  tempera tu re  

AT = t h e  tempera tu re  d i f f e r e n c e  T.;-Ti 

t h e  c o n t r o l  e f f i c i e n c y  %-can be d e f i n e d  as 

Its= i -  AT)^ dv W J T ?  dv d t  

where t h e  i n t e g r a t i o n  i s  o v e r  t h e  heated b u i l d i n g  volume, V, and o v e r  t ime ,  t. 

The tempera tu res  Ti and T: ( i n  degrees K e l v i n )  may r e f e r  t o  t h e  i n d o o r  a i r  

t empera tu re  o r  t o  a  weighted average of  t h e  i n d o o r  a i r  t empera tu re  and t h e  

s u r f a c e  tempera tu res  o f  a  room (an o p e r a t i v e  tempera tu re ) .  The tempera tu res  T i  



and T; may be f u n c t i o n s  o f  space and t ime. I f  ncg r e f e r s  t o  t h e  ins tan taneous  

e f f i c i e n c y ,  t h e  i n t e g r a t i o n  ove r  t i m e  should  be omi t ted .  I f  Ti and T; t a k e  

t h e  same v a l u e  everywhere i n  t h e  heated volume of  t h e  b u i l d i n g ' ,  t h e  i n t e g r a t i o n  

o v e r  V may be o ~ n i t t e d .  I n  a  feed- fo rward  c o n t r o l  system, where t h e  hea t  

s u p p l i e d  t o  t h e  heat  d i s t r i b u t i o n  system i s  n o t  a f f e c t e d  by  t h e  i n d o o r  

temperature,  t h e  c o n t r o l  e f f i c i e n c y  may be d e f i n e d  i n  terms o f  t h e  supp ly  

tempera tu re  i n s t e a d  o f  t h e  i n d o o r  temperature.  

If t h e  hea t  demandsfor a  c e r t a i n  ou tdoor  temperature i s  expressed i n  terms 

of t h e  dependence of t h e  r e q u i r e d  supp ly  tempera tu re  on t h e  ou tdoor  temperature,  

one o b t a i n s  a  hea t  demand c u r v e  l i k e  i n  f i g .  I d-4. The shape o f  t h i s  h e a t  

demand c u r v e  w i l l .  depend on t h e  k i n d  o f  hea t  t e r m i n a l s  t h a t  a r e  used. For  an 

a i r  system t h e  c u r v e  w i l l  be  approx ima te l y  l i n e a r ,  f o r  a  wa te r  system t h e  c u r v e  

w i l l  be more convex. Depending on t h e  amount o f  f r e e  hea t  ( s o l a r  r a d i a t i o n ,  

household e l e c t r i c i t y  e t c . ) ,  t h e  cu rve  may be t r a n s l a t e d  a long  t h e  absc issa  of 

f i g .  I d-5. The magni tude o f  t h i s  t r a n s l a t i o n  w i l l  va ry  w i t h  t h e  t i m e  o f  t h e  

y e a r  if s o l a r  r a d i a t i o n  makes a  s i g n i f i c a n t  c o n t r i b u t i o n  t o  t h e  f r e e  heat .  The 

heat  demand c u r v e  i s  an i n t r i n s i c  p r o p e r t y  o f  t h e  b u i l d i n g  and t h e  h e a t i n g  

system, and i s  n o t  i n f l u e n c e d  by t h e  c o n t r o l  system. 

For  a  c o n t r o l  system where t h e  supp ly  tempera tu re  i s  determined by  t h e  

ou tdoor  temperature o n l y ,  t h e  dependence o f  t h e  supp ly  tempera tu re ,  determined 

by  t h e  c o n t r o l  system, on t h e  ou tdoor  tempera tu re  i s  g i v e n  by  t h e  c h a r a c t e r i s t i c  

c u r v e  o f  t h e  c o n t r o l  system. For  most c o n t r o l  systems t h i s  c u r v e  i s  e i t h e r  

approx ima te l y  l i n e a r  o r  s l i g h t l y  convex (see  f i g .  I d-5). 

The b e s t  c o n t r o l  e f f i c i e n c y  i s  ach ieved i f  t h e  hea t  demand c u r v e  and t h e  

c h a r a c t e r i s t i c  c u r v e  O f  t h e  c o n t r o l  system c o i n c i d e .  T h i s  can, however, never  

be t h e  case if t h e  two cu rves  do n o t  have t h e  same c u r v a t u r e .  The b e s t  t h a t  can 

be ach ieved i n  p r a c t i c e  i s ,  i n  genera l ,  t h a t  t h e  two cu rves  c r o s s  f o r  two va lues  

o f  t h e  ou tdoor  temperature.  For  o t h e r  va lues o f  t h e  ou tdoor  temperature,  t h e  

supp ly  tempera tu re  w i l l  n o t  be t h e  op t ima l  one. The c o n t r o l  e f f i c i e n c y  may be 

bad i f  t h e  c u r v a t u r e . o f  t h e  hea t  demand c u r v e  and t h e  c h a r a c t e r i s t i c  c u r v e  o f  

t h e  c o n t r o l  system a r e  ve ry  d i f f e r e n t .  

For c o n t r o l  systems t h a t  do n o t  use t h e  ou tdoor  tempera tu re  as t h e  o n l y  

i n p u t ,  t h e  s i t u a t i o n  may be analogous, b u t  more complex. I n  t h i s  case t h e  

c o n t r o l  e f f i c i e n c y  cannot  be i l l u s t r a t e d  by  j u s t  comparing two curves.  
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F i g .  I d-5 Examples o f  c h a r a c t e r i s t i c  curves f o r  f e e d  forward \ 

c o n t r o l  systems 



For heavpumps one uses ins tead o f  t he  e f f i c i ency  o the r  t e n s  t o  descr ibe  

t he  performance, t he  c o e f f i c i e n t  o f  performance (COP, a l so  c a l l e d  the  c o o l i n g  

energy r a t i o ) ,  and t he  seasonal performance fac to r  (SPF). The COP i s  t he  r a t i o  

between heat output  and energy demand (most ly  e l e c t r i c i t y ) .  The COP o f  heat  

pumps depends on t he  temperatures o f  heat source and s ink.  The wider the  span 

i n  source-sink temperature, the  s m a l l e r t h e  e f f i c i ency .  The t h e o r e t i c a l  COP f o r  

we1 1 de f ined  cond i t i ons  ( t h e  Carnot COP) i s  de f ined  as 

COP(Carnot)- T(cond) / (T(cond)-T(evap) )  

where 

T(cond) = condensing temperature, K 

T(evap) = evaporat ing temperature, K 

P r a c t i c a l l y ,  45-60% of the  COP(Carnot) can be reached, b u t  one should . take  

i n t o  account t h a t  the  condensing tempera t i re  must be h igher  than t he  s ink  

temperature, and t he  evaporat ing temperature must be lower than t he  source 

temperature, thus inc reas ing  t he ,  temperature span.. 

Depending on t h e  heat  d is t r ibu t ion .med ium fans o r  pumps a re  needed, which 

must be considered when c a l c u l a t i n g  t he  seasonal performance f a c t o r  (SPF). SPF 

i s  de f ined  as t he  r a t i o  between t he  t o t a l  heat output  (hea t  pump heat ing and 

supplementary heat ing)  and t he  t o t a l  energy demand ( t o  h e a t  pump and 

supplementary heat ing)  dur ing  one year. The SPF depends on t he  b u i l d i n g  heat 

demand, s ize  and type  of heat pump and type  o f  supplementary heat. 

- b u i l d i n g  and heat ing  system coup1 i n g  

The o v e r a l l  e f f i c i ency  of a heat ing  system i s  determined by how we l l  t he  

heat ing  system i s  adapted ' t o  t h e  bu i l d i ng .  The most important  f a c t o r  i s  the  

design heat output  o f  t he  heat ing system. A b u i l d i n g  of heavy cons t ruc t i on  may 
r e q u i r e  ' ano the r  heat ing system than a b u i l d i n g  of l i g h t  cons t ruc t ion .  For a 

b u i l d i n g  o f  heavy cons t ruc t i on  v a r i a t i o n s  i n  indoor .  temperature should be 

al lowed so t h a t  - s o l a r  gains can be exp lo i ted .  This i s  no t  so important  f o r  

b u i l d i n g s  o f  l i g h t  cons t ruc t i on  as on ly  small amounts o f  heat can be s to red  i n  

t h e  b u i l d i n g  s t ruc tu re .  



A heat ing  system can respond q u i c k l y  o r  s low ly  t o  a  change i n  heat  demand. 

Forced a i r  systems and e l e c t r i c  heaters i n  general have a  quick response, wh i l e  

water systems i n  o l d  b u i l d i n g s  w i t h  l a r g e  tubes and r a d i a t o r s  i n  general respond 

s lowly.  I n  new b u i l d i n g s  w i t h  we l l  adjusted water systems, the  volume o f  the 

water i n  t he  system i s  d f t e n  small  and the  response may there fo re  be quick. The 

a b i l i t y  t o  e x p l o i t  f r ee  heat from people, sun, and household e l e c t r i c i t y  debends 

on the  response t iwe  o f  the  heat ing  system. 

I n  a  t i g h t  b u i l d i n g  an a i r  t o  a i r  heat exchanger o r  a  forced a i r  hea t ing  

system w i l l  work b e t t e r  than i n  a  leaky b u i l d i n g .  The v e n t i l a t i o n  w i l l  remain 

balanced even i f  t he re  i s  a  s t rong  wind. Heating systems Cequire a  number o f  

penet ra t ions  through the  b u i l d i n g  envelope f o r  ducts and pipes. This has an 

impact on t h e  t i gh tness  of the  bu i l d i ng .  

When a  b u i l d i n g  i s  r e t r o f i t t e d ' ,  t he  heat  demand w i l l  i n  general decrease. 

This means t h a t  a l s o  the  average load  o f  t he  heat generator  w i l l  decrease. As 

the  e f f i c i ency  o f  most heat generators decreases w i t h  the  load, t h i s  means t h a t  

overs ized heat ing  systems may become l e s s  e f f i c i e n t  a f t e r  a  r e t r o f i t .  

It i s  not  poss ib l e  t o  g ive  a  f u l l  t reatment  o f  t h e  complex i n t e r a c t i o n  

between b u i l d i n g ,  hea t ing  system, and heat ing  c o n t r o l  system w i t h i n  t he  

framework o f  t h i s  Report. We w i l l  t he re fo re  on l y  i l l u s t r a t e  t h e  above 

dependence by regarding a  b u i l d i n g  w i t h  a  r a the r  simple system, a  water system 

c o n t r o l l e d  b y  a  c e n t r a l  feed- forward c o n t r o l  system. I t  w i l l  be  seen t ha t ,  

even f o r  t h i s  r a t h e r  unsoph is t i ca ted  con t ro l  system, t he  i n t e r a c t i o n  between the  

b u i l d i n g ,  hea t ing  system and heat ing  con t ro l  system can be very complex. 

For t h e  system descr ibed above, these are  two m a i n  requirements t h a t  have 

t o  be f u l f i l l e d  f o r  t h e  heat ing  system t o  be e f f i c i e n t  from an energy p o i n t o f  

view: 

- the  d i s t r i b u t i o n  o f  heat must be as even as 'poss ib le  between d i f f e r e n t  rooms 

- the  room temperature must be kept  w i t h i n  c e r t a i n  l i m i t s  independent o f  t he  

swings o f  the  outdoor temperature 

I f  t he  f i r s t  requirement i s  t o  be f u l f i l l e d ,  the  heat ing  system must 

f unc t i on  as expected. Th is  can be achieved by a d j u s t i n g  t he  heat ing  system, 

i.e., p r e s e t t i n g  o f  va lves so t h a t  the  d i s t r i b u t i o n  o f  water between r a d i a t o r s  

i s  such t h a t  t h e  temperature d i f fe rence between rooms i s  small. The requirement 

for a  c e r t a i n  indoor temperature everywhere w i l l  then mean t h a t  the  co ldes t  room 



w i l l  de te rm ine  t h e  energy consumption. 

Even if t h e  h e a t i n g  system has been a d j u s t e d  a c c o r d i n g  t o  t h e  above 

t h e r e  w i l l  o f t e n  s t i l l  be a  need f o r  a  pos t -ad jus tmen t  o f  t h e  h e a t i n g  

system t o  d e t e c t  t h e  "weak p o i n t s "  o f  t h e  h e a t i n g  system. I n  a  m u l t i -  f a m i l y  

r e s i d e n t i a l  b u i l d i n g  t h i s  can . be ach ieved b y  l o w e r i n g  t h e  supply  tempera tu re  

u n t i l  c o m p l a i n t s  by  t h e  r e s i d e n t s  a r e ' r e c e i v e d .  I n  p r a c t i c e ,  t h i s  w i l l  o f t e n  

l e a d  t o  d e t e c t i o n  o f  "weak .po in ts "  o f  t h e  v e n t i l a t i o n  system and t h e  thermal ,  

i n s u l a t i o n  o f  t h e  b u i l d i n g  as w e l l .  

R e t r o f i t s  l i k e  improved the rma l  per formance of e x t e r i o r  w a l l s  and windows, 

o r  decreased v e n t i l a t i o n ,  changes t h e  energy demand b y  an amount t h a t  v a r i e s  

f rom one room t o  another .  A  p o s t -  ad justment  o f  t h e  h e a t i n g  system migh t  

t h e r e f o r e  be necessary. 

I n  a  b u i l d i n g  w i t h  t h e r m o s t a t i c  va l ves ,  these  have t o  be a d j u s t e d  if one 

wants t o  l o w e r  t h e  i n d o o r  tempera tu re  o f  eve ry  room t o  a  v a l u e  be low t h e  p r e s e t  . 

va lue  of t h e  t h e r m o s t a t i c  va lves.  A f t e r  t h e  ad justment ,  t h e  supp ly  tempera tu re  

can be lowered. The r e t u r n  tempera tu re  k i l l  t h e n  f a l l .  

The second requ i remen t  l i s t e d  above was t h a t  t h e  i n d o o r  tempera tu re  must be 

k e p t  w i t h i n  c e r t a i n  l i m i t s .  Th is  can, i n  p r i n c i p l e ,  be ach ieved by  l e t t i n g  t h e  

supp ly  tempera tu re  be determined by t h e  ou tdoor  temperature.  I t  has a l r e a d y  

been n o t e d  t h a t ,  f o r  w a t e r  systems, t h e  dependence o f  t h e  supply  tempera tu re  

upon t h e  e x t e r n a l  t e m p e r a t u r e . i s  a  non- l i n e a r  one, and t h e  dependence i s  n o t  

t h e  same f o r  d i f f e r e n t  p e r i o d s  o f  t h e  year .  One would then  l i k e  t o  have t h e  

p o s s i b i l i t y  t o  s h i f t  t h e  c h a r a c t e r i s t i c  c u r v e  o f  t h e  c o n t r o l  system p a r a l l e l  t o  

t h e  absc issa  o f  f i g .  I d-5. T h i s  i s ,  however, n o t  p o s s i b l e  w i t h  most c o n t r u l  

syste~ns.  Ins tead ,  t h e  c u r v e  can be s h i f t e d  p a ' r a l l e l  t o  t h e  o r d i n a t a  and i t  i s  

a l s o  i n  genera l  p o s s i b l e  t o  change t h e  c u r v a t u r e  o f  t h e  c h a r a c t e r i s t i c  c u r v e  o f  

t h e  c o n t r o l  system. 

We t h e n  have t h e  s i t u a t i o n  d e s c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n :  t h e  supp ly  

tempera tu re  w i l l  be t h e  c o r r e c t  one o n l y  when t h e  hea t  demand c u r v e  and t h e  

c h a r a c t e r i s t i c  c u r v e  o f  t h e  c o n t r o l  system c ross .  

When t h e  ou tdoor  tempera tu re  i s  changing s l o w l y ,  t h e  supp ly  tempera tu re  

w i l l  be t h e  one determined by t h e  c h a r a c t e r i s t i c  c u r v e  o f  t h e  c o n t r o l  system. 

However, when t h e r e  a r e  r a p i d  changes o f  t h e  ou tdoor  temperature,  t h e r e  w i l l  be 

a  t i m e  l a g  between t h e  r e q u i r e d  and t h e  a c t u a l  temperature,  and t h e  a m p l i t u d e  of 
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Fig.  I d-6 Example of recorded supply temperature and externa l  

temperature during a c l e a r  day along with the  " t h e o r e t i c a l "  

supply temperature t h a t  the cont ro l  system should have 

produced f o r  the a c t u a l  ex terna l  temperature 

TSU 
= a c t u a l  supply temperature 

1;" = " theoret ica l"  supply temperature 

T .  = i n t e r n a l  temperature 
1 

Tex = externa l  temperature 



the  supply temperature w i l l  be smal le r  than t he  ampli tude requ i red  t o  counterac t  

t he  change of t he  outdoor temperature (see f i g .  1 -6). The cause of t h i s  i s ,  

t h a t  t he  reading o f  t he  ex te rna l  temperature sensor i s  in f luenced by the  sur face 

temperature o f  the  ex te rna l '  wa l l .  The damping a f  t he  supply temperature 

ampli tude w i l l  i n  general no t  a f f e c t  t he  indoor temperature because o f  t he  

thermal i n e r t i a  o f  t he  b u i l d i n g .  The reading o f  the  ex te rna l  te~npera tu re  w i l l  

a l so  be af fected by s o l a r  r ad ia t i on ,  wind, and a i r  humidi ty .  .The above f ac to r s  

may be important  when n i g h t  temperature set-back i s  used. 
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I e The occupants in f luence on the  energy consumption 

- operat ions by t he  occupant a f f ec t i ng  energy consumption 

The operat ions and a c t i v i t i e s  of an occupant can be viewed as caused by 

phys io l og i ca l  needs, o r  soc ia l  and c u l t u r a l  norms, o r  by a combination o f  these 

factors.Most of the  d a i l y  a c t i v i t i e s  of an occupant are probably caused by such 

a canb ina t ion  of f ac to r s  and, there fo re ,  i t  w i l l  on ly  excep t i ona l l y  be usefu l  t o  

t r y  t o  ascr ibe  a c e r t a i n  behaviour o r  a c t i v i t y  of an occupant t o  a s i ng le  

factor .  

By human behaviour we do not  here mean t he  whole spectrum of behaviour, 

hab i ts ,  and ac t i ons  perfonned by the  occupant i n  a r e s i d e n t i a l  b u i l d i n g  due t o  

c u l t u r a l ,  soc ia l  and phys io log ica l  d r i v i n g  forces. Here we w i l l  deal w i t h  such 

behaviour of occupanJs i n  r e s i d e n t i a l  b u i l d i n g s  t h a t  in f luences t he  domestic 

energy consumption. 

For a b e t t e r  understanding i t  may be useful t o  s p l i t  up t he  complex o f  

behaviour, h a b i t s  and a c t i v i t i e s  of t he  i nhab i t an t  i n t o  s i ng le  operat ions and 

determine t he  impact o f  each one of these on energy consumption. A d i s t i n c t i o n  

can then be made between 

1) operat ions by the  occupant i n v o l v i n g  consumption o f  energy 

i n  a d i r e c t  form - 
2) operat ions by t he  occupant aiming a t  con t ro l  o f  the  indoor - - 

climate  - 

1) Some operat ions i nvo l ve  t he  consumption of energy i n  a d i r e c t  , form, 

o f t en  associated w i t h  t he  use o f  domestic appl iances. Energy w i l l  then be 

consumed d i r e c t l y  i n  the  f o n  o f  e l e c t r i c i t y ,  gas, o i l  o r  h o t  t a p  water. 

.Operations of t h i s  k i n d  inc lude  cooking, use of TY, r e f r i g e r a t o r  and 

i l l u m i n a t i o n ,  clothes-washing, c lo thes-dry ing ,  washing up d ish ,  and t ak i ng  a 

ba th  o r  a shower. If an occupant needs t o  perform an opera t ion  o f  t h i s  k ind ,  he 

can on ly  i n d i r e c t l y  in f luence the  amount o f  energy t h a t  i s  consumed. 



The amount o f  n e t  energy w i l l  be determined by ' the  appl iance,  by the k i n d  

o f  energy t h a t  i s  used and the  conversion f a c t o r  from pr imary t o  ne t  energy. 

Some appl iances are used by the  occupant t o  save t ime and t o  reduce the amount 

of manual work needed t o  perform an opera t ion  (e.g. the use o f  a dish-washer). 

- Of ten t h i s  a l so  means t h a t  the amount o f  requ i red  pr imary energy i s  reduced. 

Other appl iances, l i k e  i l l u m i n a t i o n  and TV, a re  no t  used t o  replace manual 

work. The use o f  these appl iances w i l l  always inc rease the  t o t a l  energy 

consumption. The t o t a l  energy consumption w i l l ,  however, n o t  increase by the 

same alnount as i s  needed f o r  the  opera t ion  of the appl iances. Much o f  t h i s  

energy w i l l  c o n t r i b u t e  t o  t he  heat ing  o f  the  dwe l l ing .  The 'magnitude o f  t h i s  

c o n t r i b u t i o n  w i l l  depend on the  need f o r  v e n t i l a t i o n  when t he  appl iance i s  used, 

the thermal i n e r t i a  and the  heat ing  system of t he  dwe l l i ng  and where, i a  the 

dwe l l ing ,  t he  appl iance i s  s i tua ted .  

A break-down o f  the  t o t a l  energy i n t o  cons t i t uen t s  represent ing  the  energy 

requ i red  f o r  the  performance of opera t ions  of t he  k i n d  discussed here w i l l  i n  

general not  be necessary if one i s  i n t e r e s t e d  on l y  i n  the  t o t a l  consumption o f  

domestic energy. I t  can usua l l y  be read o f f  d i r e c t l y  from a meter once a month 

o r  year. The purpose o f  a break-down o f  the  energy consumption i s  t o  c a l c u l a t e  

the  c o n t r i b u t i o n  t o  the  heat ing  of the  dwe l l i ng  from the energy by appl iances 

when t h e r e  i s  no way t o  measure i t  d i r e c t l y .  

A d iscuss ion  on operat ions of the  k i n d  discussed above, data on what amount 

o f  energy i s  used when they a re  performed and how t o  per form measurements o f  

t h i s  energy consumption a re  found i n  Pa r t  I V .  

Data on when opera t ions  o f  t h i s  k i n d  take  p lace  are scarce. But some can - 
c e r t a i n l y  be performed on ly  when the  occupant i s  a t  home. Therefore knowledge 

about when t he  occupant i s  a t  home and how he spends h i s  t ime t he re  can be 

usefu l  (see ch. I V  c ) .  

2 )  Other operat ions than those discussed above do no t  d i r e c t l y  r e q u i r e  an 

energy source, b u t  a re  operat ions performed by t he  occupant i n  o rder  t o  con t ro l  

the  indoor  environment. Some o f  them can on l y  be performed when t he  occupant i s  

a t  home. For  some i t  i s  very d i f f i c u l t  t o  deterni ine t he  impact on the  energy 

consumption. When and if they are  performed depends on the  occupant-s a t t i t u d e  

towards t he  p r e v a i l i n g  indoor  c l imate .  The ex ten t  t o  which some opera t ions  o f  

t h i s  k i n d  a re  performed i s  a lso  more d i r e c t l y  in f luenced by soc ia l  and c u l t u r a l  

norms. These t op i cs  a re  discussed i n  ch. I V  c. 



An example i s  t he  choice o f  o r  demand f o r  a  c e r t a i n  indoor temperature. 

The d i f fe rence between i nhab i t an t s  o f  d i f f e r e n t  count r ies  i s  of ten re f l ec ted  i n  

na t iona l  recommendations and b u i l d i n g  regu la t i ons  regarding the  permiss ib le  

indoor temperature. The average indoor temperature has increased s t e a d i l y  

dur ing  t h i s  century (see e.g. Hunt-Steel 1980) and t he re  has been, a t  l e a s t  

u n t i l  the  energy c r i s i s  i n  the  sevent ies,  a  tendency of d i f f e r e n t  na t i ona l  

recommendations and regu la t i ons  t o  converge towards an indoor temperature we l l  ' 

above 20 OC. This convergence can be regarded as a  r e f l e c t i o n  of the  f ac t  t h a t  

r e s i d e n t i a l  b u i l d i n g s  i n  d i f f e r e n t  i n d u s t r i a l i z e d  areas a re  becoming more a1 i k e  

independently of the  c l i m a t i c  zone. The demand f o r  a  h igher  indoor  temperature 

i s  probably l i n k e d  t o  the  tendency t o  wear l i g h t e r  c l o t h i n g  a t  home. I t  i s  a lso  

common today t h a t  the  occupant t r i e s  t o  keep a  comfortable temperature i n  a l l  

rooms of the  dwe l l ing .  

Another example of t h i s  k i n d  of behaviour i s  t he  h a b i t  o f  keeping: the  

bedroom windows open du r i ng  the n i gh t ,  in f luenced by the op in i on  t h a t  f r esh  a i r  

i s  very important .  I f  the  dwe l l i ng  i s  equipped w i t h  a  mechanical v e n t i l a t i o n  

system, the  no t i on  t h a t  f resh a i r  i s  o f  g rea t  importance f o r  hea l t h  and 

we l l -be ing  may lead t o  an excessive v e n t i l a t i o n .  I n  these cases t he re  can 

probably be l a rge  d i f f e rences  i n  behaviouc between d i f f e r e n t  count r ies .  , 

A t h i r d  example, i s  t h a t  shu t te rs  and b l i n d s  can be used t o  con t ro l  the  

amount o f  sunshine and d a y l i g h t  penet ra t ing  i n t o  the  l i v i n g  area. E l e c t r i c  

l i g h t i n g  w i l l  be used if the re  i s  not  s u f f i c i e n t  day l i gh t .  The use of shu t te rs  

and b l i n d s  a t  n i g h t  i s  t o  a  l a r g e  ex ten t  determined by t he  demand f o r  pr ivacy.  

The choice of,  o r  demand for ,  a  c e r t a i n  indoor temperature i n  d i f f e r e n t  

coun t r i es  i s  e i t h e r  we l l  known o r  p rescr ibed  i n  some code and i t  i s  i n  any case 

comparat ive ly  easy t o  measure. The choice o f  v e n t i l a t i o n  i n  bedrooms and the  

use o f  shu t te rs  and b l i n d s  a t  n i g h t  have been very l i t t l e  i n v e s t i g a t e d .  To 

ob ta i n  f u r t h e r  knowledge' in  t h i s  f i e l d  w i l l  r equ i r e  a  r a the r  ex tens ive  amount o f  

research. 

If the occupant does not  fee l  comfortable w i t h  the  p r e v a i l i n g  indoor - 
climate, he w i l l  t r y  t o  modify i t  i n  the requ i red  d i r e c t i o n .  What a c t i o n  he 

w i l l  take w i l l  depend on t he  means a t  h i s  d isposal .  I f  i t  i s  too  c o l d  he might  

t u r n  on an e l e c t r i c  stove ra the r  than change h i s  c l o th i ng .  I f  i t  i s  too  warm he 

might open a  window. 



I f  the  r e s i d e n t i a l  b u i l d i n g  does n o t  con ta i n  equipment g i v i n g  the  

i n d i v i d u a l  occupant the  p o s s i b i l i t y  t o  modify a t  l e a s t  t he  indoor  a i r  

temperature and t he  v e n t i l a t i o n ,  t he  r e s u l t i n g  behaviour o f  the  occupant may be 

very unpredictable.  He may t r y  o the r  means t o  c o n t r o l  the  indbor c l imate ,  means 

t h a t  from an energe t ic  p o i n t  o f  view might  be very uneconomical. Such a 

behaviour .may e a s i l y  a f f e c t  the energy consumption t o  such an ex ten t  t h a t  a l l  

c a l c u l a t i o n  schemes f o r  the  p r e d i c t i o n  o f  t he  energy consumption can become 

useless (see ch. I V  c ) .  

Some i n v e s t i g a t i o n s  (see ch. I 1  e) i n d i c a t e  t h a t  most o f  the  v a r i a t i o n  o f  

energy consumption i n  nomina l l y  i n d e n t i c a l  b u i l d i n g s  can be exp la ined  by a 

v a r i a t i o n  i n  t h e  behaviour o f  the  occupants: 

1 t  i s  t he re fo re  impdr tan t  no t  t o  regard t he  occupant as a passive consumer 

of energy bu t  t o  t ake  i n t o  account the  i n t e r a c t i o n  between environment, b u i l d i n g  

dnd occupant. 

A f a c t o r  t h a t  should no t  be f o rgo t t en  i s  the  a t t i t u d e  o f  t h e  occupant 

towards energy saving. If the  occupants can no t  understand t he  reason why a 

r e s i d e n t i a l  b u i l d i n g  i s  r e t r o f i t t e d ,  he may a c t  i n  such a way t h a t  t he  purpose 

o f  saving energy i s  n o t  achieved. I n  some cases t he  occupants w i l l  u l t i m a t e l y  

understand and accept t he  reason, b u t  if they become invo lved  i n  a research 

p rog rame  running f o r  on ly  one heat ing  season, they may s t i l l  be i n  t he  process 

o f  adapt ing t o  the  new s i t u a t i o n  and t h i s  may i n f l uence  t he  outcome of t he  

research programne. This e f f ec t  has been noted i n  some i nves t i ga t i ons .  

- v a r i a t i o n  i n  energy consumption due t o  v a r i a t i o n  

' i n  indoor temperature and use o f  appl iances 

I n  many d iscussions about t he  e f fec t  of occupancy on energy consumption i t  

should be kept  i n  mind :hat data re fe r  t o  . a n  "average behaviour" o f  t he  

occupants. The s c a t t e r  around every such "average" w i l l  be la rge .  The cause o f  

t h i s  s c a t t e r  i s  r a t h e r  complicated. Attempts t o  c o r r e l a t e  energy consumption t o  

d i f f e r e n t  f ac to r s  such as t he  s ize  of dwe l l ing ,  fami ly  s ize,  income,, education. 

occupation, o r  age have been on ly  p a r t l y  o r  n o t  a t  a l l  successfu l .  



I n  most experiments one has found t h a t  t he  standard dev ia t i on  o f  t he  t o t a l  

energy consumption . in a group o f  " i d e n t i c a l "  houses l i e s  between 10 and 30 % o f  

the  average t o t a l  energy consumption. I n  a group o f  houses t h a t  a re  r e a l l y  o f  

an i d e n t i c a l  cons t ruc t ion ,  t h i s  standard dev ia t i on  may sometimes be as small as 

10 - 15 % (Solum and Songe-Moller 1974, Socolow 1978)! I n  a group o f  houses 

t h a t  are s i m i l a r ,  b u t  no t  r e a l l y  i d e n t i c a l ,  the  observed standard dev ia t i on  i s  

more t y p i c a l l y  o f  the o rder  o f  20 %. Two t y p i c a l  examples o f  the  d i s t r i b u t i o n  

f unc t i on  f o r  t he  t o t a l  energy consumption i n  a group of s i m i l a r  houses are  g iven-  

i n  f ig .  Ie-1. 

One major source o f  the  v a r i a t i o n  i n  energy consumption i s  t he  v a r i a t i o n  i n  

the  average indoor temperature between dwel l ings.  I n  s tud ies  of t he  indoor 

temperature one o f t e n  f i nds  t h a t  the standard dev ia t i on  o f  the  average 

temperature i n  a group o f  dwe l l ings  i s  c lose  t o  2 K, even i f  the  average indoor 

temperature may vary from one country t o  another. Some examples a re  g i v e n  i n  

f ig .  Ie-2. Here the data f o r  Sweden and i t a l y  may be considered as 

representa t i ve  o f  the  stock o f  r e s i d e n t i a l  b u i l d i n g s  o f  these count r ies .  How 

much o f  the  v a r i a t i o n  i n  t o t a l  energy consumption t h a t  can be expla ined by t h i s  

v a r i a t i o n  o f  the  indoor temperature w i l l  o f  course depend on t h e  average indoor -  

outdoor temperature d i f f e rence  and the  degree o f  i n s u l a t i o n ,  o f  the dwe l l ing .  I n  

f i g .  Ie-3 we g ive  an example where about h a l f  o f  the  v a r i a t i o n  i n  t o t a l  energy 

consumption can be exp la ined  by Jhe v a r i a t i o n  of the indoor temperature. 

The v a r i a t i o n  i n  the  consumption o f  household energy i s  then, superimposed 

on the  v a r i a t i o n  i n  the indoor temperature. Here one o f t e n  f i nds  t h a t  the 

standard dev ia t i on  o f  a c e r t a i n  k i n d  o f  household energy consumption i s  as l a r g e  

as 50 % o f  the average t o t a l  energy consumption. As an example we g i ve  i n  fig: 

Ie-4 the d i s t r i b u t i o n  func t ion  o f  the  use o f  ho t  tap  water from i n v e s t i g a t i o n s  

i n  some countr ies.  Here the d i s t r i b u t i o n  func t ion  from the  f rench i n v e s t i g a t i o n  

may be considered as represent ing t he  na t iona l  v a r i a t i o n  i n  consumption o f  hot  

tap  water. 

Very few studies have been performed where a break- down o f  the  energy 

consumption has been made i n  such a way t h a t  the  v a r i a t i o n  i n  d i f f e r e n t  k inds  of 

energy consumption can be studied. I n  Fig. Ie -5  we g i ve  an example where the  

standard dev ia t i on  o f  the  t o t a l  energy consumption i s  r a the r  small ,  w h i l e  the  

v a r i a t i o n  i n  t he  energy consumption f o r  d i f f e r e n t  household a c t i v i t i e s '  i s  much 

l a rge r .  The energy consumed f o r  hea t ing  o f  t he  dwe l l i ng  i n  t h i s  case probably 

c o n s t i t u t e s  the  major p a r t  o f  the  t o t a l  energy consumption. 
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F ig  I e  - 2 D i s t r i b u t i o n  f unc t i on  of the  v a r i a t i o n  of indoor temperature 
i n  due l l ings ,  T. T i s  the  average indoor temperature f o r  a l l  
k i n d  of d u e l l i n g s  inc luded i n  t he  experiments, o the  standard 
dev ia t ion .  The data f o r  Sueden and I t a l y  can be considered 
as represent ing  a n a t i o n a l  average of a l l  k inds  of dwe l l i ngs  



F ig  I e  - 3 D i s t r i b u t i o n  func t ions  o f  t he  r e l a t i v e  t o t a l  energy . 
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Fig  I e  - 4 D i s t r i b u t i o n  f unc t i on  o f  the  consumption o f  hot  t a p  ua ter  o f  
l a  c lass of b u i l d i n g s  r e l a t i v e  t o  the  average consumption of 

t h a t  class. The d i s t r i b u t i o n  func t ions  of several  classes of 
r e s i d e n t i a l  b u i l d i n g s  have been added. o i s  the  standard 
dev ia t i on  

50 150 



3- 
f - total  energy ( U=13%) 

--- hot water I 4.22%) 
. . . . . . . . lighting and others ( 6=24%)  

2.5- cooking (U=40%) 

ISolum and Songe -Msller 1974) 
2- 

1.5- 

1- 

0.5- Consumed Energy 
[% of average] 

.. 

50 100 150 2W 

F ig  I e  - 5 The d i s t r i b u t i o n  func t ions  o f  the  r e l a t i v e  energy 
consumption f o r  t o t a l  energy consumption, hot  t ap  
water consumption, cooking and L i g h t i n g  and o the r  
consumption f o r  a group o f  i den t i ca l ,  e l e c t r i c a l l y  
heated s i n g l e  f am i l y  houses i n  Norway, o i s  the  
standard d e v i a t i o n  
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F i g  I e  - 7 Average t ime  spent on cooking by women versus p e n e t r a t i o n  of 
r e f r i g e r a t o r s  and f r e e z e r s  i n  some Western European c o u n t r i e s  

Cost per degree tempera!ure difference (arbitrary units) 

F i g  I e  - 8 Occupant s choice of indoor-outdoor temperature  d i f f e r e n c e  
( A T )  versus r e l a t i v e  cos t  f o r  keeping t h i s  indoor  temperature  
( a f t e r  Weston 1950) 



Most examples g iven above do no t  represent  any na t i ona l  averages, b u t  are 

merely case s tud ies ,  and should there fo re  n o t  be made the  bas is  fo r  

gene ra l i za t i ons  of any k ind.  D i s t r i b u t i o n  func t ions  of t he  k i n d  found i n  f ig .  

Ie -  1 through 5 a re  o f ten  compat ib le w i t h  being l og -  normal. 

I t  i s  d i f f i c u l t  t o ' f i n d  i l l u s t r a t i o n s  o f  t he  v a r i a t i o n  i n  o ther  h a b i t s  o f  

t he  occupant t h a t  may a f f e c t  the  energy consumption. It i s ,  however, obvious 

t h a t  t he  s i ze  and o the r  c h a r a c t e r i s t i c s  o f  t he  dwe l l i ng  and the  presence o r  - 
absence of c e r t a i n  appl iances w i l l  i n f l uence  where, when and how the  occupant 

w i l l  per form c e r t a i n  a c t i v i t i e s .  Two examples o f  t h i s  a re  g iven i n  f ig .  Ie -6  

and le-7. 

The p r i c e  of energy w i l l  of course a lso  a f f e c t  t he  energy consumed by t he  

occupant. This can be o f  g rea t  importance i n  experimental s i t ua t i ons .  If the 

energy consumed b y t h e  occupant p a r t i c i p a t i n g  i n  an experiment i s  subsidized, 

t he  r e s u l t  may be t h a t  he p re fe r s  a h igher  indoor  temperature than he would have 

done under normal circumstances. This i s  i l l u s t r a t e d  i n  f i g .  I e-8. 

It should then be obvious t h a t  i n  any study of the  e f f e c t  o f  a r e t r o f i t  one 

should t ake  i n t o  account the  i n t e r a c t i o n  between environment, b u i l d i n g  and 

occupant. i 

- v a r i a t i o n  i n  energy consumption due t o  behaviour and a t t i t u d e s  

Much o f  t he  d iscuss ion  on energy saving by r e t r o f i t t i n g  r e s i d e n t i a l  

b u i l d i n g s  has been about pure ly  t echn i ca l  measures. However, i t  should be 

r e a l i z e d  t h a t  an ?qua1 amount o r  even more energy would be saved if the 

behaviour o f  the  occupants cou ld  be changed, o r  i f  every occupant was r e a l l y  

mot ivated t o  save energy a t  home. 

Research on the  behaviour of occupants a t  home has o f t e n  used soc io l og i ca l  

methods, combined w i t h  d e t a i l e d  surveys o f  houses. One should no t  draw any 

hasty conclus ions from d e t a i l s  o f  t h e  data. . Data have been obta ined by 

d i f f e r e n t  researchers us ing  d i f f e r e n t  methods of i n v e s t i g a t i o n  and i n  many cases 

t he  sample of questioned occupants has no t  i n  a t r u e  sense been rep resen ta t i ve  - 
of the  whole popu la t ion  o f  a country. However, t he  major fea tu res  of data 

c e r t a i n l y  r e f l e c v  t h e  behaviour o f  the  occupants. 



The c r i t e r i a  o f  human thermal comfort i u s t  always be examined. 

T r a d i t i o n a l l y  they have been used t o  op t im ize  on fue l  and thermal i n s u l a t i o n .  

r a t i o s  f o r  the design o f  heating, v e n t i l a t i o n  and a i r - c o n d i t i o n i n g  system. 

Thermal comfor t  has become a commodity produced by t he ' se rv i ce  i n d u s t r i e s  and 

marketed and so ld  by the  heat ing,  v e n t i l a t i o n ,  a i r - c o n d i t i o n i n g  and- i n s u l a t i n g  

engineers (Fanger 1972). 

I n  t he  past, i n d i v i d u a l s  r e l i e d  upon c l o t h i n g  t o  ma in ta in  thermal 

equ i l i b r i um ,  w h i l e  recent  t rends depend upon t he  p roduc t ion  o f  a r t i f i c i a l  

i n t e r i o r  c l imates.  Thermal i n s u l a t i o n  i s  t he re fo re  purchased more expensively 

from the  b u i l d i n g  serv ices engineer r a t h e r  than from the  t a i l o r  (0-Callagl ian 

1978). 

Make t he  hypothe t ica l  assumption t h a t  c l o t h i n g  h a b i t s  changed t o  what they 

were a hundred years. ago, so t h a t  the  i n t e r i o r  telnperature cou ld  be lowered t o  

l ess  than 15oC. This alone would save more energy than any o the r  s i n g l e  measure 

t h a t  has been proposed t o  cu t  energy consumtption. The importance o f  the  

behaviour and a t t i t u d e s  of t he  occupant f o r  the  l e v e l  o f  energy consumption can 

be i l l u s t r a t e d  by some examples. 

I n  an i n v e s t i g a t i o n  forming p a r t  o f  the  Twin Rivers p r o j e c t  t he  e5ergy 

consumption i n  about 200 town houses was studied.  It was found t h a t  more than 

two t h i r d s  o f  the  v a r i a t i o n  i n  energy consumption f o r  hea t ing  i n  nominal ly  

i d e n t i c a l  b u i l d i n g s  could be expla ined by occupant r e l a t e d  consumption pa t t e rns  

(Sonderegger 1978). 

I n  o the r  s tudies i t  has been observed t h a t  if occupants a re  subjected t o  an 

in tense  energy-saving campaign, the  r e s u l t  may be a heavy reduc t ion  o f  the  

energy consumption. 

I n  an energy saving study t he  occupants were informed how t o  reduce t he  

consumption o f  hot  t ap  water (Adamson e t  a l  1975). This l ed  t o  a 40% decrease 

i n  the  consumption o f  ho t  t ap  water. However, a few months a f t e r  the  end o f  t he  

energy-saving campaign, t h i s  reduc t ion  had e n t i r e l y  disappeared. Th is  i n d i c a t e s  

t h a t  an i n t e n s i v e  i n fo rma t i on  campaign can reduce the  energy consumption f o r  a 

shor t  pe r i od  of time, b u t  probably have no l a s t i n g  e f f ec t s .  

The importance o f  feedback t o  t he  occupant about the  r e s u l t s  of h i s  e f f o r t  

t o  save energy has been the  sub jec t  o f  a study (Seligman - Darley 1977). The 

r e s u l t s  show t h a t  p r o v i d i n g  home-owners w i t h  feedback in fo rmat ion  about t h e i r  



r a t e  o f  energy consumption can be an e f f e c t i v e  s t r a tegy  f o r  saving energy. 

Another feed-back study (Becker 1977) was conducted t o  t e s t  the  hypothesis 

t h a t  feed-back would lead t o  more energy conserva t ion  if occupants were asked t o  

adapt to'  a  d i f f i c u l t  conservat ion goal r a t h e r  than an 'easy one. The r e s u l t  

shows t h a t  feed-back i s  e s p e c i a l l y  e f f e c t i v e  if the  occupants are mot iva ted  t o  

save a  cons iderab le  amount of energy. 

The a t t i t u d e  towards energy saving may be more important  than  t he  

techno log ica l  p o s s i b i l i t y  o f  saving energy. I n  a  study i n  C a l i f o r n i a  (Hamrin 

1979), i t  was found t h a t  people i n  houses w i t h  the  g rea tes t  techno log ica l  

p ~ t e n t i a l  f o r  savings a c t u a l l y  made fewer conservat ion e f f o r t s  than d i d  people 

i n  convent ional  houses of a  canparable nature. I n  t h i s  case t h e  probable 

exp lanat ion  was t h a t  t h e  res i den t s  i n  t he  former category of b u i l d i n g s  regarded 

these as a  " techn ica l  f i x " ,  a  device t h a t  would l e t  them save energy w i t hou t  

r e q u i r i n g  them t o  change t he  way they  l i v e d .  I n  con t ras t  t o  t h i s ,  t he  res idents  

o f  the  convent ional  houses were most ly  concerned w i t h  saving money on t h e i r  fue l  

b i l l s .  

It i s i m p o r t a n t  t o  r e a l i z e  t h a t  the  behaviour and a t t i t u d e s  o f  t he  

occupants may change w i t h  time. In many s tud ies  o f  the  e f f e c t s  of r e t r o f i t s  i t  

has been found t h a t  energy saving has been g rea t  a t  t he  beginning of a  

programne, b u t  then i t  has gradua l l y  faded away. One has, however ,also noted 

the  oppos i te  ef fect .  I n  r e t r o f i t s ,  i n c l u d i n g  t he  i n t r o d u c t i o n  of more complex 

systems i n t o  the  b u i l d i n g ,  sometimes no energy has been saved du r i ng  t he  f i r s t  

hea t ing  season, b u t  a  subs tan t i a l  reduc t ion  i n  energy consumption has taken 

p lace  du r i ng  t he  second heat ing  season a f t e r  t h e  r e t r o f i t .  The probable 

explanat ion,  i n  t h i s  case , . i s  t h a t  i t  has taken t he  occupant q u i t e  a  long t ime 

t o  l ea rn  how t o  handle t he  new system. 1 t  may there fo re  be an advantage if, i n  

s tud ies  o f  the  r e t r o f i t  e f f e c t ,  the  occupants can be g iven t i n e  t o  adapt t o  t he  

new l i v i n g  cond i t i ons  be fo re  the  measurements s t a r t .  This i s  o f ten  r e f e r r e d  t o  

as a  "running- i n  and l ea rn ing  per iod" .  

The e f f ec t s  descr ibed above w i l l  obv ious ly  be o f  specia l  importance i n  

cases where the  measurements a re  on l y  performed du r i ng  one heat ing  seasof1 d f t e r  

t h e  r e t r o f i t .  I n  t h i s  case i t  would be an advantage i f  one cou ld  f o l l ow  a t  

l e a s t  t he  t o t a l  energy consumption o f  t he  b u i l d i n g  du r i ng  s t i l l  another heat ing  

season t o  make sure t h a t  t h e  e f f e c t  descr ibed above i s  n o t  re levant .  



I n  experiments i n v o l v i n g  i nhab i t ed  r e s i d e n t i a l  b u i l d i n g s  i t  i s  important  

t h a t  t he  occupants are informed i n  advance about the  research programme, what 

measures a re  going t o  be taken and what changes i n  t he  indoor  c l ima te  a re  t o  be 

expected. If poss ib le ,  changes should be int roduced gradua l l y  t o  g i v e  the  

occupants t he  p o s s i b i l i t y  t o  adapt t o  the  new environment. The r e s u l t  may 

otherwise be complaints, and a negat ive  a t t i t u d e  of t he  occupants towards the  

research p r o j e c t  t h a t  may a f f e c t  t he  outcome of t he  i nves t i ga t i on .  

I n  many research programmes f o r  t h e  study o f  energy savings i n  r e s i d e n t i a l  

bu i l d i ngs ,  t he  indoor temperature has been lowered t oo  much and t oo  rap id l y .  - 
The r e s u l t  has of ten been t h a t  t h i ngs  p rev ious l y  unnot iced by the  occupants, 

l i k e  draught, temperature d i f f e rences  between d i f f e r e n t  rooms o f  t he  dwe l l ing ,  

temperature g rad ien ts  and indoor  temperatures, changing by t he  hour, have becane 

apparent. This has l ed  t o  complaints from t h e  occupants which have necess i ta ted  

a r e v i s i o n  o f  t he  research programe, and an increase o f  t he  indoor  temperature 

( a n  example o f  t h i s  i s  g iven i n  ch. I V  c  sec t i on  " con t ro l  o f  v e n t i l a t i o n  and 

a i r i n g  by occupant"). 

On t he  o the r  hand, t he re  i s  a danger t h a t  t he  occupants may become too  - 
enthus ias t i c  about t he  research p r o j e c t  and be w i l l i n g  t o  do any th ing  t o  save 

energy. This a t t i t u d e  w i l l  probably no t  l a s t  longer  than one heat ing  season. 

I f  t h i s  happens t o  be t he  pe r i od  when the  i n v e s t i g a t i o n  i s  performed, t he  

conclusions t h a t  a re  drawn from the  r e s u l t s  of the  experiment may be erroneous. 

The impact of t h e  behaviour and a t t i t u d e s  of the  occupant on t he  outcome of 

an i n v e s t i g a t i o n  may be o f  p a r t i c u l a r  importance i f  the  i n v e s t i g a t i o n  i s  

performed us ing  the  tes t - re fe rence design (see. Par t  11). Here i t  may be 

poss ib l e  t o  a s i e r t a i n  t h a t  t he  t e s t  and t he  reference b u i l d i n g  a re  i d e n t i c a l  

except i n  one respect and t h a t .  t he  t e s t  and t h e  reference popu la t ion  are 

i d e n t i c a l  w i t h  respect  t o  soc ia l  var iab les .  I t  can be more d i f f i c u l t  t o  ensure 

t h a t  the  behaviour and a t t i t u d e s  o f  the  two populat ions a re  n o t  a f f e c t e d  i n  

d i f f e r e n t  ways by t he  in fo rmat ion  they rece ive  a b u t  t he  i nves t i ga t i on ,  by the  

procedures of t he  i n v e s t i g a t i o n  o r  by d i f f e r e n t  a l t e r n a t i o n s  of t h e  i n t e r i o r  

environments. 

I n  t h i s  case i t  can be of worth t o  have access t o  experts  w i t h  experience 

from phys io l og i ca l  experiments t o  evaluate fac to rs  l i k e  .those descr ibed above. 



I n  any case the  members of t he  two popu la t ions  must be informed i n  ways as 

s i m i l a r  ways as poss ib le .  

- e f f ec t s  o f  occupancy on t he  energy balance o f  a b u i l d i n g  

Below we have t r i e d  t o  sum up t he  in f luence o f  t he  occupants on t he  energy 

consumption o f  a bu i l d i ng .  We haveused t he  data g iven i n  Appendix I V .  

Compare t he  energy balance of t he  same r e s i d e n t i a l  b u i l d i n g  when i t  i s  

unoccupied and when i t  i s  occupied, assuming t h a t  the  average indoor temperature 

i s  the  same (see f i g .  Ie -9 ) .  I n  the  unoccupied' case, t he  energy i npu t  stems 

from the  'heat p l a n t  and from so la r  r ad ia t i on .  I f  t he  b u i l d i n g  i s  occupied t he re  

i s  an e x t r a  ne t  energy i npu t  from e l e c t r i c  appl iances, cooking, ho t  water 

generat ion,  and from the  occupants themselves. The energy i npu t  from s o l a r  

r a d i a t i o n  may be d i f f e r e n t  due t o  t he  occupants- use of shading devices a t  t he  

windows. - 

I n  the  unoccupied case, the  energy losses  cons i s t  o f  t ransmission,  

i n f i l t r a t i o n ,  and v e n t i l a t i o n  ibsses. I f  the  b u i l d i n g  i s  occupied, t he re  a re  i n  

a d d i t i o n  losses caused by a i r i n g ,  and losses corresponding t o  t he  increased heat  

content  o f  the  d ischarge water. The t ransmiss ion  losses by long- wave r a d i a t i o n  

through windows may no t  be t he  same i n  t he  two cases, due t o  d i f f e rences  i n  t he  

cover ing  o f  windows. 

The e f f e c t  of a i r i n g  and cover ing o f  windows on energy consumption i s  

t r ea ted  i n  ch. I V  c. Here we w i l l  es t imate  t he  d i f fe rence between t he  ne t  - 
energy i npu t  from appl iances, cooking, human heat and hot  water generation, and 

the  energy losses due main ly  t o  t he  d ischarge o f  water. 

The f o l l ow ing  assumptions have been made: 

1) a l l  o f  t he  net  energy used f o r  i l l u m i n a t i o n ,  TV, r e f r i g e r a t o r ,  f r eeze r  

and minor e l e c t r i c  appl iances i s  converted to ,  heat i n s i d e  t h e  b u i l d i n g  

2 )  25 % of the  ne t  energy used f o r  cooking i s  l o s t  through k i t chen  f l ue ,  

and steam losses 

3)  25 % o f  t he  net  energy used f o r  hea t ing  o f  t ap  water i s  t r ans fe r red  t o  

t h e  b u i l d i n g  by losses from the  ho t  water s torage and t he  plumbing 

4)  20 % o f  t he  heat 'content  o f  t he  ho t  tap  water r e l a t i v e  t o  t he  indoor  
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Fig Ie - 9 Energy balance of a residential building if unoccupied and 
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t empera tu re  i s  l o s t  t o  t h e  b u i l d i n g  b e f o r e  d i s c h a r g e  

5) 20% o f  t h e  n e t  energy used by c l o t h e s -  and d ish-washers  i s  l o s t  t n  t h e  

b u i l d i n g  i n t e r i o r  

6)  c o l d  w a t e r  t a k e s  a  tempera tu re  j u s t  between t h a t  o f  t h e  o f  i n d o o r  a i r  

and t h a t  o f  t h e  i n l e t  w a t e r  be fo re  d i scharge .  The tempera tu re  o f  t h e  

i n l e t  v d t e r  i s  c l o s e  t o  t h e  y e a r l y  average a i r  temperature.  

7) humah metabo l i sm has been assumed t o  be 90W and employed occupants  a r e  

assumed t o  be a t  home on t h e  average 14 hours  a  day, non-employed 20. 

8) t h e  a p p l i a n c e  e f f i c i e n c y  o f  h o t  t a p  w a t e r  app l i ances  has been assumed 

t o  be 60 %. 

For a  d i s c u s s i o n  on t h e  background o f  t hese  assumptions see t h e  s e c t i o n  o f  

App. 1V where t h e  s p e c i f i c  t o p i c  i s  t r e a t e d .  I n  Table  I e- 1 we g i v e  t h e  

e s t i m a t e d  n e t  energy i n p u t  from a p p l i a n c e s ,  cook ing ,  human h e a t  and energy used 

f o r  t h e  h e a t i n g  o f  h o t  t a p  wdter ,  t h e  c o n t r i b u t i o n  t o  t h e  hea t  ba lance  f rom t h i s  

n e t  energy i n p u t ,  t h e  c o l d  wa te r  l osses ,  and t h e  r e s u l t i n g  c o n t r i b u t i o n  t o  t h e  

h e a t  ba lance  o f  t h e  b u i l d i n g .  Th is  r e s u l t i n g  c o n t r i b u t i o n  i s  i n  most cases 

cons ide red  h e r e  between 50 and 60 % o f  t h e  n e t  energy i n p u t .  For  a  f u r t h e r  

d i s c u s s i o n  o f  t h i s  q u e s t i o n  see Romig-Leach (1977).  

Th is  c a l c u l a t i o n  has been per formed assuming s t a t i c  the rma l  c o n d i t i o n s ,  and - 
it has n o t  been cons ide red  where, i n  t h e  b u i l b i n g ,  t h e  hea t  has been re leased .  

The c a l c u l a t e d  r e s u l t i n g  c o n t r i b u t i o n  t o  t h e  h e a t  ba lance  of  t h e  

r e s i d e n t i a l  b u i l d i n g  c o n s t i t u t e s  t h e r e f o r e  o n l y  an upper l i m i t  f o r  how much t h e  

energy  consumpt ion f o r  space h e a t i n g  can  be reduced, due t o  t h e s e  c o n t r i b u t i o n s  

from a p p l i a n c e s ,  cook ing,  h o t  w a t e r  g e n e r a t i o n ,  and human hea t .  S t i l l ,  i t  g i v e s  

some i n d i c a t i o n  about  how t h e  s i z e  of t hese  c o n t r i b u t i o n s  can v a r y  between 

d i f f e r e n t  c o u n t r i e s .  



TABLE I e- 1 

Est imated n e t  energy i n p u t  from appl iances,  cooking, human hea t  and energy used 

f o r  h o t  water  generat ion,  t h e  c o n t r i b u t i o n  o f  t h i s  n e t  energy i n p u t  t o  t h e  heat  

ba lance of t h e  b u i l d i n g ,  t h e  energy losses due t o  use o f  c o l d  water  and t h e  

r e s u l t i n g  c o n t r i b u t i o n  t o  t h e  heat  ba lance o f  t h e  b u i l d i n g  from these f a c t o r s  

(MJ fdwe l l i ng  and day d u r i n g  t h e  h e a t i n g  season) 

BELGIUM: 

DENMARK: 

FINLAND: 

FRANCE; 

FRG: 

ITALY: 

NORWAY 

SWEDEN 

SWITZER- 

LAND 

UK 

US 

Net energy 

i n p u t  

Usefu l  f o r  

hea t ing  

Antwerpen 53 

Brusse ls  

Copenhagen 70 

Nat iona l  

H e l s i n k i  65 

L a h t i  

P a r i s  54 

P a r i s  area 

Hamburg and Munich 57 

T o r i n o  52 

Rome 

Oslo 78 

Nat iona l  77 

Basel 66 

Z u r i c h  

Na t iona l  75 

New York 119 

Washington D.C. 

Cold water  R e s u l t i n g  hea t  

1  osses c o n t r i b u t i o n  

( I  o f  n e t  energy) 
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App 1-1 

Appendix I D e f i n i t i o n s  of measurement and energy terms 

I n  t h i s  appendix we have co l l ec ted  the  d e f i n i t i o n s  0f.some terms t h a t  a re  

used i n  t h i s  Report; These d e f i n i t i o n s  a re  d i v i ded  i n t o  t h ree  groups: 

- measurements 

- models 

- energy 

- d e f i n i t i o n s  o f  measurement terms 

A measurement i s  a procedure t o  g i v e  a numerical va lue t o  a conceptual 

q u a n t i t y  represent ing  a physical  observable. I t  i s  asiuhed, t h a t  i n  the  

measuring procedure the  r e l a t i o n  between t h i s  q u a n t i t y  and the  measured e n t i t y  

i s  exac t l y  de f ined  and t h a t  i t  i s  descr ibed p r e c i s e l y  under what circumstances 

and i n  which way the  measurement can be performed. 

As a l l  measurements a re  approximations i n  t he  sense t h a t  i t .  seldom i s  

poss ib le  t o  t e l l  e x a c t l y  what has been measured, a measurement i s  no t  very 

i n t e r e s t i n g  i f  the  measured numerical value i s  no t  g iven a long w i t h  an 'est imate 

o f  the  e r r o r  o f  t he  measurement. 

I t  i s  common t o  make a d i s t i n c t i o n  between two k i n d  o f  e r r o r ,  s t a t i s t i c  - 
e r r o r s  and svstematic e r ro rs .  A s t a t i s t i c  (acc identa l  o r  random) e r r o r  i s  the 

s c a t t e r  i n  the  r e s u l t  o f  several repeated measurements depending on parameters 

over which one has no c o n t r o l ,  even i f  i n  p r i n c i p l e  the  cond i t i ons  should be 

i d e n t i c a l  a t  two measurements. By a systematic e r r o r  i s  meant t he  e r r o r  t h a t  

remains a f t e r  c o r r e c t i o n  f o r  a l l  o t he r  known er ro rs .  Consequently an e r r o r  o f  

t h i s  k i n d  i s  i n  p r i n c i p l e  unknown. There are, however, ways o f  es t imat ing  

systematic e r ro rs ,  e.g., us ing d i f f e r e n t  methods o f  measurements. E r ro r s  can 

a l so  be c l a s s i f i e d  according t o  where i n  t he  measuring procedure they appear o r  

according t o  t h e i r  o r i g i n .  

I n  a c l a s s i f i c a t i o n  according t o  where i n  the measuring procedure the  

e r r o r s  appear, one can d i s t i n g u i s h  between: 

1. e r r o r s  i n  the  measured ob jec t -  when something e l s e  than intended i s  measured - 
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( t he  environment and the  measuring procedure a f f e c t  t he  measured o b j e c t )  

2. e r r o r s  i n  t he  measuring apparatus (e.g., c a l i b r a t i o n  e r ro r s ,  environmental 

parameters etc.) 

3. e r r o r s  produced by t h e  observer (he i s  in f luenced by the  environment o r  has 

a preference f o r  a c e r t a i n  r e s u l t )  

4 . e r r o r s  i n  t h e  c a l c u l a t i o n s  ( t h e  measurement i s  founded upon an erronueous 

theory,  c e r t a i n  values are d isregarded as being false,values are rounded o f f  

t oo  e a r l y  i n  t he  c a l c u l a t i o n  etc.) 

I n  a c l a s s i f i c a t i o n  according t o  origin one can d i s t i g u i s h  between: 

1. e r r o r s  i n  t he  measuring method ( t h e  method i s  based on an erroneous theory,  

in f luences  the  measured ob jec t ,  the  measurement apparatus i s  subjected t o  an 

unallowed s t r a i n ) ,  

2 .  e r r o r s  i n  t he  inst rument  ( f a u l t y  c a l i b r a t i o n ,  aging, used under cond i t i ons  

d i f f e r e n t  from those p r e v a i l i n g  a t  t he  moment of c a l i b r a t i o n  e t c )  

3. the  environment a f f e c t s  the  r e s u l t  o f  the  measurement through the  measured 

ob jec t ,  t he  measuring apparatus o r  t he  observer. 

The measurement must f u l f i l  many requirements. To cha rac te r i ze  them 

several  , terms have been i n  use (reliability,congruence, p rec i s i on ,  o b j e c t i v i t y ,  

constancy, v a l i d i t y ,  relevance, accuracy, r eso lu t i on ,  r e p r o d u c i b i l i t y .  

d i sc r im ina t i on ,  s e n s i t i v i t y ,  d r i f t ,  s t a b i l i t y  etc.) There i s  no common agreement 

upon the  exact meaning o f  these terms. Below i s  an at tempt t o  de f i ne  them. 

1. t he  measuring procedure i s  requ i red  t o  be o p e r a t i o n a l l y  de f inab le ,  i.e., i t  

must be poss ib l e  t o  t e l l  exac t l y  how t h e p a s u r e m e n t  i s  t o  be performed. 

2. a second demand i s  r e l i a b i l i t y  ( t h e  terms r e p r o d u c i b i l i t y  o r  p r e c i s i o n  a re  

sometimes used ins tead w i t h  t he  same meaning). This means that.once def ined,  

a measuring procedure sha l l  g i v e  r e s u l t s  which agree reasonably we l l  if 

more than one measurement i s  performed. The demand f o r  r e l i a b i l i t y  can be 

f u r t he r  d i v i d e d  i n t o :  

- congruency: degree of agreement between r e s u l t s  from d i f f e r e n t  measuring 
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methods 

- p rec i s i on :  degree o f  agreement between r e s u l t s  from repeated measurements , . 

- o b j e c t i v i t y :  degree o f '  agreement between r e s u l t s  obta ined by d i f f e r e n t  

observers 

- constancy: degree o f  agreement between r e s u l t s  frm measurements performed 

a t  d i f f e r e n t  times 

3. a lso  requ i red  i s  v a l i d i t y  ( t he  words relevance o r  accuracy a re  sometimes 

used ins tead w i t h  t he  same meaning). By t h i s  i s  meant the  degree o f  

consistency between what i s  measured and what has been the  i n t e n t i o n  t o  

measure. I t  may be worth no t ing ,  t h a t  a good v a l i d i t y  requ i res  a good 

r e l i a b i l i t y ,  no t  v i c e  versa 

For the requirements on t he  measuring apparatus one'uses terms as 

1. accuracy - degree o f  agreement between t he  value read o f f  an inst rument  and 

" the  t r u e  value". Sometimes i s  meant the  r a t i o  between t he  d i f f e r e n c e  of t he  

two values and " the  t r u e  value". A b e t t e r  term i s  then r e l a t i v e  accuracy o r  

r e l a t i v e  e r ro r .  

2. p r e c i s i o n  - which w i t h  the  d e f i n i t i o n  -above i s  a measure o f  how small t he  

acc identa l  e r r o r  i s  ( bu t  says o t h i n g  about t he  systemat ic  e r r o r ) .  P rec i s i on  

r e f e r s  no t  t o  the  measured value bu t  t o  the  e r ro r .  

3. r e s o l u t i o n  ( o r  d i s c r i m i n a t i o n ) .  This i s  a measure o f  how small a  change i n  

the  i npu t  can be and s t i l l  be resolved by the  instrument. 

4. s e n s i t i v i t y  r e f e r s  t o  the  r a t i o  be tweenthe  l e a s t  poss ib l e  change i n  t h e  

value read of t he  inst rument  and t he  change of inpu t  requ i red  t o  cause t h i s  

The above terms descr ibe  t he  performance of an inst r innent  ( a t  a  c e r t a i n  

moment. Terms r e l a t i n g  t o  the  performance o f  an instrument dur ing  a longer 

per iod  o f  t ime  are : 

5. d r i f t  - the  maximal dev ia t i on  i n  t h e  measured value'due t o  t he  instrument - 
during a p rescr ibed  t ime per iod.  

6. d r i f t  r a t e  - d r i f t  per  u n i t  ,of t ime - 

7. s t a b i l i t y  - the  r e p r o d u c i b i l i t y  o f  t h e  average value of a g rea t  number o f  
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measurements under p rescr ibed  cond i t i ons  a t  d i f f e r e n t  t imes. 

- d e f i n i t i o n s  o f  model terms 

By a  mbdel we mean an abs t rac t i on  o r  mapping o f  an ob jec t ,  r ea l  o r  

imagined, where on l y  t he  components and r e l a t i o n s  necessary f o r  the  model t o  

f u l f i l  i t s  purpose have been taken i n t o  account. 'There a r e '  many ways o f  

c l a s s i f y i n g  models. For our  p u r p o s e i t  w i l l  s u f f i ce  t o  mention t he  f o l l o w i n g  

ways. 

I. The purpose of us i ng  the  model 

a) d e s c r i p t i v e  model (answers a  ques t ion)  

b )  exp la i n i ng  model (e.g., g ives  a n a l y t i c  r e l a t i o n s  between dependent and 

independent va r i ab les )  

c)  p rognos t ic  model ( exp la i n i ng  model where the  re1 a t i ons  can be ex t rapo la ted  

i n t o  t he  f u tu re ) .  

11. Technique of s o l u t i o n  ( f o r  mathematical models) 

a) a n a l y t i c  model 

b )  s imu la t i on  model 

111. Time dependence 

a) s t a t i c  models 

b )  dynamic models 

c )  cont inuous va r i ab les  

d) d i s c r e t e  va r i db les  

I V .  Degree o f  p r e c i s i o n  

a) d e t e r m i n i s t i c  ( t h e  r e s u l t  i s  cunp le te l y  determined by i n p u t  data)  

b )  non-de termin is t i c  

c )  s tochas t ic  ( t h e  r e s u l t  depends on random fac to r s  
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- d e f i n i t i o n s  o f  energy terms 

- pr imary  energy i s  the gross c a l o r i f i c  value o f  the  f o s s i l  f u e l s  coa l ,  o i l  and 

na tu ra l  gas o r  the equ iva len t  o f  nuclear  and h y d r o - e l e c t r i c i t y .  

- secondary enerqy i s  t h a t  which i s  contained i n  coal-gas, coke, e l e c t r i c i t y  o r  

any o ther  form o f  energy manufactured from a  pr imary energy source. 

- ne t  energy consump,tion o f  a  p a r t i c u l a r  consumer i s  the  rea l  amount of energy 

received by t h a t  consumer. 

- gross energy consumption o f  a  consumer i s  the  t o t a l  pr imary energy equ iva len t  

requ i red  t o  produce and d e l i v e r  t h e i r  ne t  consumption. 

- use fu l  energy i s  t he  energy needed t o  per form a  requ i red  task  and d i f f e r s '  

from the  de l i ve red  energy by an amount equal t o  t h e  f l u e  and o the r  losses O f  

the  appl iance. The term "use fu l  energy'' i s  ma in ly  used i n  t h e  d iscuss ion  of 

space heat ing loads. For loads such as cooking, where l o s s e i  may be recovered 

as f o r t u i t i o u s  ga ins  t o  t he  heat ing  system,the concept i s  l ess  e a s i l y  de f ined  

- f i n a l  user o r  end user i s  a  consumer who does not  produce energy fo r  o thers  

bu t  uses i t  f o r  h i s  own purposes. 

The d e f i n i t i o n s  g iven above are t h e  ones gi'ven a t  the  1976 C1B Symposium 

by Leach and Desson. We w i l l  here a lso  g i ve  the  d e f i n i t i o n  of an important  term 

used i n  t h i s  document, the  r e t r o f i t  e f f e c t .  

- the  r e t r o f i t  e f f e c t  i s  the  amount o f  energy saved by a  r e t r o f i t  i f  every th ing  

i s  kept  constant  except f o r  t he  r e t r o f i t  i t s e l f ,  and changes i n  t he  behaviour 

o f  the  occupants induced by the  r e t r o f i t .  

The r e t r o f i t  e f f e c t  i s  no t  t o  be confused w i t h  t he  observed change i n  

energy consumption. This one w i l l  be in f luenced by d i f fe rences  i n  ex te rna l  

c l imate ,  indoor  c l imate ,  and changes i n  t he  behaviour of t he  occupants no t  due 

t o  t he  r e t r o f i t .  The r e t r o f i t  e f f e c t  i s  t he  saved energy when a  c o r r e c t i o n  has 

been made f o r  a l l  these d i f f e rences  between t he  r e t r o f i t t e d  and the  non 

r e t r o f i t t e d  bu i l d i ng .  
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I 
CHAPTER 11 a 

General  i n t r o d u c t i o n ,  exper imen ta l  des ign  and models 
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- d e s c r i p t i o n  o f  t h e  system P. I1  a- 2 

- d e s i g n  o f  t h e  exper iment  and c h o i c e  o f  t h e  model p. I1 a-,5 

- common exper imen ta l  des igns  p. 11 a-12 

- use o f  models p. I1  a-17 

- example 1 P. 11 a-20 

- example 2 P. I1  a-21 

- example 3 p. 11 a-26 

- example 4 P.' I1  a-31 

- b i b l i o g r a p h y  and r e f e r e n c e s  p. I1  a-34' 



I 1  a-  1 

(11 a General i n t r oduc t i on ,  exper imental  design and models 

- general i n t r o d u c t i o n  

I n  Par t  I 1  methods f o r  t he  eva lua t ion  o f t he  e f fec  ~f a r e t r o f i t  on t he  

energy consumption o f  a b u i l d i n g  a re  described. This chapter  corresponds t o  two 

steps o f  t h e  procedure out1 ined i n  ch. I a, namely "desc r i p t i on  of the  system" 

and "design o f  t he  experiment and cho ice  o f  t he  model". 

These are  a l so  t he  t i t l e s  o f  t he  f i r s t  two sect ions o f  ch. I 1  a which are 

fo l lowed by two sect ions dea l i ng  w i t h  more s p e c i f i c  t o p i c s  of experimental 

design, "common experimental designs" and "use of models". 

Ch. 11 a i s  fo l lowed by four  chapters desc r i b i ng  i n  more d e t a i l  t he  most 

common experimental designs i n  r e t r o f i t  s tudies.  The t i t l e s  o f  these are :  ch. 

I 1  b On- o f f  experiments, ch. I 1  c  Before- a f t e r  experiments, ch. I 1  d Test- 

reference experiments and, t he  l a s t  ch. I 1  e Simulated occupancy experiments 

and Movers and Stayers. Movers and stayers r e f e r s  t o  an experimental method 

which i s  o f  g rea t  i n t e r e s t  f o r  t h e  assessment o f  the  impact o f  occupancy on 

energy consumption. 

Par t  I 1  i s  ends w i t h '  an appendix on s t a t i s t i c a l  methods o f  i n t e r e s t  f o r  the  

des ign  o f  experimental s tud ies  on r e t r o f i t  e f f e c t s .  A f t e r  t h i s ,  a b i b l i og raphy  

and a reference l i s t  f o l l ow .  

I n  t h e  l i t e r a t u r e  t h e r e  does n o t  e x i s t  any exhaust ive and simultaneous 

d e s c r i p t i o n  o f  t he  d i f f e r e n t  experimental designs discussed here. We the re fo re  

have t o  r e f e r  t o  t he  examples g iven i n  t he  t e x t .  

illustrations of  t he  use o f  these experimental designs can a lso  be found i n  

research r e p o r t s  where t he  method01 og i ca l  ques t ion  has been taken se r i ous l y ,  see 

t he  b i b l i og raphy .  A general d iscuss ion  on t h e  use of models can be found i n  

Saaty and Alexander (1981). Examples on ~nodels can be found i n  e.g. 

Sonderegger and Garnier  (1982), W i l t s h i r e  (1981). and Ste inmul le r  (1982). The 

p rope r t i es  of some l a r g e  computer models have been evaluated i n  a Report fran 

IEA Annex 111 Subtask A ( K a l l b l a d  1983). S t a t i s t i c a l  methods o f  i n t e r e s t  here 

can be found i n  Cox (1958) and Hahn (1977). 



1 - desc r i p t i on  o f  t he  system 

When t he  aim o f  the  i n v e s t i g a t i o n  on t he  e f f e c t s  o f  a r e t r o f i t  has been 

formulated i n  a p rec ise  manner (see ch. I a), and i t  has been decided t h a t  

measurements a re  t o  be performed, one should proceed w i t h  t he  design o f  the  

experiment. I t  i s  then o f  g rea t  importance t o  r e a l i z e  t h a t  i n  t h i s  case one i s  

not  dea l i ng  w i t h  a c o n t r o l l e d  experiment where the  experimenter can a t  w i l l  -- 
change t he  physical  s ta tus  o f  t he  b u i l d i n g ,  o r  i s o l a t e  i t  from i t s  surroundings. 

Instead, one i s  dea l i ng  w i t h  a systemwhere t he  b u i l d i n g ,  the  e x t e r i o r  c l imate,  

and t he  occupants i n t e r a c t  i n  a complicated manner. 

I t  might  then be advantageous t o  regard t h i s  i ys tem as c o n s i s t i n g  o f  

components. Examples of components r e l a ted  t o  t he  phys ica l  b u i l d i n g  s t r u c t u r e  

a re  t he  ex te rna l  wa l l s ,  c e i l i n g ,  basement, windows, heat ing system, v e n t i l a t i o n  

system, c o l d  and hot  tap  water systems, domestic appl iances etc.  The occupants 

can be regarded as o the r  components of the system. A l l  these components w i l l  

no t  operate independently o f  one another. I n  general t he re  w i l l  be some k i n d  of 

i n t e r a c t i o n  between a t  l e a s t  some of them. An example i s  t he  occupants- use of 

domestic appl iances and t h e i r  man ipu la t ion  o f  t he  se t  p o i n t s  o f  t h e  heat ing  

system. Another example i s  t he  i n t e r n a l  energy balance of the  b u i l d i n g ,  

determined by r a d i a t i v e ,  conduct ive and convect ive heat t r a n s f e r s  between 

components. 

1 

The s ta tus  o f  the  .system i s  described by the instantaneous value o f  

var iab les .  Some va r i ab les  a re  associated w i t h  the  physical  s t a tus  o f  the  

b u i l d i n g  i n t e r i o r ,  e.g. t h e  indoor  a i r  temperature, t he  temperature o f  t he  

ex te rna l  wa l l s ,  t he  temperature o f  the  ho t  t ap  water, the energy output  from the  

heat ing  system, t he  r a t e  o f  a i r  exchange produced by a ven t i 4a t i on  system, t h e  

mo is tu re  content  of t he  indoor  a i r ,  etc. Var iables do no t  necessar i l y  take  a 

uniform value throughout t he  b u i l d i n g  i n t e r i o r .  

Other var iab les  descr ibe  t he  outdoor c l imate ,  e.g. the  outdoor a i r  

temperature, wind speed and d i r e c t i o n ,  a i r  pressure on t he  b u i l d i n g  envelope, 

outdoor humidi ty ,  g loba l  and s o l a r  r a d i a t i o n  etc. Var iables r e l a t e d  t o  t he  

occupants are e.g. t he  age and occupation of t he  occupants, t he  occupants- 

knowledge o f  t h e  heat ing system, t he  occupants- demand f o r  comfort and a c e r t a i n  

indoor c l imate ,  t h e i r  hab i t s  w i t h  regard t o  a i r i n g ,  the  frequency i n  t he  use o f  

d i f f e r e n t  domestic appl iances e tc .  



Here one i s  no t  i n t e r e s t e d  i n  a l l  aspects o f  the  above complicated system, 

bu t  i n  those features o f  i t  t h a t  are re levant  t o  the  study o f  t he  e f f e c t s  o f  a  

c e r t a i n  r e t r o f i t .  It may then be na tu ra l  t o  s t a r t  w i t h  cons ider ing  t he  energy - 
flows o f  t h i s  system. These energy f lows can be d i v i ded  i n t o  - 

1) conductive, convect ive and, r a d i a t i v e  energy f lows 

2 )  heat  f lows emanating from work 

3) enthalpy f lows 

Examples o f  conduct ive,  convect ive,  and r a d i a t i v e  energy f lows are  heat  

losses through the  b u i l d i n g  envelope, heat t r a n s f e r  t o  t he  b u i l d i n g  i n t e r i o r  by 

t he  heat ing  system, heat  produced by t he  human metabolism, heat produced by 

s o l a r  r a d i a t i o n  impinging upon the b u i l d i n g ,  and heat f lows through i n t e r n a l  

p a r t i t i o n s .  An example o f  energy f lows emanating from work are, e.g., heat  

t r a n s f e r  t o  t he  b u i l d i n g  i n t e r i o r  by domestic appl iances. Examples of enthalpy 

f lows are heat losses due t o  i n f i l t r a t i o n ,  energy losses caused by the  use of 

c o l d  and ho t  tap  water, and d e l i v e r i e s  o f  fuel  t o  the b u i l d i n g .  

The energy conserva t ion  equat ion f o r  a  thermodynamic system (as  a  b u i l d i n g )  

s t a tes  t h a t  the sum o f  t he  energy f lows,  due t o  conduction,convection and 

r a d i a t i o n ,  the  mechanical work, and t he  enthalpy f lows,  due t o  mass t r a n s f e r  

through t he  b u i l d i n g  envelope,must be zero. 

A l l  energy f lows may not  be o f  i n t e r e s t  f o r  the  eva lua t ion  o f  the e f f e c t s  

o f  a  c e r t a i n  r e t r o f i t .  Energy f lows t h a t  are no t  a f f ec ted  by the  r e t r o f i t  can 

o f ten  be neglected. The f i r s t  task  o f  the experimenter i s ,  there fo re ,  t o  

i d e n t i f y  the  re l evan t  energy f lows.  Thts w i l l  r equ i r e  a t  l e a s t  some knowledge 

o f  where, and how, heat i s  produced i ns i de  t he  b u i l d i n g ,  and by what mechanisms 

heat i s  d ispersed t o  the  e x t e r i o r  o f  t he  b u i l d i n g .  It w i l l  a l so  requ i re  an 

understanding o f  how the  r e t r o f i t  w i l l  i n f l uence  t he  components o f  the  system. 

One should n o t  a t  t h i s  stage choose t o  neg lec t  energy f lows about which one has 

no previous knowledge. 

When t he  energy f lows of importance f o r  the study of the  e f f e c t s  o f  the  

r e t r o f i t  have been determined, the  experimenter should i d e n t i f y  t he  components 

o f  the  system which take  a  p a r t  i n  the  p roduc t ion  o f ,  o r  a f f e c t ,  . t hese  energy 

f lows. 
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F ig .  IIa-1. E x a i p l e s  o f  heat  f lows i n  a s imple  d e s c r i p t i v e  modeL. 



At  t h i s  s tage  t h e  exper imen te r  w i l l  have reduced t h e  i n i t i a l  comp l i ca ted  

system t o  a  more t r a c t a b l e  one, i n c l u d i n g  o n l y  t h e  energy f lows and components 

r e l e v a n t  t o  t h e  s t u d y  o f  t h e  r e t r o f i t  i n  ques t ion .  The exper imen te r  has 

c o n s t r u c t e d  a  q u a l i t a t i v e  o r  d e s c r i p t i v e  model o f  t h e  i n i t i a l  system. It i s  - 
o f t e n  u s e f u l  t o  p r e s e n t  t h i s  model i n  a  g r a p h i c  form. An example o f  t h i s  i s  

g i v e n  i n  f i g .  I 1  a-1. 

'The exper imen te r  has t h u s  completed one s t e p  o f  t h e  p l a n n i n g  o u t l i n e d  i n  

ch. I a, t h e  s t e p  " d e s c r i p t i o n  o f  t h e  system". 

- d e s i g n  of  t h e  exper imen t  and c h o i c e  b f  t h e  model 

I n  t h e  p r e v i o u s  s e c t i o n  one s t e p  o f  t h e  p l a n n i n g ,  " d e s r i p t i o n  o f  t h e  

system", was discussed.The exper imen te r  can now proceed t o  t h e  s t e p  "des ign  o f  

t h e  exper iment  and c h o i c e  o f  t h e  model".  T h i s  s t e p  i s  a  comp l i ca ted  one, a n d  i t  

can seldom be per formed i n  a  c h r o n o l o g i c a l  o r d e r  a c c o r d i n g  t o  some scheme. 

However, i t  i s  o f t e n  advantageous t o  s t a r t  by  a  more d e t a i l e d  a n a l y s i s  o f  t h e  

energy f l ows .  

I t  i s  s t i l l  p o s s i b l e  t o  f u r t h e r  reduce t h e  number o f  energy f l o w s  t h a t  have 

t o  be cons ide red .  Some of them may be v e r y  sma l l  compared t o  t h e  r e t r o f i t  

e f f e c t .  I n  t h e  model t h e r e  must be i n c l u d e d  those  r e s i d u a l  energy f l o w s  t h a t  

a r e  g r e a t e r  than, o r  o f  t h e  same o r d e r  o f  magni tude as, t h e  r e t r o f i t  e f f e c t .  If 

t h e r e  a r e  severa l  energy f l o w s  abou t  one o r d e r  o f  magni tude s m a l l e r  ' t h a n  t h e  

r e t r o f i t  e f f e c t ,  t hese  w i l l  i n  genera l  a l s o  have t o  b e  t a k e n  i n t o  account.  

However, i n  most cases i t  w i l l  n o t  make any sense t o  i n c l u d e  i n  t h e  model energy 

f l o w s  t h a t  a r e  even s m a l l e r  compared t o  t h e  r e t r o f i t  e f f e c t .  

To make t h e  above comparison between t h e  r e t r o f i t  e f f e c t  a n d ' t h e  magni tude 

o f  d i f f e r e n t  energy f l ows ,  i t  w i l l  be necessary t o  e s t i m a t e  these  magni tudes.  A  

c r u d e  e s t i m a t e  o f  t h e  r e t r o f i t  e f f e c t  has a l r e a d y  been o b t a i n e d  when t h e  

e v a l u a t i o n  o f  t h e  prob lem was per formed (see ch. I a) .  

An e s t i m a t e  o f  t h e  h e a t  l o s s e s - t h r o u g h  t h e  e x t e r n a l  w a l l s  can be ob ta ined ,  

e.g., if one has some i n f o r m a t i o n  about  t h e  average i n d o o r -  o u t d o o r  tempera tu re  

d i f f e r e n c e ,  as w e l l  as about  t h e  t r a n s m i t t a n c e  o f  t h e  e x t e r n a l  w a l l .  One has t o  

know p h y s i c a l  p r o p e r t i e s  o f  s o m e  components o f  t h e  system, o r  t o  a s s i g n  a  

numer i ca l  v a l u e  t o  c e r t a i n  parameters. I n  t h e  above example, t h e  t r a n s m i t t a n c e  



i s  cons idered  as a parameter ( t h e  "U- value")  desc r i b i ng  a phys ica l  p roper ty  of 

a component, the  ex te rna l  wal l .  I n  o ther  words, the  experimenter has t o  

cons t ruc t  a model o r  descr ibe  a procedure, whereby the  magnitude o f  the  energy 

f lows can be est imated, provided t he  value of some parameters ( i n  t h i s  case t he  

U- va lue) ,  and some va r i ab les  ( i n  t h i s  case t he  temperature d i f f e r e n c e  across 

the ex te rna l  w a l l )  a re  known. 
... , 

The above procedure o f  dec id ing  what energy f lows are  t o  be inc luded i n  the  

model i s  important ,  because the  magnitude o f  the energy.'flows t h a t  one chooses 

t o  neg lec t  w i l l  have a g rea t  impact on t he  r e s u l t i n g  ac iuracy o f  t he  

de termina t ion  o f  the  r e t r o f i t  e f fec t .  

I Before proceeding w i t h  t he  d e s c r i p t i o n  o f  how t o  s e l e c t  t h e  model, i t  w i l l  

I be necessary t o  know what experimental designs can be app l ied  by t h e .  

experimenter. A shor t  desc r i p t i on  o f '  the  d i f f e rences  between some cmmon 

I experimental designs i s  g iven i n  t h e  sec t ion  " c m o n  experimental designs". 

Some p o s s i b i l i t i e s  o f  reducing the  number o f  energy f lows i n  t he  model have 

been considered above. These p o s s i b i l i t i e s  have n o t  y e t  been exhausted. By 

choosing a s u i t a b l e  experimental design the  model o f  the  system can be 

s i m p l i f i e d .  I n  general,  one i s  i n t e res ted  i n  g e t t i n g  r i d  of energy flows t h a t  

a re  e i t h e r  d i f f i c u l t  t o  measure, o r  in f luenced by va r i ab les  desc r i b i ng  t he  

e x t e r i o r  c l imate ,  o r  the  behaviour o f  the  occupants. 

I 
From the  ana l ys i s  done i n  t he  f o l l ow ing  sec t i on  "common experimental 

designs" ,  i t  i s  c l e a r  t h a t  i n  most designs t he re  are under ly ing  assumptions 

which have t o  be v e r i f i e d .  This w i l l  seldom be the  case i n  p rac t i ce .  It i s  

then  poss ib l e  t o  proceed a long one o f  two l i n e s :  

1) i t  i s  poss ib le  t o  inc lude  i n  t he  study a s u f f i c i e n t  number o f  b u i l d i n g s  

so t h a t  t h e  r e s u l t i n g  average e r r o r  becomes s t a t i s t i c a l l y  i n s i g n i f i c a n t  compared 

t o  the  r e t r o f i t  e f f e c t  ( t he  s t a t i s t i c a l  approach). Even t h i s  procedure can be 

doubt fu l  i f  no th ing  bu t  the  energy consumption i s  measured. I t  can, e.g., be 

d i f f i c u l t  t o  v e r i f y  whether t he  indoor  c l ima te  o f  t he  r e t r o f i t t e d  b u i l d i n g  i s  

the  same as t h a t  o f  the  non- r e t r o f i t t e d  one 

I 
2) one can f u r t h e r  proceed w i t h  t h e  cons t ruc t i on  o f  a mathematical model o f  

the  system. It may then be poss ib le  t o  take  i n t o  account the  d i f f e r e n c e  i n  

energy consumption due t o  d i f f e r i n g  weather cond i t i ons  o r  indoor c l ima te  ( t he  - 
a n a l y t i c a l  approach). One can mon i to r  a few b u i l d i n g s  very p rec i se l y ,  measure a 



l o t  of va r i ab les  and use a  soph i s t i ca ted  model t o  descr ibe  the  f indings.  One 

w i l l  then know very accura te ly  the  r e t r o f i t  e f f e c t  f o r  the  b u i l d i n g s  studied. 

I t  w i l l  probably be d i f f i c u l t  t o  inc lude  i n  the  model v a r i a t i o n s  i n  t he  

behaviour o f  the  occupants due t o  t he  r e t r o f i t  o r  t o  f a c t o r s  o the r  than the  

c l i m a t i c  ones. 

At t h i s  stage the  experimenter has a l so  t o  cons ide r .  p r a c t i c a l  quest ions 

r e l a t e d  t o  what experimental design t o  choose and what model t o  use 

- what b u i l d i n g s  i s  i t  poss ib l e  t o  inc lude  i n  t he  study? 

- f o r  how long  (how many heat ing  seasons) i s  i t  poss ib le  t o  use 

the  b u i l d i n g  fo r  measurements? 

- i s  the r e t r o f i t  r e v e r s i b l e ?  

- are  t he re  occupants i n  t he  b u i l d i n g s ?  

- what i s  t he  cos t  if a c e r t a i n  experimental design i s  used and 

how much money w i l l  t he re  b e . l e f t  f o r  measurements? 

- how are t he  r e s u l t s  t o  be general ized? 

A  s t a t i s t i c a l  approach w i l l  r e q u i r e  a  l a r g e  number o f  b u i l d i n g s  and/or 

households. The exact  number i s  determined by t he  est imated r e t r o f i t  e f f e c t  and 

t he  v a r i a t i o n  i n  t he  energy consumption among t he  households o r  b u i l d i n g s  t o  be 

s tud ied  (see App. I 1  and ch. I e).  The r e s u l t i n g  e r r o r  can be reduced if some 

s imple measurement o the r  than t h a t  o f  t he  energy consumption i s  performed. The 

e f f e c t  o f  t he  d i f f e r e n t  indoor  temperatures be fore  and a f t e r  t he  r e t r o f i t  can be 

evaluated,  e.g., by t he  use o f  some simple model o f  t he  thermal losses  o f  t h e  

b u i l d i n g .  The cos t  f o r  these measurements have t o  be weighed aga ins t  t he  cos t  

f o r  s tudy ing  a  l a r g e  number of bu i l d i ngs .  

The number o f  hea t ing  seasons a v a i l a b l e  f o r  measurements w i l l  be of 

importance when choosing between ,e.g. t he  before- a f t e r  experiment and the  

t e s t -  reference experiment. I f  t he  r e t r o f i t  can be reversed, t h e  on-. o f f  

experiment can be used ins tead o f  t he  before-  a f t e r  experiment. I f  the re  are no 

occupants i n  t h e  b u i l d i n g  when t he  r e t r o f i t  i s  in t roduced,  i t  might  be poss ib l e  

t o  use t h i s  occasion f o r  s imu la t i on  s tud ies  o f  the  performance o f  t he  heat ing  

system, t he  thermal behaviour of the  b u i l d i n g ,  and f o r  s imulated occupancy 

studies.  

The experimenter w i l l  a l so  have t o  cons ider  how t o  genera l i ze  t he  r e s u l t s  

from the  measurements. I f  he on l y  wants t o  study the  e f f e c t  o f  t he  r e t r o f i t  on 

a  very we l l  def ined c l ass  o f  b u i l d i n g s ,  us ing  t he  s t a t i s t i c a l  approach, he may 



choose a representa t i ve  number of such b u i l d i n g s  f o r  the  experiment. The'answer 

he g e t s ' w i l l  then probably be t r u e  f& a l l  b u i l d i n g s  o f  t h i s  c lass .  But i t  may 

not  be poss ib le  t o  genera l i ze  t h i s  r e s u l t  t o  o the r  b u i l d i n g  classes. I f  the  

experimenter wants t o  know the  e f f e c t  of t he  r e t r o f i t  f o r  several b u i l d i n g  

types, he w i l l  have t o  c l a s s i f y  b u i l d i n g s  according t o  sane c r i t e r i a  re levant  t o  

t he  study of t he  r e t r o f i t .  He w i l l  probably f i n d  ou t  t h a t  the  number o f  

b u i l d i n g  c lasses grows very q u i c k l y  w i t h  t he  number o f  c r i t e r i a  used f o r  the  

c l a s s i f i c a t i o n  of t he  b u i l d i n g s  (and maybe a l so  t h e i r  surroundings). 

Instead,  the  experimenter can use the  a n a l y t i c a l  approach. The model can . . 
then be used t o  p r e d i c t  the  r e t r o f i t  e f f e c t  f o r  o the r  types o f  bu i l d i ngs .  The 

experimenter w i l l  have t o  assign a value t o  the  parameters of the  model t o  

descr ibe  the  p rope r t i es  o f  these bu i l d i ngs  i n  order  t o  genera l i ze  h i s  r esu l t s .  

However, the  value o f  these parameters w i l l  probably no t  be known f o r  o the r  

bu i l d i ngs .  The e f f e c t  o f  the  occupancy on energy consumption w i l l  a l so  be 

unknown t o  the  experimenter, f o r  he has probably n o t  been able t o  record  i t  even 

i n  the  monitored bu i ld ings .  

At t h i s  stage the  experimenter f inds  h imse l f  i n  a complicated s i t u a t i o n .  

He has a model where he can est imate the  magnitude o f  some, bu t  probably no t  

a l l ,  energy flows: He has a number o f  experimental designs t o  chobse between. 

He can use a s t a t i s t i c a l  o r  an a n a l y t i c a l  approach o r  a combination of these. 

There are some p r a c t i c a l  l i m i t a t i o n s  t o  what he can do.. F i n a l l y  he has t o  

consider  how t o  genera l i ze  t he  r e s u l t s .  

The optimal choice f o r  the  experimenter i n  t h i s  s i t u a t i o n  i s  probably t o  

s t a r t  by e x p l o i t i n g  as f a r  as poss ib le  a s u i t a b l e  experimental design a long w i t h  

.a s t a t i s t i c a l  approach t o  f r e e  t he  model from as many unknown energy f lows as 

possib le.  The energy flows t o  get  r i d  o f  are probably 'those which have a s t rong  

dependence on the  occupancy. The p r a c t i c a l  l i m i t a t i o n s  and t he  want fo r  

gene ra l i za t i on  w i l l  o f  course determine how f a r  the  experimenter can go i n  t h i s  

d i r e c t i o n .  It now remains f o r  t h e  experimenter t o  cons t ruc t  a model f o r  t he  

remaining energy flows. The numerical va lue o f  these w i l l  a l so  have t o  be 

determined. 

Every one o f  the  remaining energy f lows should be modelled . i n  terms o f  

measurable var iab les  and i n  terms o f  parameters of the  system and i t s  

components. To these va r i ab les  and parameters numerical values must a l so  be 

assigned, which can come from measurements o r  can be assumed t o  be known (see 

ch. 111 a) .  The gu id ing  p r i n c i p l e  i n  the  cons t ruc t i on  o f  the  model should be 



s i m p l ' i c i t y .  I n  t h e  model as few v a r i a b l e s  and parameters  as p o s s i b l e  shou ld  be 

i n c l u d e d .  A s i m p l e  and r o b u s t  model i s  a lmos t  a lways p r e f e r r a b l e  t o  a  very  

s o p h i s t i c a t e d  one, where t h e  va lues  o f  t h e  parameters  can n o t  o f t e n  be 

de te rm ined  a c c u r a t e l y .  The exper imen te r  shou ld  always t r y  t o  use o n l y  

parameters  t h a t  can be g i v e n  a  s i m p l e  p h y s i c a l  i n t e r p r e t a t i o n .  However, i n  t h i s  

case one o f t e n  has t o  make compromises i f  one wants a  s i m p l e  model. 

The c o n s t r u c t i o n  o f  t h e  model i s ,  however, n o t  y e t  complete. .The 

exper imen te r  must a l s o  d e c i d e  t h e  maximal e r r o r  due t o  t h e  measurements t h a t  he 

can accep t  f o r  t h e  e s t i m a t e  o f  t h e  r e t r o f i t  e f f e c t .  Th is  w i l l  de te rm ine  by what 

r e s o i u t i o n  and p r e c i s i o n  t h e  measurements have t o  be perfomied. The t i m e -  

r e s o l u t i o n  o f  t h e  measurements w i l l  a l s o  have t o  be dec ided upon. The demand 

f o r  a  sma l l  t ime-  r e s o l u t i o n  w i l l  be g r e a t e r  f o r  a  dynamic model t h a n ' f o r  a  

s t a t i c  one. T h i s  d e c i s i o n  w i l l  e s p e c i a l l y  a f f e c t  t h e  c h o i c e  o f  how t o  s t o r e  

data.  

There may s t i l . 1  be some energy f l o w s  where t h e  e f f e c t  o f  occupancy can n o t  

be measured d i r e c t l y .  One can then  c o l l e c t  more i n f o r m a t i o n  about  t h e  b e h a v i o u r  

o f  t h e  occupan ts  by  o b s e r v a t i o n s  and su rvey  techniques.  Even if t h i s  i s  done, 

i t  may be d i f f i c u l t  t o  q u a n t i f y  t h i s  i n f o r m a t i o n  i n  such a  way t h a t  i t  can b e  

used as i n p u t  t o  model c a l c u l a t i o n s .  I t  i s  seldom e x a c t l y  known how a  c e r t a i n  

behav iou r  a f f e c t s  t h e  energy consumption. One can, o f  course,  g a t h e r  such 

i n f o r m a t i o n  from a  l a r g e  sample o f  occupants  l i v i n g  i n  a  c e r t a i n  t y p e  of  

r e s i d e n t i a l  b u i l d i n g  and r e l a t e  t h i s  t o  t h e i r  energy consumption by means of  

r e f i n e d  s t a t i s t i c a l  t echn iques .  Such i n f o r m a t i o n  i s ,  however, d i f f i c u l t  t o  

g e n e r a l i z e  t o  occupants  l i v i n g  i n  o t h e r  t ypes  o f  b u i l d i n g s .  T h e r e f o r e  such 

s t u d i e s  have o n l y  r a r e l y  been performed. 

Nonethe less t h e  exper imen te r  shou ld  a lways be aware o f  t h e  e x i s t e n c e  o f  

t h e s e  phenomena. Even i f  no b road  s t u d y  o f  t hese  e f f e c t s  can b e  p e r f o n e d ,  

t h e r e  a r e  s i m p l e  o b s e r v a t i o n s ,  t h e  r e s u l t s  o f  which can be used as i n d i c a t o r s  if 

t h e r e  i s  a  d i f f e r e n c e  i n  t h e  behav iou r  o f  t h e  occupants  between t h e  r e t r o f i t t e d  

and t h e  non r e t r o f i t t e d  b u i l d i n g .  A l i s t '  o f  some s i m p l e  measurements and 

o b s e r v a t i o n s  i s  g i v e n  below. 

1) t h e  i n d o o r  tempera tu re  shou ld  a lways be measured. I f  t h e r e  i s  a  g r e a t  

d i f f e r e n c e  i n  i n d o o r  tempera tu re  between t h e  r e t r o f i t t e d  and t h e  non r e t r o f i t t e d  

b u i l d i n g ,  t h i s  may e x p l a i n  a  s u b s t a n t i a l  p a r t  o f  an observed d i f f e r e n c e  i n  

energy consumption. 



2 )  the  consumption o f  household e l e c t r i c i t y  and gas can e a s i l y  be measured. 

I f  the  indoor temperature has been too  low o r  t he re  has been draught be fo re  the  

r e t r o f i t ,  the  occupants may have used a u x i l i a r y  e l e c t r i c  o r  gas- f i r e d  heat ing  

appl iances. If the b u i l d i n g  i s  equipped w i t h  a  coo l i ng  o r  a  mechanical 

v e n t i l a t i o n  system, t h i s  may have been used more f r equen t l y  i n  t h e  b u i l d i n g  

having the  h igher  indoor temperature. 

3J a i r i n g  i s  f requent ly  used by occupants t o  con t ro l  the  indoor  c l imate .  

Usua l l y  a  r a t h e r  small number o f  observat ions under s i m i l a r  cond i t i ons ,  be fo re  

and a f t e r  t he  r e t r o f i t ,  su f f i ces  t o  e s t a b l i s h  i f  t he  r e t r o f i t  has changed ,these 

habi ts .  

4)  sh i e l d i ng  o f  windows i s  f r equen t l y  used t o  p ro tec t  from s o l a r  r ad ia t i on .  

I f  the  r e t r o f i t  has t he  e f f e c t  t h a t  the  c o n t r i b u t i o n  t o  the  f r e e  heat from so la r  

r a d i a t i o n  changes s u b s t a n t i a l l y ,  t he  degree o f  window sh ie l d i ng  w i l l  o f t e n  be' 

d i f f e r e n t .  This w i l l  a l so  be t r u e  if the amount of s o l a r  r a d i a t i o n  i s  d i f f e r e n t  

dur ing ,  e.g., the  before and a f t e r  per iods,  when t he  before- a f t e r  method i s  

used. 

5 )  i f  the  use of ho t  t ap  water changes because o f  t he  r e t r o f i t ,  t h i s  i s  a  

c l e a r  i n d i c a t i o n  t h a t  t he  occupants have changed t h e i r  hab i ts .  

'6) the  t ime spent a t  home by t he  occupants should be about the  same i n  the  

r e t r o f i t t e d  and t he  non r e t r o f i t t e d  bu i l d i ngs .  If the re  i s  a  l a rge  d i f f e rence ,  

t he re  w i l l  probably a l so  be a  d i f f e rence  i n  t he  amount o f  energy used f o r  

household appl iances, ho t  t a p  water, a i r i n g  e t c .  The c o n t r i b u t i o n  t o  the 

heat ing  o f  the  dwe l l i ng  from , the  human metabol ism w i l l  a l so  be d i f fe ren t , .  

In fo rmat ion  about the  t ime  spent a t  home by occupants w i l l  probably r equ i re  a  

separate i n v e s t i g a t i o n  (see ch. I V  c ) .  A s impler  way o f  ga ther ing  t h i s  

in fo rmat ion  i n d i r e c t l y  ( a t  l e a s t  i f  t he  study inc ludes  a  s u f f i c i e n t  number o f  

households) i s  t o  c o l l e c t  in fo rmat ion  on 

7 )  the  age and occupation o f  the  occupants. This in fo rmat ion  i s  useful 

a l so  f o r  o ther  reasons. Occupants of d i f f e r e n t  age and occupation have 

d i f f e r e n t  h a b i t s  and t h i s  i s  l i k e l y  t o  have a  g rea t  impact on t he  consumption o f  

energy. 

8)  a  simple way of checking i f  t he  occupants experience a  d i f f e r e n c e  i n  t he  

indoor  c l ima te  between the  r e t r o f i t t e d  and t he  non r e t r o f i t t e d  b u i l d i n g  i s  t o  

ask a  representa t i ve  sample o f  them about t h e i r  h a b i t s  o f  dressing a t  home. I f  



TABLE 11 a - l  

Summary o f  the steps of p lanning "desc r i p t i on  of the  system" and 

"design o f  the experiment and choice of the  model" t r e a t e d  i n  ch. 1 Ia  

d e s c r i p t i o n  1 )Def ine  t he  system: b u i l d i n g  and components, weather,, r e t r o f i t ,  

o f  the  system environment, occupants, i n t e r a c t i o n s  

2 ) L i s t  a l l  energy f lows o f  importance f o r  determining t he  

r e t r o f i t  e f f ec t  

3 ) L i s t  a l l  components of t he  system which t ake  p a r t  i n  t he  

p roduc t ion  of a  c e r t a i n  heat f low o r  can i n f l uence  i t  

- 4 ) L i s t  energy f lows and components a f fec ted  by t he  r e t r o f i t  

5)Construct  a  d e s c r i p t i v e  model of t he  system before and a f t e r  

the  r e t r o f i t  

design o f  t he  1)Est imate the  magnitude of a l l  energy flows i f  t h i s  i s  poss ib l e  

experiment 2)Exclude small energy f lows from the  model 

and cho ice  3)Choose a  s u i t a b l e  experimental design cons ider ing :  

o f  t he  model The p o s s i b i l i t y  o f  exc lud ing  from the  model energy f iows t h a t  

can no t  be measured o r  are in f luenced by uncon t ro l l ab le  

va r i ab les  (occupancy and weather) 

What b u i l d i n g s  a re  ava i l ab le?  

What per iod  i s  t he re  f o r  measurements? , 
I s  t he  r e t r o f i t  r e v e r s i b l e  ? 

Are t h e r e  occupants? 

What i s  t he  cos t  and t he  p o s s i b i l i t y  t o  genera l i ze  the  

r e s u l t s  t o  o the r  b u i l d i n g s  if a c e r t a i n  experimental design 

i s  used a long w i t h  a  combination of a  s t a t i s t i c a l  and an 

a n a l y t i c a l  approach? 

4)Construct .a model o f  t he  system w i t h  the  remaining energy. 

f lows i n  t e rns  o f  measurable va r i ab les  and parameters 

desc r i b i ng  t he  p rope r t i es  o f  components 

5)What a re  t h e  p o s s i b i l i t i e s  o f  checking if nonmeasurable energy 

f lows remain una l te red? 

6)Decide maximal e r r o r  o f  measurements and t he  t ime  r e s o l u t i o n  

7)Time planning o f  t he  experiment 



I 
t he  indoor  c l ima te  i s  s i m i l a r ,  t he  thermal i n s u l a t i o n  ensured by t he  c l o thes  

should a l so  be about t he  same (see ch. I c) .  

I The experiment design process and t he  choice o f  the  model i s  now almost 

f in ished.  What remains i:, however, as important  as t he  previous stages. The 

experimenter must now make a  t ime p lan  f o r  the  experiment 

- when does the  cons t ruc t i on  o f  the  measurement system have t o  be f i n i shed?  

- when a re  t he  measurements t o  s t a r t ?  

- when i s  t he  r e t r o f i t  t o  be implemented? 

- f o r  how long  t ime s h a l l  t he  measurements go on? 

I - what t ime  i s  t he re  f o r  t he  ana lys is  o f ' t h e  data? 

I 
- when must t he  f i n a l  r epo r t  be w r i t t e n ?  

F i n a l l y  i t  must be st ressed t h a t  the  procedure o u t l i n e d  i n  t h i s  sec t ion  i s  

almost '  never a  one- staqe process. The cons t ruc t i on  o f  t he  measurement system 

(see ch. I 1 1  g) w i l l  o f t e n  p rov ide  a  feed back t o  t he  above procedure. It i s  

not  always poss ib le  t o  make measurements w i t h  t h e  wanted accuracy,resolut ion and 

prec is ion .  The planned measurements may t u r n  ou t  t o  be t oo  cos t l y .  Such events 

w i l l  o f ten  make a  r e v i s i o n  of t he  model necessary and, maybe, even a  r e v i s i o n  o f  

t he  design o f  t he  experiment. I n  Table I 1  a-1 a  sumnary of t h e  d iscuss ion  on 

,the design o f  t he  experiment i n  the  previous two sect ions i s  given. 

- common experimental designs 

Some common experimental designs t h a t  can be app l ied  t o  reduce t he  number 

of energy f lows w i l l  b e  descr ibed below. To f a c i l i t a t e  t h i s  desc r i p t i on ,  i t  

w i l l  be assumed t h a t  the  study inc ludes  on ly  one o r  a  few bu i l d i ngs ,  and t he  

on l y  measurement performed i s  t h a t  o f  t he  t o t a l  energy consumption. 

TO c l a r i f y  the  d i f f e rence  between some camon experimental designs, a  very 

formal approach w i l l  be used. Assume t h a t  the  energy consumption, C, i s  an 

e x p l i c i t  func t ion  o f  t he  phys ica l  p rope r t i es  and the  s ta tus  o f  the  b u i l d i n g ,  0, 

t he  weather, W, t h e  indoor c l imate ,  I, and the  in f luence o f  t he  occupants, 0. 

Assume, f u r t h e r ,  t h a t  0 has a n i m p l i c i t  dependence on 0 ,  W, I and o ther  f ac to r s  

which w i l l  be denoted by A. The behaviour of t he  occupants depends on what 

b u i l d i n g  they l i v e  i n  and t he  p r e v a i l i n g  outdoor and indoor c l ima te  (0, W and 

I ) ,  bu t  a l so  on o the r  fac to rs  ( A ) ,  e.g., var ious  a t t i t u d e s  and fac to rs  o f  



economic nature.  This can be expressed by the  formal r e l a t i o n  

1) Now imagine t h a t  two b u i l d i n g s  cou ld  be found which a re  i d e n t i c a l  and 

s i t u a t e d  c l ose  t o  one another. I f  one o f  them i s  r e t r o f i t t e d  ( t h e  test 
b u i l d i n g )  and t h e  o the r  i s  no t  ( t he  re fe rence  b u i l d i n g ) ,  t h e i r  energy 

consumptions du r i ng  the  same pe r i od  can be measured and compared t o  one another. 

The above exper imenta l  design i s  r e f e r r e d  t o  a s  t h e  t e s t -  reference 

experiment. From t h e  formal ana l ys i s  below, i t  fo l l ows  t h a t  t h e  i d e a l  case t o  

use t h e  t e s t -  re fe rence  design i s  when the  f o l l o w i n g  cond i t i ons  a re  f u l ' f i l l e d :  

a) t h e  b u i l d i n g s  are r e a l l y  i d e n t i c a l  be fo re  r e t r o f i t , n o t  on l y  nomina l l y  so 

b) the  occupants o f  t h e  two b u i l d i n g s  behave i n  t h e  same way before t h e  

r e t r o f i t  and i f  they change t h e i r  behaviour  a f t e r  the  r e t r o f i t  t h i s  change 

i s  i d e n t i c a l  and o n l y  due t o  d i f f e r e n t  weather cond i t i ons  

c )  t h e  indoor  c l i m a t e  o f  the  two b u i l d i n g s  i s  t h e  same and t h a t  of t h e  t e s t  

b u i l d i n g  i s  the  same a f t e r  the  r e t r o f i t  as be fo re  

When t h e  t e s t  re fe rence  design i s  used, these unde r l y i ng  assumptions o r  

cond i t i ons  must always be v e r i f i e d  if the energy consumptions a lone a r e  measured ' 

and compared t o  one another. Otherwise unpred ic tab le  e r r o r s  w i l l  always be 

present .  

2)  NOW consider  another  p o s s i b i l i t y .  Assume t h a t  t h e  energy consumption, 

be fo re  and a f t e r  the  r e t r o f i t ,  i s  measured over  two equa l l y  l o n g  periods. 

Assume a l s o  t h a t  t h e  change i n  t h e  occupants behaviour i s  no t  due t o  the  

r e t r o f i t ,  o r  t h a t  the  weather cond i t i ons  can be neglected. 

The above exper imenta l  design i s  r e f e r r ed  t o  as t h e  be fo re -  a f t e r  

experiment. Ev i den t l y  t h e  i dea l  case t o  use t h i s  design i s  when t h e  f o l l o w i n g  

cond i t i ons  are f u l f i l l e d :  

a)  t h e  behaviour  o f  the  occupants does no t  change because o f  t h e  

r e t r o f i t  o r  f o r  o t h e r  reasons 

b) t h e  weather i s  the  same before and a f t e r  t h e  r e t r o f i t  

c )  t h e  indoor  c l i m a t e  i s  t h e  same be fo re  and a f t e r  t h e  r e t r o f i t  

AS f o r  t h e  p rev ious  method these assumptions must be checked if energy 

consumption a lone i s  measured. 



TABLE I 1  a-2 

Advantages and disadvantages of some comon exper imenta l  des igns 

Advantages Disadvantages 

Before- No reference b u i l d i n g  r e q u i r e d  Of ten  more than  one h e a t i n g  season 

a f t e r  r e q u i r e d  f o r  measurments 

Of ten l e s s  v a i i a t i o n  i n  behaviour  Running- in  and l e a r n i n g  p e r i o d  o f t e n  

of occupants than  i n  o t h e r  r e q u i r e d  t o  coun te rac t  i n i t i a l  

des igns change o f  behaviour  

The outdoor  environment i s  t h e  The ou tdoor  cl . imate i s  n o t  t h e  same 

same be fo re  and a f t e r  be fo re  and a f t e r  

The same model w i t h  t h e  same Requires a model t o  c o r r e c t  f o r  

parameter va lues  can be used f o r  d i f f e r e n c e s  i n  t h e  outdoor  c l i m a t e  

most components b e f o r e  and a f t e r  The measurement equipment must be 

t h e  r e t r o f i t  removed when r e t r o f i t t i n g  

Test -  One h e a t i n g  season s u f f i c e s  f o r  Reference b u i l d i n g  r e q u i r e d  

r e f e r -  measurements 

ence ' No d i f f e r e n c e  ' i n  environment and D i f f i c u l t  t o  v e r i f y  t h a t  occupancy 

ou tdoor  c l i m a t e  if t e s t -  and behaviour  i s  t h e  same i n  t e s t -  and 

re fe rence  b u i l d i n g s  c l o s e  re fe rence  b u i l d i n g s  

D i f f e r e n c e  i n  energy consumption D i f f i c u l t  t o  a s c e r t a i n  t h a t  t e s t -  

d i r e c t l y  assoc ia ted  w i t h  r e t r o f i t  and reference b u i l d i n g s  t e c h n i c a l l y  

e f f e c t  if b u i l d i g s  i d e n t i c a l  i d e n t i c a l  i n  a l l  respec ts  

The same model can be used f o r  Values o f  t h e  parameters can be 

most b u i l d i n g  components d i f f e r e n t  even if model i s  t h e  same 

,Requires c a l i b r a t i o n  phase i f  

prev ious ,d i f fe rence  i n  energy 

consumption 

~ e h a v i i r  o f  occupants i n  re fe rence  

b u i l d i n g  may change if known t h a t  

they  t a k e  p a r t  i n  an experiment 



TABLE I 1  a-2 (cont inued) 

Advantages Disadvantages 

On-off No reference b ldg  requ i red  

Can o f t e n  be performed i n  one 

heat ing  season 

The environment i s  the  same 

The same model w i t h  the  same 

parameter values can be used for  

f o r  most components i n  on- and 

o f f  s t a tes  

Long term changes o f  occupancy 

l e s s  important  than i n  o ther  

designs 

Requires r e v e r s i b l e  r e t r o f i t  

Time constants o f  b u i l d i n g  must be 

considered when l eng th  o f  on-off 

per iods  i s  chosen 

Outdoor c l ima te  du r i ng  on- and o f f  

per iods  may not  be t he  same 

Requires a  model t o  co r rec t  f o r  

d i f fe rences  i n  t he  outdoor c l i m a t e  

Short term reac t i ons  o f  occupants 

occupants may occur when swi tch ing  

from one s t a t e  t o  another w i t h  

unknown e f f ec t s  on consumption 

Dynamic model o f t e n  requ i red  

s imul-  Easy t o  study e f f e c t s  o f  var ious  Loss o f  in fo rmat ion  on behaviour .o f  

ated behaviour o f  occupants o r  t o  r ea l  occupants 

occup- perform parametr ic  s tud ies  of i t s  -. 
ancy in f luence on the  consumption 

Easy mon i to r ing  o f  t he  occupancy Expensive and d i f f i c u l t  t o  cons t ruc t  

schemes f o r  t he  simulated occupancy 

One b u i l d i n g  o f  a  k i nd  o f t e n  ~ x t r a  cos t  f o r  purchase o r  r e n t  o f  

s u f f i c e s  f o r  t he  experiment t h e  b u i l d i n g  

R e t r o f i t  e f f e c t  separable from i f  on ly  one b u i l d i n g  o f  a  k i n d  i s  

weather and occupancy e f f e c t s  used v a r i a t i o n  o f  outdoor c l i m a t e  

may be l i m i t e d  

Easy t o  study e f f e c t s  o f  No in fo rmat ion  on v a r i a t i o n  i n  

"standard occupancy schedulesc4 energy consumption due t o  vary ing  

h a b i t s  o f  occupants 



3)  A  t h i r d  design e x i s t s ,  s i m i l a r  t o  t he  before a f t e r  design, c a l l e d  the  

on- o f f  experiment. This one can be used when the  r e t r o f i t  i s  revers ib le .  The 

energy consumption i s  then measured dur ing  a  number o f  repeated on- o f f  cyc les,  

and the  consumption dur ing  t he  on- per iods i s  compared t o  t h a t  of the  o f f -  

per iods.  When t h i s  method i s  appl ied,  the  same cond i t ions  must be f u l f i l l e d  as 

when the before- a f t e r  method i s  used. 

4)  There a lso  e x i s t s  another design t h a t  i s  sometimes used. There a re  no 

occupants i n  the bu i l d i ng .  ~nst 'ead, the  presence o f  occupants i s  s imulated by 

a r t i f i c i a l  means. This design i s  re fe r red  t o  as a# .s imu la ted  occupancy 

experiment. By using t h i s  design i n  combination w i t h  the  t e s t -  reference 

design, the  e r r o r s  w i l l  be g r e a t l y  reduced. I t  might even be poss ib l e  t o  

perform the  s imu la t ion  so t h a t  t he re  w i l l  be no e r r o r s  a t  a l l .  

The above conclusions f o r  t he  d i f f e r e n t  experimental designs can fo rma l ly  

be obta ined as fo l lows:  l e t  C,B,W,I and A denote t he  values of the  respec t ive  

e n t i t i e s  du r i ng  a  measurement campaign on a  non r e t r o f i t t e d  b u i l d i n g  and l e t  

C t A C ,  B ~ A B ,  W+AW, I~AI and AtdA denote the' corresponding values o f  a  r e t r o f i t t e d  

bu i l d i ng .  One then has t he  formal r e l a t i o n  f o r  the  d i f f e r e n c e  i n  energy 

consumption between the o r i g i n a l  and the  r e t r o f i t t e d  b u i l d i n g :  

A C  = a C / a O + a O / a A + ~ A t ( a C / a B t a C / a o + a 0 / a ~ ) * ~ ~  t 

(ac/aw+Bc/ao*ao/aw)*iwt (aC/aItac/ao*aoWI)+AI 

I n  t h i s  r e l a t i o n  t he  term (aC/aBt ac /ao*  ao/aB)* AB can be i d e n t i f i e d  w i t h  t he  

r e t r o f i t  e f fec t .  The terms aC/aW'AW and a C / a I * A I  obviously descr ibe  the  change 

i n  energy consumption due t o  the  d i f f e r e n t  c l ima te  cond i t ions .  The remaining 

four  terms a l l  descr ibe  t he  in f luence exer ted by the  occupants. The terms 

aC/aO*aO/aW*Aw and a C / a O * a O / a  1.~1 descr ibe  t he  change i n  energy consumption due 

t o  a  v a r i a t i o n  of the  occupants- behaviour, coupled t o  t he  d i f fe rence between 

the  c l ima te  condi t ions.  The remaining term aC/aO+aO/aA*AA descr ibes o ther  

fac to rs  than 0, W and I which can i n f l uence  the  behaviour o f  t he  occupants. 

I n  a  t e s t -  reference experiment t he  d i f fe rence between t he  energy 

consumptions can, as AW=O, fo rma l ly  be expressed as 

d C = a C / a O * a O / a A + ~ A t ( a C / a B t a C / a O + a O / a s ) * ~ B t ( a C / a  I taC/aO*aO/al )*~ I 

From the  assumptions f o r  t h e  before-  a f t e r  design f o l l o w s ' t h a t  AA=O. One then 

has : 



If the  s imulated occupancy experiment i s  used i n  combination w i t h  t h e  t e s t -  

reference design, and t he  presence o f  t he  occupants i s  s imulated according t o  

t he  same r u l e s  as i n  t he  t e s t  and the  reference b u i l d i n g ,  one w i l l  have AW=O and 

A=O. As i n  t h i s  case a l s o  AI-0 and aO/aB=O, t he re  are no o the r  terms than the  

r e t r o f i t  e f f e c t .  

I n  Table 11 a-2 t h e  advantages and disadvantages o f  t he  experimental 

designs discussed above are summarized. It should no t  be fo rgo t ten  t h a t  o f ten  a 

combination o f  these designs i s  more e f f i c i e n t  'than t h e  choice. of a "pure" 

design. It i s ,  f o r  example, always va luab le  t o  have access t o  a reference 

b u i l d i n g  and t o  know the  previous consumption of energy. 

- use o f  models 

I t  w i l l  i n  general be necessary t o  use a model f o r  t he  t reatment  of t he  

da ta  de r i ved  from the  measurements on a r e t r o f i t t e d  bu i l d i ng .  The s implest  

models i n  use a re  t he  s t a t i c  ones. The most simple model approximates t he  

energy consumption of a r e s i d e n t i a l  b u i l d i n g ,  W, as a l i n e a r  2-parameter 

func t ion  of one va r i ab le ,  t he  indoor-outdoor a i r  temperature d i f f e r e n c e  AT, i.e. 

W=a+b*AT, where a and b a re  parameters. 

If themode l  i s  used f o r  p r e d i c t i v e  purposes i t  i s  o f t e n  r e f e r r e d  t o  as t he  

degree-day model. The v a r i a b l e  b i s  then ca l cu la ted  from the  b u i l d i n g  

c h a r a c t e r i s t i c s ,  and i t  g ives  an average value of the  heat conductance of the  

e x t e r i o r  wa l l s  o f  the  b u i l d i n g .  The parameter a i s  genera l l y  taken t o  be 

non-zero. Th is  then g ives  the  p o s s i b i l i t y  o f  t a k i n g  a l so  i n t o  account so la r  

r a d i a t i o n  and f ree  heat from i n t e r n a l  appl iances etc. 

If the  model i s  used f o r  d e s c r i p t i v e  purposes it i s  o f t e n  r e f e r r e d  t o  as 

the  enerqy s i gna tu re  of t he  bu i l d i ng .  The parameters a and b a r e  then 

determined from a f i t  t o  ac tua l  data on t he  energy consumption of the  bu i l d i ng .  

When t h i s  model i s  used, t he  temperature d i f fe rence AT  i s  gene ra l l y  taken 

as an average over a r a t h e r  long  pe r i od  o f  time. 

One should be aware o f  t h e  shortcomings of t h i s  model. The parameter b 

descr ibes an average t ransmi t tance  of the  b u i l d i n g  envelope. This might  no t  be 

a good approximat ion if d i f f e r e n t  p a r t s  of the  b u i l d i n g  envelope have very 



d i f f e r e n t  t r a n s m i t t a n c e s .  The parameter  a  d e s c r i b e s  a  'background" energy 

consumption by t h e  occupants ,  c o n t r i b u t i o n s  t o  t h e  h e a t i n g  o f  t h e  b u i l d i n g  f rom 

s o l a r  r a d i a t i o n ,  p a r t  o f  t h e  energy losses  due t o  i n f i l t r a t i o n  e t c .  Any o f  

these f a c t o r s  may n o t  be cons tan t  a t  a l l .  Some energy f l o w s  w i l l  n e i t h e r  be 

c o n s t a n t  no r  have a  l i n e a r  dependence on AT, o r  may be i n f l u e n c e d  by  o t h e r  

v a r i a b l e s .  The i n f i l t r a t i o n  may, e.g., have a  s t r o n g  dependence on t h e  wind 

speed and d i r e c t i o n ,  and t h e  energy l o s s e s  due t o  a  t h e r m a l l y  d r i v e n  

i n f i l t r a t i o n  w i l l  have a  s t r o n g e r  dependence t h a n  a  l i n e a r  one on AT. 

More complex models, w i n  t h e  parameters, have t h e  same s t r u c t u r e  as 

t h e  one d e s c r i b e d  above b u t  t h e y  a l s o  t a k e  i n t o  account  o t h e r  e x t e r i o r  c l i m a t e  

v a r i a b l e s  l i k e  wind speed, wind d i r e c t i o n ,  g l o b a l  r a d i a t i o n ,  and r a d i a t i v e  
I 

temperatures.  Models o f  t h i s  k i n d  a r e  i n  genera l  used f o r  e x p l a n a t i v e  o r  

p r e d i c t i v e  purposes. An example o f  such a  model i s  g i v e n  i n  Sonderegger- 

G a r n i e r  (1982). 

If one p r e f e r s  t o  use a  dynamic model i t  w i l l  be necessary  t o  t a k e  i n t o  

account  t h e  hea t  c a p a c i t y  o f  t h e  b u i l d i n g  components too.  The the rma l  

p r o p e r t i e s  o f  d i f f e r e n t  components o f  t h e  b u i l d i n g  e x t e r i o r ,  l i k e  w a l l s ,  r o o f  

and windows, a r e  then  o f t e n  model led s e p a r a t e l y .  I t  i s  a l s o  usual  t o  model t h e  

performance o f  t h e  h e a t i n g  system o f  t h e  b u i l d i n g .  Models o f  t h i s  k i n d  a r e  

o f t e n  v e r y  complex computer models. They o f t e n  no l o n g e r  have a  s i m p l e  

s t r u c t u r e ,  e.g. l i n e a r  i n  t h e  v a r i a b l e s  and /o r  parameters, b u t  they  c o n s i s t  o f  

a  s e t  o f  coupled non- l i n e a r  d i f f e r e n t i a l  equa t ions  which have t o  be s o l v e d  

s imu l taneous ly .  If t h e y  a r e  t o  be used f o r  a  p r e d i c t i v e  purpose t h e y  o f t e n  

r e q u i r e  as i n p u t  a ve ry  d e t a i l e d  knowledge about the '  t he rma l  p r o p e r t i e s  o f  t h e  

b u i l d i n g  components. As t h i s  knowledge i s  o f t e n  l a c k i n g ,  one has t o  pe r fo rm 

c a l c u l a t i o n s  w i t h  v a r y i n g  ' p h y s i c a l  p r o p e r t i e s  o f  t h e  b u i l d i n g  components, and 

t h e  model i s  used as a  s i m u l a t i o n  model. The i n d o o r  tempera tu re  i s  t h e n  o f t e n  

t r e a t e d  i n  one of  two ways. It i s  e i t h e r  t a k e n  t o  ' b e  c o n s t a n t ,  which 

cor responds t o  a  p e r f e c t l y  the rmos ta ted  b u i l d i n g ,  o r  i t  i s  f r e e - f l o a t i n g .  The 

i n d o o r  tempera tu re  i s  then  c o m p l e t e l y  determined by t h e  h e a t - f l o w  equa t ions  o f  

t h e  model. 

The models d i scussed  so f a r  have o n l y  taken  i n t o  account  t h e  p h y s i c a l  

p r o p e r t i e s  o f  t h e  r e s i d e n t i a l  b u i l d i n g .  But t h e  a c t u a l  energy consumption w i l l  

a l s o  t o  a  g r e a t  e x t e n t  be determined by  t h e  behav iou r  and h a b i t s  o f  t h e  

occupants ( see  ch. I V  c ) .  For  t h i s  t h e r e  does i n  genera l  n o t  e x i s t  any s imp le  

model. If f a c t o r s  o f  t h i s  k i n d  a r e  t o  be i n c l u d e d  i n  t h e  model one w i l l  have t o  

r e l y  on exper ience  and canmon sense. 



TABLE I 1  a-3 

Gu ide l ines  f o r  the  cons t r uc t i on  o f  a  model 

1) Make t h e  model as s imple as poss ib le .  Th is  w i l l  f a c i l i t a t e  

the  data c o l l e c t i o n  and the  ana l ys i s  

2)  Try t o  model each energy f l o w  separa te ly  

3),Choose t h e  parameters so t h a t  they have a  simple and 

d i r e c t  phys ica l  i n t e r p r e t a t i o n  

4 )  Le t  the  r e t r o f i t  be descr ibed by j u s t  one energy flow. Th is  

w i l l  make i t  e a s i e r  t o  es t imate  the  r e t r o f i t  e f f ec t .  

5 )  Use as few parameters as poss i b l e  t h a t  have t o  he assigned 

a  va lue  by a  f i t  t o  exper imenta l  data. Th is  w i l l  reduce the  

e r r o r  o f  t h e  parameter values determined i n  the  fit. 

Compare t h e  parameter va lue ob ta ined  i n  a  f i t t o  some o the r  

independent es t imate  of t h i s  va lue  i f  i t  i s  possib le.  This  

can g i v e  an i n d i c a t i o n  of the  goodness o f  the  model. 

7 )  If poss ib le ,  cons t r uc t  a  model t h a t  can be used a l s o  , f o r  

o t he r  bu i l d i ngs .  Th is  w i l l  make i t  eas i e r  t o  compare w i t h  

r e s u l t s  from o the r  experiments. However, t h i s  demand w i l l  

sometimes c o n f l i c t  w i t h  the  demand f o r  model s i m p l i c i t y .  



A general d iscuss ion  on the  use o f  models can be found ' in  Saaty- Alexander 

(1981). I n  Table I 1  a-3 we g ive  some gu ide l ines  f o r  the  cons t ruc t i on  o f  a  

model. However, i t  should be remembered t ha t ,  when dea l ing  w i t h  the  eva lua t ion  

of r e t r o f i t s ,  every experiment and every r e s i d e n t i a l  b u i l d i n g  i s  unique 'and 

there fo re  no model used i n  one experiment can be app l ied  i n  another experiment 

w i thou t  forethought .  Below are g iven some very simple examples on t he  use o f  

models. 

- Example 1 

Consider a  before-  a f t e r  experiment where one measures the  output  of the  

heat ing  system, W, and the  indoor-  outdoor temperature d i f f e r e n c e  AT. The 

b u i l d i n g  i s  r e t r o f i t t e d  by adding e x t r a  i n s u l a t i o n  t o  the  e x t e r i o r  wa l l s .  The 

t ime- r e s o l u t i o n  of the  experiment i s  one day. One can then, assuming t h a t  

t he re  i s  a  l i n e a r  r e l a t i o n  between W and AT, determine the  parameters a  and b  o f  

the model W=a+ b*AT. 

Assume, t h a t  f o r  the  before per iod,  we ob ta i n  W=a,+b,*AT and f o r  the  a f t e r  

pe r i od  W=a2 +b2'AT. The parameter b  should 'here descr ibe  the  average 

t ransmi t tance  o f  the  b u i l d i n g  envelope. As the  r e t r o f i t  cons is ts  of a  reduc t ion  

o f  t he  value o f  b, the  d i f f e rence  between bl and b? should descr ibe an 

improvement due t o  i n s u l a t i o n .  The parameter a, among o the r  th ings ,  descr ibes 

t he  f r e e  heat  from s o l a r  r a d i a t i o n  and energy consumption due t o  occupancy. 

Therefore, one should expect t h a t  al and a2 . take about the  same value ,unless,  

e.g., the  amount o f  s o l a r  r a d i a t i o n  has been very d i f f e r e n t  du r i ng  t he  two 

measurement per iods o r  t he  occupants have changed t h e i r  hab i ts .  

I f  bo th  measurement per iods are o f  the  leng th  t, the  t o t a l  consumption o f  

energy, E, w i l l  be 

E= I.W d t=  a' t t  b * i ~ T  d t  

The t o t a l  consumption o f  the  be fore  per iod ,  El, and t h a t  of t he  a f t e r  per iod ,  

E2, a re  then 

E1=al*ttblf i ~ T ( 1 )  d t  and E2=a2*ttb2'/AT(2) d t  



To eva lua te  t h e  r e t r o f i t  e f f e c t  one now has t o  c a l c u l a t e  what t h e  energy 

consumption of the  r e t r o f i t t e d  b u i l d i n g  would have been i f  the  outdoor  and 

i ndoo r  c l i m a t e  and t h e  behaviour o f  t h e  occupants, except f o r  changes o f  t h e  

behaviour  t h a t  can be d i r e c t l y  asc r ibed  t o  t h e  r e t r o f i t  i t s e l f ,  had been t h a t  o f  

t h e  before-  per iod.  Wi th t h i s  model i t  i s  o n l y  poss i b l e  t o  make a c o r r e c t i o n  

fo r  t h e  d i f f e r e n t  average outdoor- indoor  temperature d i f fe rence .  One then  not  

i n c l udes  the  e f f e c t s  of an eventual d i f f e r e n t  indoor  temperature i n  t h e  r e t r o f i t  

e f f e c t .  However, if e.g. t h e  amount o f  So la r  r a d i a t i o n  has been d i f f e r e n t ,  o r  

t h e  occupants have changed t h e i r  h a b i t s ,  bo th  f ac to r s  descr ibed by t h e  parameter 

a, t h e  e f f e c t  o f  changes i n  these f a c t o r s  i s  inc luded  i n  the  r e t r o f i t  e f f e c t .  

The r e t r o f i t t e d  b u i l d i n g  would then, accord ing t o  the  model, have consumed t h e  

energy 

I 
Ep=a2*t+b2*IAT(I) d t  

du r i ng  t h e  before per iod .  The temperature co r rec ted  d i f f e rence  i n  energy 

consumtion can then be c a l c u l a t e d  as (a -a2) * t  +(b -b ) * l A T ( l )  d t .  
1 1 2  

I f  one wants t o  es t imate  the  r e t r o f i t  e f f e c t  one has t o  c o r r e c t  a l s o  fo r  

f ac to r s  o the r  than t h e  indoor -  outdoor  temperature d i f ference.  I n  t h i s  case one 

has t o  c a l c u l a t e  what t h e  energy consumption of the  r e t r o f i t t e d  b u i l d i n g  du r i ng  

t h e  be fo re -  pe r i od  would have been i f  a l l  f a c to r s  had been i d e n t i c a l  except f o r  

the  r e t r o f i t ,  descr ibed by the  d i f f e r e n c e  i n  t h e  parameter b. This  then  means 

t h a t  the  parameter a would take  t h e  same va lue  du r i ng  t he -be fo re -  and t h e  a f t e r  

per iods.  Th is  can be arranged i f  a simultaneous f i t t o  data from bo th  pe r i ods  

i s  performed, a f i t  us ing  3 parameters, a, b, and b2. This  i s  c e r t a i n l y  no t  a 

s a t i s f a c t o r y  procedure if e.g. t h e  amount o f  s o l a r  r a d i a t i o n  has been very 

d i f f e r e n t ,  b u t  i t  i s  t h e  best  t h a t  can be achieved w i t h  t h i s  model. Assuming 

t hen  t h a t  t h e  parameter a takes  t h e  same value d u r i n g  t h e  be fo re -  and t h e  a f t e r -  

per iods,  t h e  r e t r o f i t  e f f ec t  i s  g iven  by 

(bl- b2)*JAT(1) d t  . 

- Example 2 

I n  t h i s  example we w i l l  t r e a t  a case where t h e  model i n c l udes  many energy 

f lows  b u t  s t i l l  i s  a s t a t i c  one. The r e t r o f i t  i n  t h i s  example i s  a r e t r o f i t  

package c o n s i s t i n g  o f  adding e x t r a  i n s u l a t i o n  t o  t h e  e x t e r i o r  w a l l s  and 

wea the rs t r i pp i ng  of doors and windows. A group of houses has a l ready  been 

se lec ted  f o r  t h e  r e t r o f i t .  A number o f  them a re  t o  be equipped w i t h  sensors. 



The number o f  such houses i s  determined from the  expected r e t r o f i t  e f f e c t  (see 

App. I 1  and 111). As on ly  one heat ing  season i s  ava i l ab le  f o r  the  

measurements, t he  t e s t -  reference design i s  t i  be used. The houses are d i v i ded  

i n t o  two groups, a t e s t  group of 20 houses which a re  t o  be r e t r o f i t t e d  and a 

re fe rence group of another 20 houses which a re  not  t o  be r e t r o f i t t e d  u n t i l  t h i s  

experiment has been f in ished.  

A l l  houses are  nominal ly  i d e n t i c a l  before t he  r e t r o f i t  and a re  s i t u a t e d  

c l ose  t o  one another, b u t  are no t  o r i en ted  i n  t h e  same d i r e c t i o n .  The houses 

are  e l e c t r i c a l l y  heated. The ho t  t ap  water i s  a l so  e l e c t r i c a l l y  heated. I t  i s  

on ly  poss ib l e  t o  record the  t o t a l  consumption of e l e c t r i c  energy (heat ing ,  ho t  

tap  water and appliances).' A l l  houses have a na tu ra l  ve ' n t i l a t i on  system. The 

s i t e  o f  the  houses i s  h i g h l y  exposed t o  the  wind. 

The aim o f  the  experiment i s  t o  determine t he  r e t r o f i t  e f fec t  on t he  energy 

consumption f o r  the r e t r o f i t  package and i f  poss ib l e  t o  separate the e f f e c t s  o f  

t he  increased i nsu la t i on ,and  the  increased a i r -  t i gh tness  o f  the  houses. A 

measurement equipment i s  chosen t h a t  a l lows the  measurement of va r i ab les  every 

hour, b u t  weekly averages are  t o  be used i n  t he  f i n a l  ana lys is  o f  the  

experiment. 

When es t imat ing  the  magnitudes o f  the d i f f e r e n t  energy flows i n  the  houses, 

i t  i s  found t h a t  f i v e  energy f lows have t o  be inc luded i n  t he  model : 

We= e l e c t r i c  energy consumption (heat ing ,  ho t  t ap  water and appl iances)  

Wr= s o l a r  and sky r a d i a t i o n  through t he  windows 

Wc= conduct ive and r a d i a t i v e  heat losses through t he  b u i l d i n g  envelope 

Wv= heat losses due t o  v e n t i l a t i o n  and a i r  i n f i t r a t i o n  

Wo- o the r  heat losses, i nc l ud ing  heat losses t o  t he  ground, heat  losses  

by a i r i n g ,  sewage water heat losses e tc .  

I t  i s  be l ieved t h a t  when averaged over a group of houses, Y o , i s  

approximately constant  i n  t ime and takes the  same value f o r  the  t e s t -  and the  

reference houses.   he model can then be expressed as 

It i s  obvious t h a t  i n  t h i s  model t he  term Yo inc ludes  most of the  v a r i a t i o n  

of energy consumption r e l a t e d  t o  the  hab i t s  of t he  occupants, i n  fac t  a l l  of i t  

except the  use of domestic e l e c t r i c i t y  and ho t  t ap  water. It i s  a l so  c l e a r  t h a t  



w i t h  t h i s  model i t  w i l l  no t  be poss ib l e  t o  separate t h e  e f f e c t s  o f  t he  two 

r e t r o f i t s  s t r i c t l y .  The d i f f e r e n c e  i n  the  t e n  Wc between t he  two groups w i l l  

descr ibe t h e  r e t r o f i t  e f f e c t  due t o  the  increased U-value o f  t he  i n s u l a t i o n  

wh i l e  the  d i f fe rence i n  the  term Wv w i l l  descr ibe  t he  e f f e c t  of the  increased 

a i r t i g h t n e s s  o f  t he  houses due t o  the  weathers t r ipp ing  and t he  increased 

a i r t i g h t n e s s  due t o  the  addlng o f  e x t r a  i n s u l a t i o n .  

The energy f lows o f  t he  model are now expressed i n  terms o f  va r i ab les  and 

parameters as: 

Wc = CC'  AT^' Ac where 

b ra=  t he  indoor-  outdoor a i r  temperature d i f f e r e n c e  

Cc = average heat t ransmi t tance  o f  the  b u i l d i n g  envelope 

Ac = area o f  b u i l d i n g  envelope 

2  112 
Uv = (Cv* v  + Ct*  AT^) 'Ca*  AT^* Ac where 

v  = wind speed 

Ca = vo lumet r i c  heat capac i ty  o f  a i r  

Cv and C t  a re  two parameters 

Wr = C r *  Ar ' Qr where 

Qr = t h e  amount o f  so l a r  and sky r a d i a t i o n  on a  v e r t i c a l  p lane fac ing  south 

Ar = t he  window area o f  a  house pro jec ted .on  a  v e r t i c a l  p lane fac ing  south 

C r  = shor t -  wave r a d i a t i o n  t ransmi t tance  o f  a  window 

The above r e l a t i o n s  a re  ra the r  s e l f -  explanatory,  bu t  the  expressions f o r  

t he  energy f lows Wv and Wr need some f u r t h e r  comments. For the  energy f low Wr 

one has assumed t h a t  most o f  the  so la r  and sky r a d i a t i o n  comes from the  south 

du r i ng  t h e  measurement campaign. The v a l i d i t y  of t h i s  assumption must o f  course 

be checked aga ins t  meteoro log ica l  data. One then  has t o  measure on l y  t he  

r a d i a t i o n  impinging on a  v e r t i c a l  p lane fac ing south. It i s  a l s o  assumed t h a t  

t he  parameter C r  i s  independent o f  t he  angle o f  inc idence between t he  r a d i a t i o n  

and t he  window. 

For t he  energy f l o w  Wv one has chosen a  non- l i n e a r  combination o f  the  wind 

speed v  and t h e  a i r  temperature d i f f e rence  hTa. The r a t e  o f . a i r  change i s  

assumed t o  be p ropo r t i ona l  t o  t he  f a c t o r  ( ~ v + v ~ + ~ t * A ~ a ) ' / ~  i t  i s  c l e a r  t h a t  f o r  

small wind speeds wv i s  p ropo r t i ona l  t o  ~ ~ a 3 1 2  w h i l e  wc i s  p ropo r t i ona l  t o  hTa. 

There w i l l  t he re fo re  be a  h i gh  degree o f  c o r r e l a t i o n  between Wc and Wv f o r  

per iods  when t he  wind speed i s  small. The use o f  t h i s  model there fo re  requ i res  



t h a t  the measurement campaign inc ludes  per iods  when the v e n t i l a t i o n  and a i r  

i n f i l t r a t i o n  a re  d r i v e n  more by the  r e s u l t i n g  wind pressure across the  house 

than  by stack e f f e c t s .  One has n o t  assumed any dependence on t h e  wind 

d i r e c t i u n .  This can be a  good approximat ion i f  s t rong  winds come predo~n inan t l y  

from one d i r e c t i o n  o r  if f o r  every house o f  t h e  t e s t  group t he re  i s  a  house of 

t he - re fe rence  group t h a t  has about t h e  same o r i e n t a t i o n .  

One now has t o  measure t h e  va r i ab l es   AT^, v  and Qr and the  heat  f low We. 

The e n t i t i e s  Ca, Ac and A r  a re  e i t h e r  known physica l  q u a n t i t i e s  o r  can be 

ca l cu l a ted  from the ,geomet r i ca l  p rope r t i e s  o f  the  houses. The parameters Cc, 

Cv, C t  and Cr have t o  be assigned a  numerical value. Here d i f f e r e n t  methods a re  

used. The sho r t -  wave t ransmi t tance  of the  windows, C r ,  i s  assigned a  value 

determined i n  l abo ra to r y  and f i e l d  experiments w i t h  windows o f  the  k i n d  found i n  

the  experiment houses. 

The value of t h e  p a r a m e t e r c t  i s  determined from measurements of t h e  r a t e  

of a i r  exchange i n  the  t e s t -  and reference-  houses du r i ng  the  hea t ing  season on 

occasions when t he re  i s  no wind and t h e ,  indoor-  outdoor  a i r  temperature 

d i f f e r e n c e  i s  r e l a t i v e l y  la rge .  I n  p r i n c i p l e  the  value of t h e  parameter Cv 

cou ld  have been determined i n  an analogous manner i n  t h e  summer on occasions 

w i t h  a. s t r ong  wind and no temperature d i f f e rence  between t h e  indoor  and the  

outdoor a i r .  However, t h i s  was not  done i n  t h i s  experiment as the  o r i e n t a t i o n s  

o f  the  t e s t  houses a re  n o t  exac t l y  the  same as those of the  re fe rence  houses, 

and one was a  l i t t l e  unce r t a i n  about t h e  e f f e c t s  o f  the  wind d i r e c t i o n .  

The values o f  Cc and Cv then have t o  be determined by a  f i t  t o  exper imenta l  

data. Due t o  the  n o n - l i n e a r i t y  o f  the  model i n  the  parameter Cv, i t  i s  not  

poss i b l e  t o  use a  l e a s t -  squares f i t  i n  t h i s  case, b u t  a  non- l i n e a r  f i t t i n g  

procedure has t o  be appl ied.  With t h e  approximations t h a t  have been made, the  

model i s  now l e s s  s u i t e d  t o  descr ibe  t h e  thermal performance of a  s i n g l e  house, 

b u t  should be used t o  descr ibe  t h e  "average" thermal performance o f  the  t e s t  and 

the  reference group respec t i ve l y .  

Below we w i l l  denote values belonging t o  the  reference group by unprimed 

symbols and values belonging t o  the  t e s t  group by primed symbols. One now has 

t o  determine t h e  r e t r o f i t  e f f ec t .  C l ea r l y  t h e  d i f fe rence  i n  energy consumption 

between. t h e  t e s t  and the  reference houses due t o  the r e t r o f i t s  i s  g iven  by 

Wc-Wc-+Wv-Wv- which i s  i d e n t i c a l  t o  We-We-tWr-Wr-,if one makes the  a  p r i h r i  

assumption t h a t  Wo takes t h e  same value f o r t h e  t e s t  and t h e  reference 'houses. 

However, one does n o t  want t o  i d e n t i f y  t h i s .  d i f f e r e n c e  i n  energy consumption 



w i t h  t he  r e t r o f i t  e f f e c t  as the  former inc ludes  e.g. t he  e f f e c t  o f  a d i f f e r e n t  

indoor  temperature i n  t he  t e s t  and the  reference houses. Instead one wants t o  

determine t he  values o f  t he  parameters Cc,Cc-,Cv and Cv- from a f i t  t o  data so 

t h a t  the  r e t r o f i t  e f f e c t  can be ca lcu la ted .  However, t he re  are s t i l l  two 

poss ib l e  approaches. 

The Simplest one i s  t o  assume t h a t  No takes t h e  same value f o r  t he  two 

groups o f  houses. By a simultaneous f i t  t o  data from the  t e s t  and t he  reference 

houses, one can determine t he  values o f  t he  above four  parameters and Wo=Wo-. 

I n  t h i s  case one w i l l  n o t  have any way o f  determining if the re  has been any 

change i n  t he  behaviour o f  the  occupants. The o t h e r  approach i s  t o  determine 

t he  values o f  Cc, Cv and Wo from a f i t  t o  data from the  reference houses, and 

apply t he  analogous procedure f o r  t h e  t e s t  houses. I n  t h i s  case the  d i f f e rence  

between Wo and Wo- i s  an i n d i c a t i o n  o f  a changed behaviour o f  the  occupants. 

However,this does no t  e f f e c t  the  c a l c u l a t i o n  o f  the  r e t r o f i t  e f f e c t ,  AM. I n  

bo th  cases above i t  w i l l  be g iven by 

If the  second approach above i s  fol lowed, the  r e t r o f i t  e f f e c t  can be 

ca l cu la ted  i f  Wo-Woe i s  small canpared t o  t he  magnitude o f  Wo, because i n  t h i s  

case i t  seems l i k e l y  t h a t  a l s o  t he  behaviour of the  occupants has been the  same. 

Then the  requirements f o r  the  c a l c u l a t i o n  o f  t he  r e t r o f i t  e f f e c t ,  t h a t  t h e t e s t  

and t he  reference b u i l d i n g s  are i d e n t i c a l  i n  a l l  respects,  are f u l f i l l e d .  The 

r e t r o f i t  e f f e c t  w i l l  then be g iven  by the  expression 

To check the  v a l i d i t y  o f  t h i s  model, t h e  f i t t e d  values o f  Cc and Cc- should 

be compared t o  t h e o r e t i c a l  values ca l cu la ted  from knowledge about the 

cons t ruc t i on  o f  the  bu i l d i ng .  At l e a s t  the  d i f f e rence  between Cc and Cc- ought 

t o  be we l l  determined as t h i s  i s  a r e s u l t  of t he  r e t r o f i t .  



- Example 3 

I n  t h i s  example we w i l l  descr ibe  t he  use of a  dynamic model i n  t he  

e v a l u a t i o n  o f  a  r e t r o f i t  package when the  on- o f f .des ign  i s  used. The r e t r o f i t  

package c o n s i s t s  o f  t h e  i n s t a l l a t i o n  o f  a  heat exchanger and t he  i n t r o d u c t i o n  o f  

n i g h t  se t  back. The experimental b u i l d i n g  i s  a  l a r g e  m u l t i -  f am i l y  r e s i d e n t i a l  

bu i ld ing .  The b u i l d i n g  i s  equipped w i t h  a  mechanical exhaust and supply 

v e n t i l a t i o n  system. The heat ing  system inc ludes an o i l -  f i r e d  burner, a  

c i r c u l a t i o n  pump and ho t -  water r a d i a t o r s  i n  t he  f l a t s .  The ho t  t ap  water i s  

genereted e l e c t r i c a l l y .  The b u i l d i n g  has two dominant facades, one o f  them 

fac ing south. When the  n i g h t  set  back i s  i n  opera t ion  no heat i s  de l i ve red  t o  

t h e  apartments f o r  e i gh t  hours, b u t  t he  c i r c u l a t i o n  pump i s  s t i l l  working, thus 

the  heat s to red  i n  t he  p ipes i s  g iven  o f f  t o  the  rad ia to rs .  The water o f  t h e  

furnace i s  kept a t  a  constant  temperature du r i ng  the  n i g h t  set  back. The 

. v e n t i l a t i o n  system i s  a f t e r  t he  r e t r o f i t  equipped w i t h  a  recupera t i ve  heat  

exchanger. 

AS the re  does not  e x i s t  any s u i t a b l e  reference b u i l d i n g  and on l y  one 

heat ing  season i s  a v a i l a b l e  f o r  the  measurements, the  on- o f f  design i s  t o  be 

used i n  t h i s  experiment. 

When es t imat ing  the  magnitudes o f  the energy f lows t h a t  cou ld  be inc luded 

i n  t he  model , 'one concludes t h a t  t h e  model should con ta i n  t he  heat f lows 

Wh = energy inpu t  from the  heat ing system 

Ws = heat s torage i n  the  b u i l d i n g  i n t e r i o r  and envelope 

We = e l e c t r i c  energy consumption 

Wr = s o l a r  and sky r a d i a t i o n  through the  windows 

Wc = conduct ive and r a d i a t i v e  heat losses through the  b u i l d i n g  envelope 

Wv = heat losses through t h e  v e n t i l a t i o n  system 

Wo = o the r  heat losses ' inc lud ing  heat losses t o  the  ground; heat  losses by 

a i r i n g ,  s o l a r  r a d i a t i o n  through t he  e x t e r i o r  wa l l s ,  d i s t r i b u t i o n  losses 

i n  the  heat ing system etc.  

The model i s  then wh+ We+ Wrs Wc+ Wv+ Ws+ Wo 

The working cond i t i ons  o f  t he  heat lng r e g u l a t i o n  system a re  such t h a t  the  

burner  w i l l  s t a r t  i f  t h e  temperature o f  the  water l e a v i n g  the furnace f a l l s  

below a  c e r t a i n  p rese t  temperature. The burner w i l l  remain on u n t i l  t he  

temperature of t he  water l eav ing  t he  furnace reaches another preset  temperature. 



The water l e a v i n g  the  furnace i s  mixed w i t h  p a r t  o f  the  r e t u r n  water before 

be ing  fed i n t o  the  pipes. The temperature and t he  f l ow  r a t e  of t he  supply water 

i s  af fected by t he  opera t ion  of a  mix ing  va lve  which c o n t r o l s  the  mix ing  o f  the  

r e t u r n  water  and t he  water l eav ing  t he  furnace. This va lve  w i l l  open o r  c lose  

depending on whether the  temperature of the  supply water f a l l s  below o r  exceeds 

c e r t a i n  temperature l i m i t s  determined by t he  outdoor a i r  temperature. The 

e f f ec t  o f  t he  burner va r i es  w i t n  t he  load. 

I n  o rder  t o  avo id  a  d e t a i l e d  mode l l ing  o f  t h i s  hea t ing  system, which by 

i t s e l f  would n o t  serve any purpose,' as the  heat ing  system has n o t  been subjected 

t o  any r e t r o f i t ,  one decides t o  i nc l ude  i n  t he  model on ly  t he  ne t  energy g iven 

o f f  by t he  neat ing  system. One then measures t he  temperature d i f f e r e n c e  between 

t he  supply water and the  r e t u r n  water and the  f l o w  ra te .  The energy f low Wh i s  

then, when the  n i gh t  set  back i s  n o t  i n  operat ion,  g iven by 

Wh = Cw* bTh* Qh where 

ATh = temperature d i f f e rence  between supply and r e t u r n  water 

Qh = f l ow  r a t e  of t he  heat ing  system 

Cw = vo lumet r i c  heat capac i ty  of water 

When t h e  n i g h t  se t  back i s  opera t ing  another model o f  the  heat ing  system i s  

used. The t o t a l  water  volume o f  t h e  p i p i n g  system i s  known. The t ime constant  

of the  heat ing  system i s  a l so  known. So when t he .n i gh t  se t  back i s  opera t ing  

and the  c i r c u l a t i n g  water  g ives o f f  i t s  heat t o  the  rad ia to r s ,  i t  i s  assumed 

t h a t  t he  temperature of t he  water f a l l s  of exponent ia l l y .  The energy f l ow  Wh i s  

then i n  t h i s  case g iven  by 

Wh = Cw* Vw' ATW* e x p ( - t / ~ )  where 

Vw = volume o f  water  i n  t he  p ipes 

ATW = average temperature d i f f e r e n c e  between t he  water and t he  indoor  a i r  when 

the  n i g h t  setback s t a r t s  

= the  t ime constant  of t he  heat ing  system. 

Dur ing the  f i r s t  hour a f t e r  the  n i g h t  se t  back some o f  the  heat g iven  o f f  

by t he  burner  is. used t o ' r a i s e  t he  temperature of t he  p i p i n g  system and the  

water conta ined i n  i t .  Dur ing t h i s  hour one assumes t h a t  t he  energy f low Wn i s  

g iven by 

Wh = Cwf(bThf Qh- V ~ A T W )  



E l e c t r i c  energy i s  used f o r  ho t  t ap  water and domestic e l e c t r i c i t y .  I t  i s  

assumed t h a t  only a  c e r t a i n  f r a c t i o n  o f  theconsumed e l e c t r i c i t y  w i l l  c o n t r i b u t e  

t o  t he  heat ing  of t he  b u i l d i n g  because o f  sewage water losses,  . a i r i n g  i n  

connection w i t h  cooking e tc .  The energy f l ow  We i s  then modelled as 

We = Ce* Ee where 

Ee = the  t o t a l  consumption of e l e c t r i c  energy 

Ce = t he  f r a c t i o n  c o n t r i b u t i n g  t o  t h e  heat ing  of t he  b u i l d i n g  

It i s  be l ieved t h a t  the  major c o n t r i b u t i o n  t o  t he  heat ing  of t he  b u i l d i n g  

from s o l a r  and sky r a d i a t i o n  cons i s t s  o f  i a d i a t i o n  through the  windows. As t h i s  

r a d i a t i o n  can be measured on the  i n s i d e  o f  a  window, t he  energy f low Wr i s  

modelled as 

Wr = Ar* q r  where 

Ar = window area o f  the  southern facade of the  b u i l d i n g  

p r  = impinging shor t -  wave r a d i a t i o n  measured on t he  i n s i d e  o f  a  window 

The energy f l o w  Wc i s  modelled as 

Wc = Cc* Ac * ATa where 

Cc = average heat t ransmi t tanc  o f  b u i l d i n g  envelope 

Ac = area of b u i l d i n g  envelope 

ATa = indoor-  outdoor a i r  temperature d i f fe rence 

The parameter Cc i s  assumed t o  be constant  i n  t ime. The thermal 

performance o f  t he  ex te rna l  w a l l s  i s  thus assumed t o  be s t a t i c ,  and thermal 

g rad ien ts  i n  t he  i n s u l a t i o n  a re  no t  taken i n t o  account i n  t h i s  model, a l though 

o the r  energy f lows o f  t he  model are dynamic. 

I n  the  v e n t i l a t i o n  system t h e  f l o w  r a t e  o f  t he  s u p p l i  a i r  i s  smal le r  than 

t h a t  of the  exhaust a i r .  This w i l l  c rea te  a  pressure i n s i d e  t he  b u i l d i n g  t h a t  . 
w i l l  enhance t h e  e f f e c t  o f  the  pressure on t he  windward s i de  of the  b u i l d i n g  b u t  

ins tead reduce the  f l ow  o f  a i r  through t he  leeward e x t e r i o r  wa l l .  The o v e r a l l  

e f f ec t  w i l l  i n  general be an increase o f  t he  uncon t ro l l ed  i n f i l t r a t i o n .  A  

v e n t i l a t i o n  system of t h i s  k i n d  w i l l  a l so  enhance t he  uncon t ro l l ed  i n f i l t r a t i o n  

due t o  stack e f f e c t s .  The heat  l o s s  caused by v e n t i l a t i o n ,  Wv, i s  expressed as 

/ 

Wv = Cat ATv *as where 

Ca = t he  volumetr ic  heat  capac i ty  o f  a i r  

ATv = the  temperature d i f f e r e n c e  between the  exhaust a i r  l eav ing  and t he  supply 



a i r  en te r i ng  t he  b u i l d i n g  ( o r  t he  heat exchanger i f  t h i s  one i s  i n  use ) 

QS = the  f l ow  r a t e  o f  the  supply a i r  

The heat  s torage i n  t he  b u i l d i n g  w i l l  t ake  p lace  ma in ly  i n  t h ree  b u i l d i n g  

components, the  heat ing  system, the  i n t e r i o r  o f  t he  b u i l d i n g  and t he  b u i l d i n g  

envelope. The heat  s to rage i n  t h e  heat ing system has been accounted f o r  i n  the  

energy .flow Wh. The energy f low Ws i s  model l e d  as 

Ws = CS' dT i  where 

Cs = a parameter desc r i b i ng  the  e f f e c t i v e  heat  capac i ty  o f  the  b u i l d i n g  

dT i  = t he  t emwra tu re  d i f f e rence  o f  t he  indoor  a i r  between two measurements 

The parameter Cs w i l l  i n  e f f e c t  descr ibe  no t  on l y  t he  heat  s torage of the  

b u i l d i n g  i n t e r i o r  ,but a l so  t h a t  of the  b u i l d i n g  envelope, as the  energy f l ow  

through t he  b u i l d i n g  envelope, Wc, was t r ea ted  as a s t a t i c  one. A; hou r l y  data 

are t o  be used i n  t he  ana lys is ,  t he  temperature d i f f e r e n c e  dTi w i l l  be t he  

d i f fe rence o f  t he  indoor  temperature between two consecut ive hours. The indoor  

temperature i s  measured i n  a number o f  f l a t s  determined by a procedure l i k e  t he  

one descr ibed i n  App. Ill. Because t h e  temperature t o  be used i n  a proper 

model should be t h a t  o f  t he  b u i l d i n g  f a b r i c ,  and not  t h a t  o f  t he  indoor  a i r ,  

which can f l u c t u a t e  r a p i d l y  due t o  s o l a r  r a d i a t i o n  through windows and heat  

.sources i n  t h e  apartments, i t  i s  important  t h a t  such f a c t o r s  do no t  a f f e c t  the  

measurement o f  the  indoor  a i r  temperature. 

The remaining heat  source Wo i s  assumed t o  be constant  i n  t ime and take  the  

same value du r i ng  t he  on- and the  o f f -  per iods.  This 1s probably a good 

approximat ion i n  t h i s  case, as much o f  the  poss ib l e  d i f f e rences  i n  t he  h a b i t s  o f  

the  occupants has been taken i n t o  account i n  the  energy f l o w  We. 

One then has t o  measure t he  temperature va r i ab les  ATh, ATa, A T v  and dTi ,  

t he  f low r a t e s  Qh and Qs, t h e r a d i a t i o n  Qr, and t he  e l e c t r i c i t y  consumption,Ee. 

The-parameters Ca and Cw a re  known phys ica l  p r o p e r t i e s  of a i r  and water, t he  

areas Ar and Ac can be ca l cu la ted  from the  b u i l d i n g  geometry. It has a l ready 

been descr ibed how the  parameters o f  t h e  heat ing  system Vw, r and ATW are  

assigned a value. It remains t o  assign a value t o  the.parameters Ce, Cc, Cs and 

t h e  energy f l o w  Wo. From prev ious  s tud ies  on s i m i l a r  b u i l d i n g s  i t  i s  known t h a t  

t he  .value o f  Ce i s  about 0.5'. This value i s  taken as i n p u t  t o  t he  model. The 

parameters Cc and Cs are  t h e  same d u r i n g t h e  on- and t h e  o f f -  periods. The 

values o f  Cc, Cs and Wo can now be determined i n  a simultaneous f i t t o  data from 

the  on-. and t he  o f f -  periods. A f i t  t o ' t h e  da ta  from the  o f f -  p e i i o d  a lone 



would probably r e s u l t  i n  a  very poor de te rmina t ion  of t h e  parameter Cs unless 

t he  swings o f  the  indoor temperature have been large.  The values o f  Cc and Cs 

should be compared t o  t h e o r e t i c a l l y  ca l cu la ted  values of these parameters frm 

knowledge about t he  cons t ruc t i on  of the  bu i l d i ng .  If the re  are la rge  

d iscrepancies between the  f i t t e d  and, t he  t h e o r e t i c a l  values, t he  under ly ing  

assumptions of the  model should be reviewed. 

One should now t u r n  t o  t h e  eva lua t ion  o f  t he  r e t r o f i t  e f f e c t .  I n  t h i s  case 

one has a  good model desc r i b i ng  t he  thermal performance of the  b u i l d i n g  i n  

r a t h e r  d e t a i l .  I t  t u rns  out  t h a t  t he  c a l c u l a t i o n  o f  the  r e t r o f i t  e f f e c t  meets 

w i t h  some d i f f i c u l t i e s .  Probably the  average indoor  temperature has been lower 

du r i ng  t he  on- per iods than du r i ng  t he  o f f -  per iods due t o  the  n i g h t  setback. 

The r e s u l t i n g  energy saving could a l so  have been achieved by s imply lower ing the  

indoor  temperature a l l  t he  t ime. So one would l i k e  t o  know what t he  e f f e c t  of 

t he  n i g h t  set  back had been i f  the  average indoor temperature had been t h a t  o f  

the  o f f -  per iod.  There i s  no simple way o f  e s t i m a t i n g  t h i s  w i t h  t h e .  above 

model. N; energy f l ow  can be d i r e c t l y  associated w i t h  t h e  e f f ec t  o f  t he  n i g h t  

setback. I n  a  sense the  model i s  too, complex f o r  the  eva lua t ion  o f  t he  r e t r o f i t  

e f f ec t  of the  n i g h t  setback, the  e f f e c t  of the  n i g h t  setback i s  d i s t r i b u t e d  

between t oo  many o the r  energy flows. 

One can c a l c u l a t e  t he  c o n t r i b u t i o n  t o  t he  heat ing from t h e h e a t  exchanger, 

bu t  on ly  f o r  t he  actual  indoor temperature o f  the  on- periods, n o t  what t h i s  

c o n t r i b u t i o n  would have been i f  t he  indoor temperature had been t h a t  o f  the  o f f -  

periods. This i s  so, because t he  temperature o f  the  exhaust a i r  en te r i ng  the  

heat  exchanger i s  no t  t he  same as the . indoor  temperature because o f  heat l o i s e s  

i n  t he  ducts. A c a l c u l a t i o n  using t he  temperature o f  the  o f f -  per iods as i npu t  

cou ld  have been performed i f  a  more complex model o f  the  heat  exchanger had been 

used and a l s o  the  temperatures o f  t he  supply a i r  en te r i ng  t he  heat exchanger and 

the  exhaust a i r  l eav ing  i t  had been measured. One would a l so  i n  t h i s  case 

requ i re  knowledge about the  e f f i c i e n c y  o f  t he  heat exchanger. 

The model i s  t oo  complex f o r  t he  es t imat ion  of t he  e f f e c t  o f  t he  n i g h t  

setback, bu t  t oo  simple f o r  the eva lua t ion  o f  the  e f f e c t  o f  t he  heat exchanger. 

A way out  o f  t h i s  dilemma i s  t o  use a  more soph i s t i ca ted  v a r i a n t  o f  t he  on- o f f  

design. One can l e t  o f f -  per iods  a l t e r n a t e  wi th  per iods  when on ly  one o f  t he  

r e t r o f i t s  i s  on and w i t h  per iods when b o t h ' r e t r o f i t s  are on (see Cox 1958). 



- Example 4 

I n  t h i s  example we w i l l  decr ibe  a case when a model, l i n e a r  i n  t he  indoor-  

outdoor temperature d i f f e r e n c e  AT, had t o  be mod i f ied  by the  i n c l u s i o n  of a non- 

l i n e a r  term. 

The experimental b u i l d i n g s  a re  s i t ua ted  a t  a h igh  l a t i t u d e .  A before- 

a f t e r  experiment was c a r r i e d  ou t  on a group o f  detached s i ng le -  fami ly  dwe l l i ngs  

du r i ng  two.heat ing  seasons. The r e t r o f i t  cons is ted  o f  t h e  i n s t a l l a t i o n  of heat  

exchangers i n  the  exhaust and supply v e n t i l a t i o n  system, and t he  replacement o f  

double- g lazed windows by t r i p l e -  glazed. 

One recorded t he  weekly averages o f  indoor  temperature, outdoor 

temperature, consumption of e l e c t r i c i t y  f o r  ho t  t ap  water, household 

e l e c t r i c i t y ,  and t he  energy suppl ied by t he  heat ing  system and t he  heat  

exchanger du r i ng  t he  heat ing  season ( 9  months). The f low-  r a t e  o f  t he  

v e n t i l a t i o n  system was f i xed  du r i ng  t he  experiment, and was measured a t  two 

occasions i n  bo th  hea t i ng  seasons. Tracer gas measurements were a l s o  perfonned. 

It was est imated t h a t  t he  a i r  exchange due t o  i n f i l t r a t i o n  never exceeded t e n  

per  cent  o f  t he  a i r  exchange forced by the  v e n t i l a t i o n  system. One would then 

expect t h a t  the  t ransmiss ion  and v e n t i l a t i o n  losses would be l i n e a r  i n  8T. 

I t  was found t h a t  the  energy used f o r  hea t ing  was no t  as l i n e a r  i n  AT  as 

expected, n e i t h e r  f o r  t he  be fore  pe r i od  nor  f o r  t he  a f t e r  per iod .    he situation 
was even worse i f  the  consumed e l e c t r i c  energy was added t o  the  energy for 

heating. 

At  f i r s t  i t  was be l ieved t h a t  t he  observed e f f e c t  cou ld  be exp la ined  by the  

neg lec t  of s o l a r  r a d i a t i o n  i n  the  energy balance of t he  bu i l d i ng .  However, a 

rough est imate showed t h a t  t h i s  c o u l d ' o n l y  account f o r  p a r t  o f  t he  observed 

e f f e c t .  Another argument, i n  favour of a more complicated explanat ion,  was t h a t  

a f i t  l i n e a r  i n  A T  was no t  acceptable even if data from per iods  w i t h  a st rong.  

s o l a r  r a d i a t i o n  were excluded from the  data set .  One there fo re  perfonned a more 

d e t a i l e d  study o f  t he  energy balance of t he  bu i l d i ng .  

One wanted t o  est imate,  among o ther  th ings ,  t he  c o n t r i b u t i o n  t o  the  energy 

balance o f  t h e  b u i l d i n g  from heat  losses t o  t he  ground, pene t ra t i on  o f  s o l a r  

r a d i a t i o n  through t he  windows, and i n f i l t r a t i o n  losses due t o  wind. No 

measurements had been performed o f  these var iab les .  The es t imate  there fo re  had 
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t o  be based on da ta  reco rded  a t  t h e  m e t e o r o l o g i c a l  s t a t i o n  c l0SeSt  t o  t h e  

b u i l d i n g  s i t e .  

One p l o t t e d  t h e  e s t i m a t e d  t r a n s m i s s i o n  l o s s e s  t o  t h e  ground, t h e  e s t i m a t e d  

s o l a r  r a d i a t i o n  th rough  windows, t h e  average wind speed, t h e  a c t u a l  consumption 

o f  e l e c t r i c i t y  f o r  h o t  t a p  wa te r ,  and t h e  a c t u a l  consumpt ion o f  household  

e l e c t r i c i t y  versus t h e  number o f  t h e  week. 

I t  was found t h a t  a l l  t h e  p l o t t e d  v a r i a b l e s ,  excep t  f o r  t h e  consumpt ion o f  

h o t  t a p  w a t e r ,  which was c o n s t a n t  d u r i n g  t h e  measurement p e r i o d ,  c o u l d  be w e l l  

d e s c r i b e d  as  f u n c t i o n s  o f  t i m e  by  a  c o n s t a n t  p l u s  a  t r i g o n o m e t r i c  f u n c t i o n  (see 

f i g .  I 1  a-2) .  I t  was, thus ,  b e l i e v e d  t h a t  many energy f l o w s c o u l d b e  

rep resen ted  by an e x p r e s s i o n  c o n t a i n i n g  a  t e r m  p r o p o r t i o n a l  t o  s in2n /52 (n -no )  

p l u s  a  c o n s t a n t ,  where n  i s  t h e  number o f  t h e  week and no  i s  a  phase. As a  sum 

of  exp ress ions  o f  t h i s  k i n d  can be w r i t t e n  i n  t h e  same manner, t h e  model was 

m o d i f i e d  t o  

E = a  t  AT + ~ E * ~ i n 2 d 5 2 * ( n - n ~ )  

where 

E  = energy used f o r  h e a t i n g  

n  = t h e  number o f  t h e  week 

AT= t h e  i n d o o r -  ou tdoor  tempera tu re  d i f f e r e n c e  

and a,b,AE, and no  a r e  parameters  o f  t h e  model,  whose va lues  a r e  t o  be 

de te rm ined  by  a  f i t  t o  exper imen ta l  data .  

It was then  found t h a t ,  u s i n g  t h i s  model, a  s a t i s f a c t o r y  f i t  t o  

exper imen ta l  d a t a  c o u l d  be ob ta ined .  
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I 1  b  On-off experiments 

Desc r i p t i on  o f  the o n - o f f  experiment 

The on -p f f  experimental design can be used .whenever the  r e t r o f i t  i n  a  

r e s i d e n t i a l '  b u i l d i n g  cons is ts  of t he  i n t r o d u c t i o n  o f  a  system, o r  a  component o f  

an a l ready e x i s t i n g  system, t h a t  can a t  w i l l  be e i t h e r  tu rned on o r  switched 

o f f .  The r e t r o f i t  can a l s o  cons i s t  of a. new way o f  opera t ing  an a l ready 

e x i s t i n g  system. Examples o f  such systems, o r  components of systems, a re  

heat ing  systems, v e n t i l a t i o n  and a i r - c o n d i t i o n i n g  systems, heat  exchanger, heat 

pump, and s o l a r  energy systems. 

The use o f  the  on-off experiment o f f e r s  several advantages. Regarding t h e  

enviroment of the  b u i l d i n g  and the exposure t o  outdoor c l imate ,  the  b u i l d i n g  

w i l l  be i t s  own reference. The l eng th  o f  the  pe r i od  when t he  system i s  i n  an on 

o r  o f f  s t a t e  can be chosen t o  s a t i s f y  t he  specia l  regquirements o f  the  

experiment i n  quest ion.  If t h i s  pe r i od  i s  shor t  enough, i t  w i l l  be poss ib l e  t o  

go through several on-of f  cyc les.  I f  the  number of such cycles i s  large,  a  

s t a t i s t i c a l  t reatment  o f  t he  r e s u l t s  becomes possib le.  I n  many cases i t  may 

then be poss ib l e  t o  reduce the extension and cos t  of the  measurements compared 

t o  when, e.g., the  be fo re -a f t e r  method i s  used. 

The l eng th  o f  t he  per iod  when the  b u i l d i n g  i s  i n  an on o r  o f f  s t a t e  should, 

i n  an i dea l  case, be g rea ter  than c h a r a c t e r i s t i c  t ime constants o f  t he  b u i l d i n g  

and systems of the  b u i l d i n g ,  bu t  sho r t e r  than the  t ime requ i red  f o r  a  change i n  

the  average values o f  environmental parameters. 

The value o f  such t ime constans can vary much between bu i l d i ngs .  The t ime . 
constant  o f  t he  thermal capac i ty  o f  a  b u i l d i n g  may, depending o f  course a l so  on 

t he  degree of insu la t ion ' ,  be o f  the  order  o f  one day f o r  a  b u i l d i n g  o f  1  i g h t  

cons t ruc t i on ,  bu t  be a  week o r  more f o r  a  b u i l d i n g  of very heavy cons t ruc t ion .  

I f  t h e - b u i l d i n g  s tud ied  has t y p i c a l  t ime-constans o f  t he  o rder  o f  one day, 

t he  leng th  of t he  pe r i od  mentioned above should comprise a t  l e a s t  a  few days. ' 
If i t  i s  o f  the  order  o f  one week, o r  shor te r ,  i t  w i l l  be poss ib l e  t o  go through 

several c yc l es  o f  measurements dur ing  one heat ing  season. I t  may be poss ib l e  t o  

get an average c l i m a t e  f o r  t he  on-periods which i s  c lose  t o  t h a t  o f  the 
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o f f -per iods.  One may a l so  have measurements from d i f f e r e n t  c l ima te  s i t u a t i o n s  

f o r  t he  on as we l l  as f o r  the  o f f  periods. What has been discussed so f a r  i s  

v a l i d  independently whether the experiment i s  c a r r i e d  ou t  i n  an i nhab i t ed  o r  an 

uninhabi ted bu i l d i ng .  

Regarding the  i n f l uence  from occupancy, the  on-off experiment i s  a l so  an 

advantageous method. If . t h e  t ime o f  the  on-off cyc le  i s  shor t  enough, the 

occupants a re  g iven t h e  p o s s i b i l i t y  t o  experience t he  p r e v a i l i n g  cond i t ions ,  

du r i ng  the  on as we l l  as the o f f  per iods,  several times du r i ng  a  comparatively 

shor t  i n t e r v a l  o f  time. I n  t h i s  way t he  occupants may e v e n t u a l l y  ge t  used t o  

t he  s h i f t i n g  cond i t ions ,  and no longer  n o t i c e  whether t he  on o r  o f f  s t a t e  i s  

p reva len t  f o r  the  moment. This w i l l  of course no t  be t r u e  if the  indoor  c l ima te  

i s  very d i f f e r e n t  du r i ng  t he  on- and off-periods. 

I n  cases when t he  behaviour o f  the  occupants i s  q u i t e  d i f f e r e n t  dur ing  the  

on and the  o f f  per iods,  e.g., if the indoor temperature i s  h igher  du r i ng  the  on 

per iods  and t h i s  leads t o  a  more frequent a i r i n g ,  t h i s  behaviour du r i ng  t he  on 

pe r i od  would be the  same i f  the  on s ta te  were permanent. This behaviour of the  

occupants must i n  t h i s  case be considered t o  be p a r t  o f  the  na tura l  i n t e r a c t i o n  

between occupant, b u i l d i n g  and enviroment. 

One should, however, be aware t h a t  the  d i f fe rence between t he  cond i t i ons  

du r i ng  t he  on- and t he  o f f - s t a t e  may be such t h a t  the  occupants need a  very long  

t ime  t o  adapt themselves t o  t h e  new s i t u a t i o n  a f t e r  a  change o f  s ta te .  If t h i s  

i s  so, the  behaviour of the  occupants w i l l  c l e a r l y  in f luence energy consumption. 

I f  t h i s  i n f l uence  can be expected t o  be so l a r g e  t h a t  i t  i s  of the same order  o f  

magnitude as the  expected d i f f e rence  i n  the  observerd energy consumption, i t  

w i l l  not  be poss ib le  t o  use the  on-o f f  experiment as descr ibed above. I n  t h i s  

cse one w i l l  e i t h e r  have t o  advice a  method t o  measure o r  est imate the  in f luence 

o f  the  occupants, perform the  measurements i n  an un inhab i ted  bu i l d i ng ,  o r  choose 

an experimental design, where t h i s  i n f l uence  i s  minimized. Whether t h i s  i s  

poss ib le  c a n o n l y  be determined case by case. 

I t  w i l l  i n  most cases be necessary t o  make a  co r rec t i on  i n  r e l a t i o n  t o  

c l i m a t i c  d i f ferences.  This c o r r e c t i o n  . i s  most ,  e a s i l y  performed i f  an 

appropr iate model of the i n t e r a c t i o n  between the b u i l d i n g  and the  ex te rna l .  

c l ima te  i s  used. 



I t  f o l l ows  from what has been discussed above t h a t  the  use o f  t h e  on-off 

method o f f e r s  no spec ia l  problems w i t h  regard t o  t h e  v a l i d i t y  o r  the  accuracy o f  

t h e  method, poss i b l y  w i t h  one except ion.  This  excep t ion  i s  tha t ,  t h e  b u i l d i n g  

has some p rope r t i e sunknown  t o  the  i n v e s t i g a t o r ,  p r o p e r t i e s  t h a t  are speci f i ;  t o  

t h e  experimental,  b u i l d i n g  b u t  no t  t o  o ther ,  s i m i l a r ,  b u i l d i n g s .  I f  t h i s  i s  the  

case, t h e  l ack  o f  a  reference b u i l d i n g  migh t  be d isas t ruous  f o r  t h e  outcome O f  

t h e  experiment. It i s  t h e r e f o r e  always o f  v a l u e . t o  have access t o  one o r  more 

reference b u i l d i n g s  even if t h i s  i s  n o t  per  se r equ i r ed  f o r  t h e  use of t h e  

on-off method. 

The use o f  t h e  on-of f  method i s  i l l u s t r a t e d  below w i t h  3 s imple examples. 

The f i r s t  o f  these i l l u s t r a t e s  t h e  i n f l u e n c e  o f  t h e  t ime cons tan ts  o f  the  

bu i l d i ng .  

- Example 1 

I n  t h i s  example t h e  accuracy o f  t h e  on -o f f  experiment w i l l  be i l l u s t r a t e d  

w i t h  a  few s imple eases. We have chosen t o  d iscuss  the  use o f  the  on -o f f  

experiment i n  experiments t o  determine the  e f f i c i e n c y  of n i g h t  set-back. 

I n  t h i s  case we w i l l  c a l c u l a t e  the  r a t i o  o f  t h e  observed energy saving and 

t h e  t h e o r e t i c a l  energy saving and t h i s  e n t i t y  w i l l  be denoted by  a. These 

c a l c u l a t i o n s  a re  in tended t o  fe rve  as examples o f  t h e  k i n d  o f  ana l ys i s  t h a t  

should preceed every experiment where t h e  on- o f f  method i s  used. 

We w i l l  f i r s t  d icuss  the  case of a  r e s i d e n t i a l  b u i l d i n g  equipped w i t h  a  

thermostat  r e a c t i n g  on t h e  indoor  temperature Ti. The hea t ing  system can supply 

a  maximal heat ou tpu t  o f  PnaX. The thermostat  has two se t t i ngs ,  T  amd T-. 

Dur ing  t h e  day t h e  heat ou tpu t  w i l l  be Pmax i f  t h e  indoor  temperature f a l l s  

below T+. If ' t he  indoor  temperature reaches t h e  va lue  T+ t h e  heat ou tpu t  w i l l  

be such t h a t  Ti i s  kep t  a t  t h i s  l e v e l .  A t  n i g h t  no heat w i l l -  be supp l ied  if T, 

i s  g rea te r '  than  T-. If Ti f a l l s  below T-, su f f . i c i en t  heat w i l l  be supp l ied  t o  

keep Ti a t  t h i s  l e v e l .  It i s  f u r t h e r  assumed t h a t  t h e  heat losses  o f  t h e  

b u i l d i n g  a re  p ropo r t i ona l  t o  the  indoor-outdoor  temperature d i f f e r e n c e  w i t h  a  

p r o p o r t i o n a l i t y ,  cons tan t  ki, and t h a t  t h e  heat capac i t y  o f  t h e  b u i l d i n g  i s  Ci. 

The outdoor  temperature w i l l  be denoted by To and i s  assumed t o  be constant .  

The heat  ou tpu t  du r i ng  t h e  day w i l l  then  be P=ki*(T+-To) i f  Ti- T+. 



We w i l l  assume t h a t  the thermostat s e t t i n g  i s  such t h a t  the  day- and the  

n i g h t  pe r i od  are of equal  length,^, ( i n  t h i s  caser,= 12 h) .  The l eng th  of 

t he  on- and o f f  per iods  o f  t he  experiment i s  2Nr, ( i  .e. N days). 

To d im in i sh  the i n f l uence  o f  t he  heat capac i ty  o f  the  b u i l d i n g  on the  

energy consumption o f  an on- o r  o f f -per iod ,  one can neg lec t  t he  f i r s t  No days 

of each per iod.  Whena i s  determined, one w i l l  then take  i n t o  account on ly  t he  

energy Consumption of t h e  l a s t  (N - No) days of each on- and o f f  per iod .  The 

on- and o f f - pe r i ods  are assumed t o  s t a r t  w i t h  a  n i gh t .  

If the  indoor temperature reaches t h e  value T+ du r i ng  t h e  o f f -per iod ,  one 

can d i s t i n g u i s h  four  cases. 

a) The f i r s t  n i g h t  o f  t he  on- per iod  T i  does not  f a l l  t o  T-. During t he  n e x t  

day t he  heat  ou tpu t  Pmax i s  s u f f i c i e n t  t o  r a i s e  Ti to,Tt. The development qf 
T i i s  then the  same fo r  a l l  days o f  t he  on-period and Ti takes t he  value T+ 

du r i ng  t he  whole of f -per iod.  

b)  The temperature T i  f a l l s  t o  T' du r i ng  t he  f i r s t  n i g h t  of t he  on-period and 

reaches the  value T+ du r i ng  t he  f o l l ow ing  day. I n  t h i s  case t he  change i n  Ti 

i n  t ime  i s  a lso  t h e  same f o r  a l l  days o f  the  on-period and Ti i s  e q u a l ~ t o  T+ 

du r i ng  t he  o f f - pe r i od .  

c )  The temperature Ti f a l l s  t o  T- du r i ng  t he  f i r s t  n i gh t  o f  the  on-period, bu t  

the  heat ou tpu t  Pmax i s  no t  s u f f i c i e n t  t o  r a i s e  Ti t o  T+ dur ing  the  f o l l ow ing  

day. The development o f  Ti w i l l  be the  same fo r  a l l  days o f  the  on-period bu t  

t h e  f i r s t  one. The indoor  temperature w i l l  not  be equal t o  T+ f o r  a l l  of the  

o f f -per iod .  

d) The indoor  temperature does not  f a l l  t o  T- dur ing  the  f i r s t  n i g h t  and does 

n o t  reach a  value of T+ du r i ng  the  f i r s t  day. The development of Ti i n  t ime 

w i l l  be d i f f e r e n t  f o r  each day of the  on-period, and Ti w i l l  not  be equal t o  T+ 

except f o r  p a r t  of t he  of f -per iod.  

The development i n  t ime o f  the  indoor temperature Ti i n  t he  four  ' cases 

l i s t e d  above i s  i nd i ca ted  i n  f i g .  I 1  b-1. For a  g iven r e s i d e n t i a l  b u i l d i n g  and 

f i x e d  values of Pmax, T t ,  and T-, more than one of these four  cases can occur 

depending on the  value o f  the  outdoor temperature TO. 



I n  t h e  cases a) and b )  t h e  observed energy saving w i l l  always be equal t o  

t he  t h e o r e t i c a l  energy saving s o a  w i l l  be i d e n t i c a l l y  1. I n  case c )  a w i l l  

i n  general be c l ose  t o  1  i f  t he  energy consumption o f  t he  f i r s t  day o f  t he  on- 

and ,o f f - pe r i ods  i s  excluded when n i s  ca lcu la ted .  

The case d) requ i res  a  f u r t h e r  treatment. The t h e o r e t i c a l  energy 

consumption if the on-s ta te  were permanent would be equal t o  (N-Ne)*~,'Pmax.'and 

i f  t he  o f f - s t a t e  were permanent the  energy consumption would be 

~ ( N - N o ) * I ~ * ~ ~ * ( T ~ - T ~ ) .  The t h e o r e t i c a l  energy saving would thus be equal t o  

(N-N.)'ro'(2kiTt - 2kiTo - Pmax). 

The observed energy consumption du r i ng  t he  on-period i s  the  same as t he  

t h e o r e t i c a l  one, i.e. (N-No)*To*Pmax 

If i t  i s  assumed t h a t  T i  reaches t he  value Tt a t  t he  t ime tS, tS> 2 N o f ~ o .  

a f t e r  t he  o f f -per iod  s t a r t s ,  t he  observed energy consumption of the  o f f -  pe r i od  

w i l l  be equal t o  

P,,,,,*(tS - 2Noro) + (Tf - To)*(2Nro - t S ) .  

The observed energy saving i s  thus equal t o  

ki'(Tt - To) ( 2  Nro - t S )  + Pmaxt(ts - Nro - N o ~ o ) .  

If the r a t i o  Pnax/ki(T+- To) i s  denoted by r, the  value o f  a i s  

e =  1 + ( r  - 1) ( ~ S / T O  - 2  No)/(N - N0)(2 - r )  

C lea r l y  t h i s  case can on ly  be r e a l i z e d  when 1  tr < l +exp ( - ro / r )  where I =C i / k i  

i s  t he  t ime constant  o f  the  bu i l d i ng .  

For t he  two extremes t S =  0  ( i .e .  a l so  No= 0) and t S =  2  Nro, the  values of 

a equal t o  1  and r / ( 2 - r )  r espec t i ve l y  are obtained. I t  i s  obvious t h a t  i f  one 

wants a  value o f  a c lose  t o  1 one should e i t h e r  take  2No c l ose  t o  ts/ro o r  

t ake  N la rge .  

e ) I n  t h i s  case we assume t h a t  t he  res i den ta l  b u i l d i n g  i s  equipped w i t h  a  water 

r a d i a t o r  system. The temperature of the  feed water i s  va r i ed  du r i ng  t he  day so 

t h a t  a  n i g h t  temperature set-back i s  ob t i i ned .  It w i l l  a l so  be assumed t h a t  the  

outdoor temperature, i o ( t ) .  v a r i e s , i n  an a r b i t r a r y  manner du r i ng  t he  day and 

t h a t  t he re  i s  a  f ree  heat gain, Q f ( t ) ,  t h a t  a l so  v a r i e s i n  an a r b i t r a r y  manner 

du r i ng  t he  day. The heat t r a n s f e r  t o  the  b u i l d i n g  from the  heat ing system i s  

assumed t o  be p ropo r t i ona l  t o  t he  d i f f e rence  between t he  feed water temperature. 

T h ( t ) ,  and the  indoor  temperature, T i ( t ) ,  w i t h  a  p r o p o r t i o n a l i t y .  constant  kh. 

The heat losses o f  t he  b u i l d i n g  a re  assumed,to be p ropo r t i ona l  t o  t he  d i f fe rence 

between the  indoor  and outdoor temperature w i t h  a  p ropo r t i ona l y  constant  k,. 

The indoor  temperature i s  then determined by t he  equat ion 



The l eng th  o f  the  n i g h t  set-back i s  assumed t o  be r0=12 h. For s i m p l i c i t y  

a l so  assume t h a t  t he  v a r i a t i o n  of t he  feed water temperature T h ( t )  i n  t ime i s  

ant isymmetr ic  w i t h  respect  t o  t he  t ime of the  onset o f  t he  n i g h t  set-Lack. The 

feed water  temperature can then be represented by t h e  ser ies .  

~ ~ ( t )  = ih + E, ,AT~(~ '  s i n  wn t  

where ih i s  the  average temperature o f  the  feed water, w=n/ro and  AT^(^) 
a re  coe f f i c i en t s .  The indoor  temperature Ti w i l l  then l a r y  dur ing  the  

experiment as shown i n  f i g .  I I b - 1  if the  feed water temperature has a square 

wave form. The feed water temperature dur ing  the  o f f - p e r i o d  i s  assumed t o  be 

equal t o  t he  maximum feed water temperature o f  t he  on-period. I t  can thus be 

shown t h a t  t he  r a t i o  o f  the  observed energy saving and t he  t h e o r e t i c a l  energy 

saving, a, w i l l  be independent of t he  outdoor temperature T o ( t )  and t he  f ree  

heat  Q f ( t ) .  One obta ins 
2 2 2  

a = 1 + ~ ( 1  + L,AT~(" wnr/(w n r ) )/(Th(max) - i h )  

where Th(max) i s  t he  maximal feed water temperature dur ing  t he  day, and T ,  t he  

t i n e  constant  of t he  b u i l d i n g ,  i s  equal t o  l / ( k i  + kh)  , and 

T i  and To a r e  t h e  average of t h e  indoor  and the  outdoor temperature, 

respec t ive ly .  I f  t he  feed water temperature i s  assumed t o  have'a s imple 

square-wave form such as 

Th = Th - nTh f o r  0 < t < 
Th = ih +  AT^ f o r  ro  < t < 2 r0  

the  above s i m p l i f i e s  t o  

a = 1 + 2*6/(1 + exp( ro/r1 I 
if the  on- pe r i od  s t a r t s  by a n i gh t ,  and 

a = 1 + Z f 6 / ( l  + exp( r O / r )  ) 

i f  t he  on-period s t a r t  w i t h  a day. 

A few r e s u l t s  should be s t ressed i n t h i s  case 

1)  a i s  always g rea te r  than 1, so t he  energy-savinq i s  overestimated. 

(Th i s  was t r u e  a l s o  i n  t h e  cases a) - d l  above). 

2) I t  i s  favourable t o . s t a r t  t he  on-period w i t h  a n i gh t .  

3)  a w i l l  be c l o s e r  t o  1 i f  N o r  No a re  increased. However, i f  N i s  increased, 

a w i l l  approach 1 as 1/N, whi1.e i f  No i s  increased i t  w i l l  approach 1 as 

exp(-Nr0/r ) .  

I t  w i l l ,  i n  general ,  be more e f f i c i e n t  t o  increase No than N. I n  Table I1  b-1 

below we g i v e ' t h e  value of a f o r  some cases. I t  has then been assumed t h a t  t h e .  

temperature d i f f e rence  r a t i o  (Ti-io)/(ih-ti) i s  equal t o  1/2. 



Fig. I1 b-I  The development o f  the  indoor temperature Ti dur ing  an 

on-off experiment (hatched curves). Fig. a) t o  d) r e f e r  

t o  d i f f e r e n t  cases f o r  a  r e s i d e n t i a l b u i l d i n g  equipped 

u i t h  a  thermostat .  The fu l l -d rawn l i n e s  a re  the s e t t i n g s  

of the  thkrrnostat.  Fig. e) ' r e f e r s  t o  a  b u i l d i n g  u i t h  

La te r  r ad ia to r s .  The fu l l -d rawn l i n e s  represent  the  

asymptotic temperature. 



TABLE I l b - 1  

The r a t i o  of t h e  observed t o  t h e  t h e o r e t i c a l  energy sav ing f o r  a  

r e s i d e n t i a l  b u i l d i n g  w i t h  water  r a d i a t o r s  and n i g h t  s e t  back. 

D L Y S  D A Y  
N I S I 4 1  

7 = ?  D A Y S  1.16 1.13 1.10 1.03 1.37 1.75 1.35 
N I G H T  1.17 1.10 1.38 1.C7 1.05 1.34 1.34 I 

2N=, Z E  (14 D A Y S )  

2N0= 7 1 2 d 4 5 5 

T = l  D A Y  0 4 1  
N I G H T  

1 D A Y  D 4 Y  
N l L H T  

r -2 D A Y S  D l \ Y  
H I  6HT 

1.39 1 3  1.34 ?.!I2 1.01 1.J1 1.01 
1.@5 1 1.32 1 1-01 1 1.Dn 

N  = number of days i n  an on-of f  o r  a  s t a t i c  c y c l e  

No= number of days i n  t h e  beg inn ing  of a  c y c l e  n o t  used i n  t h e  a n a l y s i s  

T = t h e  t ime cons tan t  o f  t h e  b u i l d i n g  

DAY and NIGHT i n d i c a t e  if t h e  on-o f f  c y c l e  i s  s t a r t e d  by a  day o r  a  n i g h t  



- Example 2 

- type of ob jec t :  An e i gh t - s to rey  r e s i d e n t i a l  b u i l d i n g  w i t h  48 f l a t s .  The 

b u i l d i n g  has been erec ted  r a t h e r  r ecen t l y ,  i t  i s  o f  a l i g h t  cons t ruc t i on  and 

we l l  insu la ted .  Windows are  double-glazed. The heat ing  system i s  waterbased. 

Radiator  valves have been prese t ,  and the  heat ing  system has been balanced. The 

v e n t i l a t i o n  system i s  o f  t he  exhaust a i r  t ype  w i t h  a f i xed  r a t e  o f ,  a i r  change. 

The b u i l d i n g  i s  s i t u a t e d  i n  a suburban enviroment. 

aim o f  experiment: To determine the  energy consumption f o r  hea t ing  the  

b u i i d i n g ,  when a n i g h t  setback o f  the  heat ing  system i s  used, compared t o  when 

the  b u i l d i n g  i s  con t inuous ly  heated. 

desiqn of experiment: a n i g h t  setback o f  the heat ing system was used every 

second week du r i ng  one hea t i ng .  season. The weekly energy consumption fo r  

heat ing,  whena n i g h t  setback was used, was planned t o  be compared t o  the  

consumption when the b u i l d i n g  was con t inuous ly  heated. 

One intended t o  compare the  r e s u l t s  o f  the  measurements t o  the  r e s u l t s  

obta ined from measurements on a reference bu i l d i ng .  However, t he  f i n a l  choice 

o f  r a t h e r  ex tens ive  measurements on the  t e s t  b u i l d i n g  turned ou t  t o  be so 

expensive t h a t  one cou ld  n o t  a f f o r d  the  use o f  a re fe rence b u i l d i n g .  

The cho ice  o f  one week as the  per iod  f o r  a change from one s t a t e  t o  the  

o the r  was main ly  d i c t a t e d  by the  f a c t  t h a t  t he  t ime constant  of the thermal 

capac i t y  of the  b u i l d i n g  was est imated t o  be o f  the  order  o f  one day. For every 

week the  f i r s t  day, when t he  way o f  hea t ing  t he  b u i l d i n g  was changed, was 

excluded from the  data ana l ys i s  (see below measurements). 

The weekly consumptions should be grouped according t o  t he  weekly average 

of the  indoor-outdoor temperature d i f fe rences .  To determine the  average indoor 

temperature, t h i s  was nleasured a t  one p o s i t i o n  i n  8 f l a t s .  This number was 

based on the  assumption t h a t  t he  v a r i a t i o n  i n  indoor  temperature between 

d i f f e r e n t  f l a t s  was 3 K and on the  request t h a t  the  average indoor  temperature 

should be known w i t h  an accuracy o f  1 K (see App. 111). 

measures taken:  from i n fo rma t i on  about the  heat capac i ty  and t ime constant  

o f  t he  b u i l d i n g  and t he  heat ing  system, a s u i t a b l e  design o f  t he  n i g h t  setback 

was worked ou t .  The maximum indoor temperature du r i ng  t he  day was est imated t o  



230C and t he  lowest a t  n i g h t  t o  18%. With continuous heat ing i t  was.planned 

t h a t  the  average indoor temperature should be 220C. 

measurements: the  indoor  and outdoor temperature, and the  temperature and 

f low o f .  t he  supply and r e t u r n  water were measured every hour. These data were 

s to red  on a  magnetic tape recorder .  The consumption o f  domestic e l e c t r i c i t y  and 

hot  t ap  water was read o f f  manually a t  t he  beginning of t he  f i r s t  day and once 

a t  t he  end of t he  l a s t  day o f  each per iod  t h a t  was t o  be inc luded i n  t he  f i n a l '  

ana lys is  o f  t he  data. 

course of i n v e s t i g a t i o n :  t he  measurements s t a r t e d  as planned. A f t e r  a  

month t he re  were complaints by t he  occupants t h a t  the  indoor temperature was too 

low a t  n i gh t .  From the  temperature measurements i t  was poss ib l e  t o  see t ha t ,  i n  

some f l a t s ,  t h i s  temperature had i n  some cases-  been as low as 16%. The 

procedure f o r  t he  n i g h t  setback was adjusted t o  compensate f o r  t h i s ,  the  minimum 

indoor  temperature was ca l cu la ted  t o  be ra i sed  by 1-2 K. A f t e r  t h i s  c o r r e c t i o n  

fewer complaints were received. There were a l so  some complaints t h a t  t he  indoor 

temperature du r i ng  tha  day was t oo  high. This d i d  no t  depend on whether the  

heat ing  was continuous o r  the  n i g h t  se t  back was used. These complaints had 

been received main ly  on days w i t h  a  s t rong  s o l a r  r ad ia t i on .  I t  was a l so  

observed t h a t  on such days many res idents  opened t h e i r  windows f o r  r a t h e r  long 

per iods  dur ing  the  day. This was be l i ved  t o  in f luence t he  energy consumption, 

bu t  i t  was not  poss ib le  t o  est imate t o  what ex ten t  t h i s  was t he  case. Therefore 

no measures were taken t o  counteract  t h i s  behaviouror  o r  t o  modify the  

experimental design. 

data t reatment :  i t  was found t h a t  the  energy consumption f o r  hea t ing  was 

lower when n i g h t  setback was used than when t he  b u i l d i n g  was cont inuously 

heated. But t he re  was a  ra the r  l a r g e  s c a t t e r  i n  t he  data. I t  cou ld  be 

demonstrated t h a t  the  l a rges t  dev ia t i ons  had occurred f o r  weeks when the  so la r  

r a d i a t i o n  had been in tense ,  according t o  meteorological  observations. The data 

f o r  t he  use of domestic e l e c t r i c i t y  and ho t  tap w a t w  were no t  used i n  t he  f i n a l  

ana lys is  of data. The r e a s o n f o r  t h i s  i s  not  known. A  poss ib le  exp lanat ion  i i  

t h a t  these data were c o l l e c t e d  by the  care- t ake r  of t he  b u i l d i n g ,  and those i n  

charge of t he  p r o j e c t  d i d  no t  want t o  use these data, e i t h e r  because a l l  data 

1 were judged no t  t o  be t r us ted ,  o r  maybe because these data were l ack i ng  f o r  sane 

weeks. 



canments: i n  t h i s  case t h e  research  des!gn was r a t h e r  s imple.  If t h e  - 
d a i l y  energy consumpt ion had been used i n s t e a d  of t h e  weekly one i n  t h e  

a n a l y s i s ,  a  g roup ing  o f  d a t a  c o u l d ,  have been made a l s o  a c c o r d i n g  t o  s o l a r  

r a d i a t i o n .  T h i s  would  have been p o s s i b l e  as t h e  tempera tu re  was reco rded  eve ry  

hour. On t h e  o t h e r  hand, i t  was p o s s i b l e  t o  reach  a  d e f i n i t e  c o n c l u s i o n  a l s o  

u s i n g  a  t i m e  r e s o l u t i o n  o f  one week. I n  t h i s  case an a l t e r n a t i v e  would  have 

been n o t  t o  p e r f o r m  so e x t e n s i v e  measurements, b u t  t o  use o n l y  weekly averages. 

  he c o s t  would  then  have been so much lower  t h a t  i t  would have been p o s s i b l e  t o  

p e r f o r m  measurements a l s o  on a  r e f e r e n c e  b u i l d i n g .  Th is  would  p robab ly  have 

made i t  p o s s i b l e  t o  reach  a  c o n c l u s i o n  about whether  t h e  d e v i a t i o n s  f o r  weeks 

when t h e  s o l a r  r a d i a t i o n  was i n t e n s e  was t y p i c a l  f o r  b u i l d i n g s  o f  t h i s  k i n d  a l s o  

when n i g h t  set -back was n o t  used. The s c a t t e r  o f  d a t a  would p r o b a b l y  a l s o  have 

been s m a l l e r  i f  t h e  energy used f o r  domest ic  e l e c t r i c i t y  and h o t  t a p  w a t e r  had 

been added t o  t h e  energy consumpt ion f o r  h e a t i n g  when t h e  f i n a l  a n a l y s i s  o f  d a t a  

was performed. It would then  a l s o  have been p o s s i b l e  t o  use a  s i m p l e  model o f  

t h e  energy ba lance  o f  t h e  b u i l d i n g .  T h i s  would have f a c i l i t a t e d  t h e  f i n a l  

a n a l y s i s .  The rema in ing  s c a t t e r  o f  d a t a  c o u l d  m a i n l y  have been a s c r i b e d  t o  t h e  

i n f l u e n c e  o f  t h e  occupants. 

- Example 3 

t y p e  o f  o b j e c t :  t w e n t y  t e r r a c e d  two- s t o r e y  s i n g l e -  f a m i l y  houses. The 

houses a r e  s i t u a t e d  i n  a  suburban env i ronment .  The i n s u l a t i o n  o f  t h e  houses i s  

good and t h e  windows a r e  double-g lazed.  The houses a r e  o f  l i g h t  c o n s t r u c t i o n .  

The h e a t i n g  i s  e l e c t r i c  and t h e  houses a r e  equipped w i t h  a  supp ly  and exhaust  

a i r  v e n t i l a t i o n  system w i t h  p r e - h e a t i n g  o f  t h e  supp ly  a i r .  The h o t  t a p  w a t e r  i s  

e l e c t r i c a l l y  heated i n s i d e  t h e  b u i l d i n g s .  

measures taken :  t h e  houses were equipped w i t h  t e m p e r a t i v e  hea t  exchangers 

w i t h  w a t e r  and g l y c o l  as  c i r c u l a t i n g  medium. The o f f -  s t a t e  c o u l d  be reached 

u s i n g  a  s i m p l e  by-pass c i r c u i t .  

a im o f  exper imen t :  t o  de te rm ine  t h e  energy consumpt ion when t h e  h e a t  

exchanger i s  i n  f u n c t i o n  and when i t  i s  no t .  A second aim was t o  de te rm ine  t h e  

e f f i c i e n c y  o f  t h e  h e a t  exchanger i n  s i t u .  



experimental design: the  twenty houses are grouped' in  two rows w i t h  t en  

houses i n  each. Every second week the  heat exchangers were put  i n t o  opera t ion  

f unc t i on  i n  one o f  t h e  rows wh i l e  they were shut o f f  i n  the  o ther  row and the  

s i t u a t i o n  was reversed t he  f o l l ow ing  week. This was done dur ing  one heat ing  

season. The d a i l y  consumption o f  energy was measured f o r  every house. It was 

planned t h a t  these data should be grouped according t o  t he  d i f f e rence  between 

indoor  and outdoor temperature, wind speed, and so la r  r ad ia t i on .  A comparison 

of t he  energy consumption when the  heat exchan,gers were i n  f unc t i on  and when 

they were no t  should then be performed f o r  every such group. For the  

determinat ion o f  t he  e f f i c i e n c y  of the  heat exchanger, data should be grouped 

according t o  outdoor temperature. 

measurements: i n  every house t he  indoor temperature was measured a t  one 

p o s i t i o n  i n  each of the  two storeys. The average of these two values was taken 

as the  average indoor temperature. The temperature of t he  exhaust a i r  was 

measured j u s t  before a r r i v i n g  a t  the heat exchanger. The temperature o f  the  

supply a i r  was measured a f t e r  t he  pre-heating. The mechanical ly c o n t r o l l e d  

constant  a i r  f lows of t he  v e n t i l a t i o n  system were measured once every second 

month du r i ng  t h e  heat ing season. The amounts of e l e c t r i c i t y  used f o r  heat ing,  

foc pre-heat ing o f  t he  supply a i r ,  and f o r  t he  heat ing o f  hot  tap  water were 

measured separate ly .  

The outdoor temperature and so la r  r a d i a t i o n  were measured i n  t he  

neighbourhood of the  houses. The wind speed and d i r e c t i o n  was measured a few 

hundred meters away a t  a p lace  where i t  was thought t h a t  the  f r e e  wind was 

undisturbed by t he  e n v i r o m e n t .  A l l  data from these measurements were s to red  as 

one-hour averages from which the  d a i l y  average was then ca lcu la ted .  The a i r  

i n f i l t r a t i o n  was measured tw i ce  i n  a l l  the  houses dur ing  t he  heat ing  season. 

course of i n v e s t i g a t i o n :  be fo re  the  heat ing  season t he  heat exchanger and 

t he  measuring equipment were i n s t a l l e d  i n  t he  house. Continuous measurements 

were c a r r i e d  ou t  as had been planned. The i n f i l t r a t i o n  measurements were 

performed one week i n  the  middle of t he  heat ing  season using a t racer-gas 

technique. During t he  measurement per iod  t he re  was a change o f  ownership f o r  . 
two of t he  houses. These two houses were t h e r e a f t e r  excluded f r o m t h e  

i nves t i ga t i on .  

This was done because i t  i s  we l l  known t h a t  energy consumption d i f f e r s  much 

even between i d e n t i c a l  houses, due t o  d i f f e rences  i n  t he  hab i t s  o f  the  

res idents.  I t  i s  a l so  we l l  'known t h a t  the  new res idents  need a year  o r  so t o  



l e a r n  how t o  manage a  house and t he  p a t t e r n  o f  t he  energy consumption can change 

d r a s t i c a l l y  du r i ng  t h e  f i r s t  year. 

data ana l ys i s :  a f t e r  grouping o f  t he  data, the  data were analyzed. A  

s t r ong  c o r r e l a t i o n  was found between energy consumption on one hand, and 

indoor-outdoor temperature d i f f e r e n c e  and s o l a r  r a d i a t i o n  on t he  o the r  hand. No 

such c l e a r  c o r r e l a t i o n  was found between energy consumption and wind speed. 

Here t he re  was a  l a r g e  s c a t t e r  i n  data. This was ascr ibed  t o  t he  i n f i l t r a t i o n  

be ing  d i f f e r e n t  f o r  winds o f  t he  same s t reng th  bu t  o f  d i f f e r e n t  d i r e c t i o n .  

Although no f i n a l  conc lus ion  about t h i s  cou ld  be drawn from the  data o f  the  

i n f i l t r a t i o n  measurements, t he re  was a  s t rong  i n d i c a t i o n  t h a t  t h i s  was the  case. 

When data from a l l  wind d i r ec t i ons ,  except t h e  most prominent one, had been 

excluded from the  ana lys is ,  a  b e t t e r  c o r r e l a t i o n  between energy consumption and 

wind speed was obtained. 

A f t e r  t h i s  t h e  energy consumption, when t he  heat exchangers were used and 

when they were no t ,  cou ld  be compared i n  an unambigious way. No problems were 

associated w i t h  t he  de termina t ion  o f  t h e  e f f i c i e n c y  o f  t he  heat exchanger. 

comments: i n  t h i s  i n v e s t i g a t i o n  an unusua l l y  ambi t ious research programe 

was planned w i t h  a  grouping o f  data according t o  t h ree  outdoor c l ima te  

var iab les .  For the  aim o f  the  experiment i t  would probably have su f f i ced  t o  use 

'only  t he  indoor-outdoor temperature d i f f e rence .  

The data from the  i n f i l t r a t i o n  measurements were never used as an i npu t  

i n t o  the  data ana lys is ,  bu t  they tu rned out  t o  be use fu l  when se lec t i ng  t h e  se t  

of data t o  be used i n  t he  f i n a l  ana lys is .  Even if on ly  t he  d a i l y  averages o f  

t he  temperatures were used i n  the  f i n a l  ana lys is ,  t he  measurements were 

performed much more f requent ly .  It would probably have been cheaper t o  use an 

experimental design where on l y  t h e  d a i l y  average temperature was stored. 

As the  a i r  f lows i n  t he  v e n t i l a t i o n  system cou ld  no t  e a s i l y  be changed by 

the  occupants i n  t h i s  invest igat ion, ,  t he re  were no l a r g e  problems associated 

w i t h  t he  behaviour o f  t he  occupants. 
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I 1  c  B e f o r e - a f t e r  exper imen ts  

- d e s c r i p t i o n  o f  t h e  b e f o r e - a f t e r  exper iment  

I The b e f o r e - a f t e r  exper imen ta l  des ign  can i n  a  sense be regarded as a  

s p e c i a l  case o f  t h e  o n - o f f  exper iment  where t h e  measurements i n c l u d e  o n l y  one 

( o n - o f f )  c y c l e .  I n  p r a c t i c e ,  t h e  advantages and d isadvantages of  t hese  two 

exper imen ta l  des igns  d i f f e r e n t  t h a t  t h e  above ment ioned r e l a t i o n  i s  n o t  o f  much 

p r a c t i c a l  use., The b e f o r e - a f t e r  des ign  has t o  be a p p l i e d  when t h e  r e t r o f i t  o f  

r e s i d e n t a l  b u i l d i n g  c o n s i s t s  i n  a  permanent change o f  t h e  b u i l d i n g  i t s e l f ,  o r  

when a  system which cannot  be t u r n e d  on and s w i t c e d  o f f  a t  w i l l  i s  i n t r o d u c e d ,  

o r  when t h i s  'an n o t  be done w i t h o u t  a f f e c t i n g  o t h e r  systems. Examples o f  

r e t r o f i t s  where t h e  b e f o r e - a f t e r  exper iment  can be used a re  t h e  s e a l i n g  o f  

windows, t h e  i n c r e a s e  o f  t h e  i n s u l a t i o n  o f  t h e  b u i l d i n g ,  t h e  rep lacement  o f  t h e  

h e a t i n g  system, o r  t h e  i n s t a l l a t i o n  o f  a  new t y p e  o f  v e n t i l a t i o n  o r  

a i r - c o n d i t i o n i n g  system. 

When t h e  b e f o r e - a f t e r  exper iment  i s  used one g e n e r a l l y  has t o  compare t h e  

energy ba lance o f  t h e  b u i l d i n g  d u r i n g  two ,pe r iods  when e x t e r n a l  v a r i a b l e s ,  l i k e  

c l i m a t e  v a r i a b l e s ,  have n o t  taken  t h e  same va lues.  There fo re  one has o f t e n  t o  

use a  model o f  t h e  energy ba lance  o f  t h e  b u i l d i n g  t o  reach  any conc lus ions .  The 

measurements t h e r e f o r e  have t o  be so e x t e n s i v e  and a c c u r a t e t h a t  i t  i s  p o s s i b l e  

t o  ach ieve  t h e  same t i m e  r e s o l u t i o n  as when, i.e., t h e  o n - o f f  exper iment  i s  

used. 

Regard ing t h e  env i ronment  o f  t h e  b u i l d i n g  and t h e  exposure t o  o u t d o o r  

c l i m a t e ,  t h e  b e f o r e - a f t e r  exper iment  o f f e r s t h e  same advantage as t h e  o n - o f f  

exper iment  because t h e  b u i l d i n g  i s  i t s  own re ference.  However,. r e g a r d i n g  t h e  

p r e v a i l i n g  c l i m a t e  d u r i n g  t h e  b e f o r e  and a f t e r  p e r i o d s ,  t h e  s i t u a t i o n  i s  

d i f f e r e n t .  When t h e  b e f o r e - a f t e r  exper iment  i s  used, t h e r e  i s  no guarantee t h a t  

t h e  average c l i m a t i c  s i t u a t i o n  i s  t h e  same d u r i n g  t h e  b e f o r e -  as  d u r i n g  t h e  

a f t e r -  p e r i o d ,  even i f  t h e  exper imen ta l  p e r i o d  i s  made ve ry  l ong ,  i.e. seve ra l  

h e a t i n g  seasons. R c o r r e c t i o n  has t o  be made i f  t h e  average c l i m a t e  d u r i n g  t h e  

two p e r i o d s  has been d i f f e r e n t .  



One has t o  c a l c u l a t e  what t h e  energy consumption du r i ng  t h e  a f t e r  pe r i od  

would have been i f  t h e  c l i m a t e  du r i ng  t h i s  pe r i od  had been t h a t  o f  t h e  be fo re  

per iod.  The accuracy of t h i s  procedure w i l l  depend on t h e  accuracy o f  the  model 

t h a t  i s  used. Such a  c o r r e c t i o n  i s  no t  always necessary even i f  the  

measurements extend over  on l y  one o r  two hea t ing  seasons. There a r e  o f t e n  

per iods  o f  t ime s h o r t e r  than a  week when the c l i m a t i c  cond i t i ons  d u r i n g  the 

be fo re  per iods  were the  same as those du r i ng  p a r t  o f  the  a f t e r  per iod .  

I f  the  energy consumption f o r  such sho r t e r  per iods  i s  known, i t  i s  

sometimes poss i b l e  t o  compare d i r e c t l y  t h e  consumption du r i ng  two such shor t  

per iods,  one o f  them belonging t o  the  before pe r i od  and t h e  o the r  t o  the  a f t e r  

per iod .  A necessary p r o v i s i o n  i s  o f  course t h a t  t h e  number o f  ex te rna l  

parameters i n f l uenc i ng  the energy consumption i s  very smal l ,  o r  t h a t  t h e  number 

of such per iods  i s  great .  This  procedure i s  sometimes a  r a t h e r  unce r t a i n  one, 

and spec ia l  ca re  should be taken when app l y i ng  i t. 

When t h e  b e f o r e - a f t e r  experiment i s  used the  occupancy behaviour  may be o f  

g rea te r '  importance than  when the  on -o f f  experiment i s  used. This  i s  assoc ia ted  

w i t h  the  very marked separa t ion  i n  t ime between the  be fo re  and the  a f t e r  per iod.  

T h e  i n t r o d u c t i o n  o f  the r e t r o f i t  may e a s i l y  r a i s e  unreal  i s t i c a l l y  p o s i t i v e  07 
negat ive '  expec ta t ions  o f  t h e  f u t u r e  performance of the  b u i l d i n g .  Such 

expec ta t ions  may lead  t o  a  change i n  the  behavoiur  and a t t i t u d e s  o f  t h e  

occupants which may a f f e c t  the  outcome of the  experiment. It i s  t h e r e f o r e  

impor tan t  t h a t  the occupants and t h e  persons i nvo l ved  i n  the  maintenance o f  the 

b u i l d i n g  a re  informed i n  advance about what the  consequences o f  the  r e t r o f i t  and 

measurements w i  11 be. 

If .a r e s u l t  o f  t h e  r e t r o f i t  i s  a  change i n  the  indoor  c l imate ,  t h i s  change 

should, i f  poss i b l e ,  be in t roduced g radua l l y  t o  g i v e  t h e  occupants the 

p o s s i b i l i t y  of adapt ing t o  the  new indoor  environment. D i f f i c u l t i e s  o f  the  k i n d  

discussed above can t o  a  c e r t a i n  ex ten t  be avoided i f  one in t roduces  a  

" r unn ing - i n  and l e a r n i n g  per iod" .  By t h i s  i s  meant t ha t ,  when the  r e t r o f i t  has . 
been performed, one can l e t  a  c e r t a i n  t ime pass before s t a r t i n g  the  measurements 1 
o f  the  a f t e r - pe r i od .  Wi th t h i s  procedure one can avo id  the  i n f l u e n c e  o f  more 

temporary changes i n  the  behavoiur  of the  occupants, changes no t  associated w i t h  

the  r e t r o f i t  i t s e l f  bu t  o n l y  w i t h  t h e  i n t r o d u c t i o n  of it. A s tudy o f  the  h a b i t s  

o f  the  occupants and t h e i r  a t t i t u d e  towards t h e  r e t r o f i t  and the experiment, 

be fo re ,  dur ing ,  and a f t e r  t h e  measurement per iod ,  should t h e r e f o r e  be inc luded 

i n  the  research programme. Such a  s tudy must n o t  necessa r i l y  be a iming a t  a  

canp le te  survey of t h e  behaviour  and a t t i t u d e s  o f  the  occupants, bu t  may have 



t h e  more l i m i t e d  purpose t o  a s c e r t i n  t h a t  no g r e a t  changes,of these  f a c t o r s  t a k e  

p lace .  

I t  f o l l o w s  from t h e  d i s c u s s i o n  above t h a t  t h e  v a l i d i t y  o f  t h e  b e f o r e - a f t e r  - 
exper imen ta l  des ign  r e s t s  t o  a  g r e a t  e x t e n t  upon t h e  c o m p a r a b i l i t y  o f  t h e  

ou tdoor  c l i m a t e  and t h e  constancy o f  t h e  behavoiur  and a t t i t u t e d s  of t h e  

occupants d u r i n g  t h e  b e f o r e  and t h e  a f t e r  pe r iod .  The demand f o r  t h e  ex tens ion  

and accuracy of t h e  measurements and f o r  t h e  a n a l y s i s  o f  d a t a  i s  g e n e r a l l y  

g r e a t e r  than  f o r  o t h e r  exper iments  l i k e  t h e  t e s t - r e f e r e n c e  and t h e  o n - o f f  

experiment.  The use of the  b e f o r e - a f t e r  experiment i s  i l l u s t r a t e d  w i t h  two 

s imp le  examples below. 

- Example 1 

t y p e  o f  o b j e c t :  a  4 -s to rey  r e s i d e n t i a l  b u i l d i n g  w i t h  100 f l a t s .  

E l e c t r i c a l  h e a t i n g  and v e n t i l a t i o n  system o f  t h e  exhaust a i r  type.  The thermal  

i n s u l a t i o n  o! t h e  b u i l d i n g  i s  s a t i s f a c t o r y  and t h e  b u i l d i n g  i s  s i t u a t e d  i n  an 

env i ronment  s h i e l d e d  by o t h e r  b u i l d i n g s .  Hot t a p  water  i s  e l e c t r i c a l l y  heated 

and s t o r e d  i n s i d e  t h e  b u i l d i n g .  The i n d o o r  temperature o f  t h e  f l a t s  v a r i e s  

between 20 and 250C. Windows a r e  double-g lazed.  There have been comp la in ts  

about draughts  from t h e  windows i n  some f l a t s .  

aim o f  exper iment :  t o  de te rm ine  t h e  r e d u c t i o n  i n  energy consumption a f t e r  

t h e  p r e - s e t t i n g  ' o f  t h e  the rmos ta ts  o f  e l e c t r i c  r a d i a t o r s  and t h e  s e a l i n g  o f  

windows. 

exper imenta l  des ign :  as no s i m i l a r  b u i l d i n g  i s  a v a i l a b l e  as a ' r e f e r e n c e  

b u i l d i n g ,  t h e  measurement campaign i s  c a r r i e d  o u t  d u r i n g  two h e a t i n g  seasons. 

Dur ing  t h e  f i r s t  of  these  o n l y  measurements a r e  t o  be performed. Dur ing  t h e  

summer, measures t o  reduce t h e  energy consumption w i l l  be taken, and 

measurements o f  t h e  r e s u l t i n g  energy consumption w i l l  be per formed d u r i n g  t h e  

second h e a t i n g  season. The energy c o n s u m p t i o n s d u r i n g  t h e  two h e a t i n g  seasons 

a r e  t o  be compared a f t e r  a  c o r r e c t i o n  u s i n g  a s i m p l e  model, which t a k e s  i n t o  

account t h e  average outdoor  temperature and t h e  average s o l a r  i d i a t i o n .  

measures taken:  t h e  the rmos ta ts  were p r e s e t  t o  a l l o w  a c a l c u l a t e d  maximal 

i n d o o r  temperature o f  20°C. Due t o  t h e  comp la in ts  about d raugh ts  a l l  windows of 

t h e  b u i l d i n g  were sealed. The occupants became i n t e r e s t e d  i n  t h e  i n v e s t i g a t i o n  



and expressed a wish t o  p a r t i c i p a t e  a c t i v e l y  i n  t he  energy saving. Therefore an 

energy saving campaign was planned t o  be launched du r i ng  t he  autumn o f  the  

second heat ing  season. The occupants would be i n s t r u c t e d  on how t o  save energy 

by a i r i n g  rooms l ess  f r equen t l y  and us ing  l ess  hot  t ap  water. 

measurements: the  d a i l y  consumption of e l e c t r i c  energy, indoor and outdoor 

temperature, wind speed, and so la r  r a d i a t i o n  were measured and data s to red  as 

one-day averages. The est imated v a r i a t i o n  i n  indoor  temperature between 

d i f f e r e n t  f l a t s  i s  2 K. As one wants t o  know the  average indoor  temperature 

w i t h  an accuracy o f  0.5 K, the  indoor  temperature i s  measured i n  15 f l a t s  (see 

App. 111). 

course o f  i n v e s t i g a t i o n :  measurements were performed as planned du r i ng  the  

f i r s t  hea t ing  season. Dur ing t he  summer a l l  windows of the  b u i l d i n g  were 

sealed. The energy saving i n fo rma t i on  campaign was s t a r t e d  dur ing  the  autumn. 

There was a delay i n  t he  p r e s e t t i n g  of t he  thermostats,  and t h i s  work was no t  

f i n i shed  u n t i l  several months o f  t he  heat ing  season had passed. Among o the r  

t h i ngs  i t  was found t h a t  many thermostats had n o t  been ca l i b ra ted .  This 

p r e s e t t i n g  resu l t ed  i n  many complaints by the  occupants t h a t  t he  indoor  

temperature was too  low, and t he  p r e s e t t i n g  of the  thermostats was changed t o  

2 P C  i ns tead o f  2WC. when t h i s  work was f i n i shed  on l y  t h ree  months o f  t he  

heat ing  seasol1 relnained t o  perform measurements. The energy saving campaign a t  

f i r s t  seemed t o  r e s u l t  i n  a s u b s t a n t i a l l y  smal le r  consumption o f  domestic 

e l e c t r i c i t y  and ho t  t a p  water, bu t  the  e f f e c t  appeared. t o  become l ess  

subs tan t i a l  dur ing  the  w in te r .  

data t reatment :  due t o  t he  delay i n  t he  measurement programme, t he  

comparison o f  the  energy consumption du r i ng  the  two heat ing  seasons cou ld  no t  be 

c a r r i e d  out  as planned. Insted,  a v a i l a b l e  da ta  from the  second heat ing  season 

were d i v i d e d  i n t o  several  groups according t o  the  outdoor temperature, and 

compared t o  s i m i l a r l y  grouped data from the  f i r s t  heat ing season. The s c a t t e r  

i n  da ta  was la rge ,  bu t  i t  was poss ib l e  t o  conclude t ha t  a r educ t i on  i n  energy 

consumption had taken place. 

The l a r g e  s c a t t e r  i n  data was ascr ibed t o  t he  f a c t  t h a t  du r i ng  the  l a s t  

t h ree  months o f  t he  heat ing  season, when the  measurements were pe'rformed, the  

c o n t r i b u t i o n  from s o l a r  r a d i a t i o n  t o  t he  energy balance o f  the  b u i l d i n g  cou ld  

no t  be neglected. 



comments: the  no t i ced  decrease i n  energy consumption can no t  w i t h  any 

degree o f  confidence be ascr ibed t o  the  p r e s e t t i n g  of the e l e c t r i c  thermostats 

so le l y ,  as was the  aim o f  the  i nves t i ga t i on .  It was caused by an unknown 

m ix tu re  of a l l  t h ree  measures taken, p r e s e t t i n g  o f  thermostats, sea l ing  of 

windows, and energy saving campaign. This campaign should no t  have been 

launched, above a l l  because the  e f f e c t  o f  i t  was probably n o t  constant  du r i ng  

the  heat ing  season. The thermostats should have been prese t  t o  a h igher  value. 

The complaints now r e s u l t e d  i n  t oo  shor t  a measurement period. The data from 

the  measurements o f  wind speed and so la r  r a d i a t i o n  were never used. These 

measurements could 'have been omi t ted  as t he re  was no p lan about how t o  use them 

i n  the  experimental design. 

I f  a s implemodel  of the energy balance o f  the  bu i l d i ng ,  t ak i ng  t he  

c o n t r i b u t i o n  from so la r  r a d i a t i o n  i n t o  account, and the  a v a i l a b l e  data on so la r  

r a d i a t i o n  had been used, i t  would probably have been poss ib le  t o  ascer ta in ,  w i t h  

a h igher  degree o f  confidence, whether a reduc t ion  i n  energy consumption had 

taken place, desp i te  t he  l a r g e  s c a t t e r  i n  data. 

- Example 2 

type of ob jec t :  a 10-storey res i den ta l  bu idd ing  w i t h  40 f l a t s .  The 

heat ing system i s  waterbased and the v e n t i l a t i o n  system i s  of the  supply and 

exhaust' a i r  type w i t h  preheat ing of the  supply a i r .  The thermal i n s u l a t i o n  o f  

t he  b u i l d i n g  i s  considered t o  be sa t i s f ac to r y .  Windows are  double-glazed. The 

b u i l d i n g  i s  h i g h l y  exposed t o  s t rong  winds. On windy days the  indoor  

temperature can become low i n  the upper p a r t  of the  bu i l d i ng .  A temperature of 

lE°C has been measured a t  the  top  f l o o r  compared t o  a simulaneous temperature of 

25OC a t  t he  bottom f l oo r .  The temperature o f  t he  supply a i r  i s  a l s o  lower a t  

the  top  f l o o r .  Because o f  t h i s ,  the  heat ing and t he  v e n t i l a t i o n  system are  n o t  

regarded as working proper ly .  Occupants i n  the  lower p a r t  o f  the  b u i l d i n g  have 

been observed t o  a i r  rooms f requent ly  due t o  h i gh  indoor temperatures. 

aim o f  experiment: t o  determine the reduc t ion  i n  energy consumption a f t e r  

the  balancing o f  the  heat ing  and v e n t i l a t i o n  system, the  reduc t ion  o f  

v e n t i l a t i o n  flows, and a lower ing of t he  water and supply a i r  temperatures, and 

the  p r e s e t t i n g  o f  r a d i a t o r  valves. One was i n te res ted  on l y  i n  t he  combined 

e f f e c t  of these measures on the  energy consumption, no t  i n  the  e f f e c t  of a 

s i n g l e  measure. 



experimental design: the  experiment was t o  be c a r r i e d  ou t  dur ing.  two 

heat ing  seasons. Between the  two heat ing seasons the  measures t o  reduce energy 

consumption were t o , b e  int roduced.  During t he  second heat ing  season t he  same 

measurements as du r i ng  the  f i r s t  one were t o  be performed. 

measures t o  be taken:  the balancing of the  heat ing  system cons is ted  o f  

- p r e s e t t i n g  a l l  values t o  ca l cu la ted  values 

- e s t a b l i s h i n g  the  f low i n  main d i s t r i b u t i o n  p ipes by d i r e c t  measurements 

- checking the  water d i s t r i b u t i o n  t o  te rmina ls  by measurement o f  pressure 

d i f f e rences  

- post  adjustment i n  rooms where t he  obta ined temperature dev ia tes  t oo  much 

from the  des i r ed  value t o  be acceptable 

- i n s t r u c t i o n  o f  the  operator  of the  heat ing system. 

Corresponding measures were taken f o r  ' the  balancing o f  the  v e n t i l a t i o n  

system. A  c a l c u l a t i o n  was made t o  determine how t o  preset  r a d i a t o r  valves and 

f low c i r c u i t s .  Data from the measurements du r i ng  t he  f i r s t  hea t ing  season were 

used f o r  t h i s  c a l c u l a t i o n  and fo r  a  de te rmina t ion  o f  opt imal  values o f  r a t e  of 

v e n t i l a t i o n  and supply a i r  temperature. 

measurements: one hour average values o f  indoor  and outdoor temperature, 

waterf lows and temperatures d i f fe rences  f o r  r ad ia to r s ,  e l e c t r i c  energy f o r  the 

preheat ing o f  t he  supply a i r ,  consumption o f  domestic e l e c t r i c i t y  and hot  t ap  

water were t o  be recorded. Arrangements were made t o  o b t a i n  metoro log ica l  data 

from a  nearby a i r p o r t .  

Due t o  the  p rev ious l y  no t i ced  l a r g e  temperature d i f f e rences  between the  

upper and lower p a r t  o f  t he  b u i l d i n g ,  i t  was considered usefu l  t o  o b t a i n  a  value 

of t he  average indoor  temperature f o r  these two p a r t s  o f  t he  b u i l d i n g  

separate ly .  The est imated v a r i a t i o n  o f  indoor temperature between f l a t s  

belonging t o  one of t he  two b u i l d i n g  pa r t s  was est imated t o  2 K. I t  was judged 

s u f f i c i e n t  t o  determine these two average values w i t h  an e r r o r  o f  0.5 K. 

Therefore, the  temperature was measured i n  8 f l a t s  i n  each o f  the  two b u i l d i n g  

halves (see App. 111). 

course of i n v e s t i g a t i o n :  du r i ng  the  f i r s t  hea t ing  season the measurements 

were performed as planned. When the  water d i s t r i b u t i o n  t o  the  heaters was 

checked, i t  was found t h a t  the  r a d i a t o r  valves had been t o  o the r  values 

than planned due t o  a  misunderstanding o f  t he  i n s t r u c t i o n s .  This was cor rec ted  



and dur ing  the  autumn the  temperature o f  t he  supply water and the  supply a i r  was 

gradua l l y  reduced. Thereby the' occupants were g iven t he  p o s s i b i l i t y  t o  ad jus t  

t o  the  new indoor c l imate .  Not many complaints from the  occupants were rece ived  

du r i ng  the  f i r s t  few months o f  the  heat ing  season. When checking data, i t  was 

observed t h a t  t he  indoor  temperature of some f l a t s  was much lower than expected. 

I t  was found t h a t  t he  cause o f  t h i s  was t h a t ,  i n  these f l a t s ,  t he  temperature 

sensors had been pos i t i oned  on the  e x t e r i o r  wal l .  

A f t e r  some unusa l l y  c o l d  days an inc-rease o f  t he  indoor temperature and o f  

the  temperature o f  the  supply water was not iced.  When i n v e s t i g a t i n g  the  cause 

o f  t h i s ,  one found out  t h a t  t he  manager o f  t he  heat p l a n t  had received many 

complaints about t oo  low indoor temperatures du r i ng  the  co ld  pe r i od  and 

t he re fo re  had ra ised  t he  temperature o f  the  supply water on h i s  own i n i t i a t i v e .  

This was accepted f o r  t he  r e s t  o f  t he  heat ing season. 

da ta  treatement: a l l  data from t h e  measurements were used as i npu t  t o  a  - 
computerized model o f  the energy balance o f  the  b u i l d i n g  and the  heat ing  system 

o f  t he  bu i l d i ng .  This model needed as i npu t ,  among o the r  th ings ,  data on so la r  

r ad ia t i on .  Data o f  t h i s  k i n d  from the  nearby meteorological  s t a t i o n  were used. 

I t  was poss ib l e  t o  conclude t h a t  the measures which had been taken had resu l t ed  

i n  a  reduc t ion  i n  the  energy consumption. The d i f f e r e n c e  i n  temperature between 

d i f f e r e n t  f l a t s  had decreased subs tan t i a l l y .  

=s: a t  several occasions there  was a  r i s k  t h a t  the  i n v e s t i g a t i o n  

cou ld  be jeopardized, by unforeseen events. Due t o  a  cont inous eva lua t ion  o f  

obta ined data these accidents could be observed i n  t ime and cor rec ted  fo r .  The 

gradual lower ing  o f  the  temberature probably minimized t he  number o f  complaints. 

' 
I n  t h i s  i n v e s t i g a t i o n  the  use o f  a  computerized model was j u s t i f i e d  because 

O f  t he  complexi ty  o f  t he  ob jec t  and t h e  measures taken, even i f  the  cos t  turned 

out  t o  be r a t h e r  high. 



CHAPTER I1  d 

T e s t -  r e f e r e n c e  e x p e r i m e n t s  

C o n t e n t s  

- d e s c r i p t i o n  o f  t h e  t e s t -  r e f e r e n c e  e x p e r i m e n t  p. 11 d- 1 

- example  1 P .  I 1  d- 3 

- example  2 P.  I1  d- 4 



I 1  d Te! 

I 1  d -1  

i t- reference experiments 

- d e s c r i p t i o n  of t he  t e s t  refence experiment 

L i ke  t he  before-  a f t e r  experiment, the  t e s t -  reference experiment can be 

app l i ed  t o  t he  study o f  most r e t r o f i t s .  when the  t e s t -  reference experiment i s  

performed, one must have access t o  a t  l e a s t  two bu i l d i ngs .  One of them ( t h e  - 
t e s t  b u i l d i n g )  i s  r e t r o f i t t e d ,  t he  o ther  one ( t h e  reference b u i l d i n g )  i s  not. 

The energy consumptions o f  these two b u i l d i n g s  a re  t o  be compared. I t  i s  

obvious tha t ,  apar t  fran the r e t r o f i t ,  t h e y o u g h t  t o  be as s i m i l a r  as poss ib le  

i n  a l l  respects. I n  p r a c t i c e  t h i s  w i l l  seldom be the  case. Therefore one w i l l  

have t o  compare t he  energy consumption be fore  the  r e t r o f i t  ( t h e  c a l i b r a t i o n  
- 

phase) and a f t e r  the  r e t r o f i t  ( t h e  comparison phase). I t  i s  o f .  course a l s o  - 
poss ib le  t o  use several  t e s t  and re fe rence bu i l d i ngs .  Exac t l y  how many w i l l  be 

requ i red  i s  determined by the  expected magnitude o f  the  r e t r o f i t  e f f e c t  (see 

App. 11). 

That the b u i l d i n g s  should be as " i d e n t i c a l "  as poss ib l e  means t h a t  they 

should have the  same geometrical p rope r t i es  and be of the  same cons t ruc t i ona l  

type. The i r  o r i e n t a t i o n  and the  behat iour  o f  t h e i r  occupants should be the  

same. The i r  surroundings and exposure t o  t he  outdoor c l i m a t e  should a l so  be 

s im i l a r .  

Minor d i f fe rences  between t he  bu i l d i ngs ,  l i k e  the  i n t e r n a l  d i s t r i b u t i o n  o f  

rooms, can be accepted i f  a c a l i b r a t i o n  phase i s  inc luded i n  t h e  experiment. A 

s i m i l a r  exposure t o  the  outdoor c l ima te  can be achieved i f  the  b u i l d i n g s  a re  

s i t u a t e d  c l ose  t o  one another. The remaining c l i m a t i c  d i f fe rences  may then be 

due to,  e.g., d i f f e r e n t  shading o r  d i f f e r e n t  sh ie l d i ng  from the  wind by t he  

neighbourhood. These mic roc i i rna t i c  d i f fe rences  ni l !  i n  general be eas ie r  t o  

handle than the  c l i m a t i c  d i f f e rences  if the b u i l d i n g s  a re  n o t  s i t ua ted  i n  t he  

same c l i m a t i c  zone. 

The c a l i b r a t i o n  phase serves t o  determine the  d i f f e r e n c e  i n  energy 

consumption between the  two b u i l d i n g s  be fore  the  r e t r o f i t .  This d i f f e r e n c e  

should be determined i n  such a way t h a t  the  r e s u l t  i s  s t a t i s t i c a l l y  significant. 

If only two b u i l d i n g s  are used, t h e i r  energy consumption must be known f o r  a 

s u f f i c i e n t  number of t o  determine the  average d i f f e rence  i n  energy 



consumption and i t s  sca t t e r .  A l t e r n a t i v e l y  one can use a s u f f i c i e n t l y  l a r g e  

sample of b u i l d i n g s  t o  achieve t h i s  r e s u l t .  I f  one knows the  reason f o r  . t h e  

observed d i f f e r e n c e  of t he  energy consumption, and one can express t h i s  

in fo rmat ion  i n  a q u a n t i t a t i v e  form, a model desc r i b i ng  t he  energy balance o f  t he  

b u i l d i n g s  can be used. The observed d i f f e r e n c e  i n  energy consumption must o f  

course be pu t  i n  r e l a t i o n  t o  the expected r e t r o f i t  e f f ec t  (see App. 11). 

What has been s a i d  above about the  c a l i b r a t i o n  phase app l i es  a l s o  t o  the  

f o l l o w i n g  comparison phase. I f  t he  t e s t  b u i l d i n g  was no t  r e t r o f i t t e d ,  i t s  

energy consumption would be t h a t  o f  t he  re fe rence b u i l d i n g  minus t he  observed 

d i f f e r e n c e  du r i ng  the  c a l i b r a t i o n  phase. Hence, any observed d e v i a t i o n  from 

t h i s  value can be a t t r i b u t e d  t o  the  r e t r o f i t .  To reduce t he  e f f e c t  o f  a change 

i n  t he  behaviour o f  t he  occupants, assuming t h a t  such a change w i l l  be 

d imin ished i n  t ime,  i t  i s  o f t e n  convenient t o  i nc l ude  a " running-  i n  and 

l ea rn ing "  . pe r i od  before the  c a l i b r a t i o n  phase, a pe r i od  i n  which t h e  occupants 

a re  g iven t h e  p o s s i b i l i t y  t o  get  used t o  the  r e t r o f i t t e d  b u i l d i n g .  . 

If prope r l y  performed, the  t e s t  reference experiment should have the  

f o l l o w i n g  advantages: 

- independence o f  t he  c l  ima t i c - cond i t i ons  

- independence o f  t he  b u i l d i n g  c h a r a c t e r i s t i c s  

- the  observed change i n  energy consumption depends on ly  on t he  r e t r o f i t  

( i n c l u d i n g  the  reac t ions  o f  the  occupants) 

- can sometimes be performed i n  a s i n g l e  heat ing  season if the s c a t t e r  o f  the  

observed d i f f e r e n c e  i n  energy consumption o f  t he  t e s t  and reference b u i l d i n g s  

i s  small be fo re  t h e  r e t r o f i t  

- Example 1 

t y p e o f  ob jec t :  two m u l t i -  f am i l y  r e s i d e n t i a l  b u i l d i n g s  o f  t he  same 

design, w i t h  t he  same o r i e n t a t i o n ,  b u i l t  i n  t he  same year  and s i t ua ted  c l ose  t o  

one another. 

aim o f  experiment: t o  determine t he  e f f e c t  of t he  i n s t a l l a t i o n  of 

thermosta t i c  r a d i a t o r  valves on the  energy consumption 



experimental design: a  d i r e c t  comparison o f  the  energy consumption of the  

two b u i l d i n g s  i s  t o  be performed 

measures taken: no o ther  measures than t h e  r e t r o f i t t i n g  of the  t e s t  

b u i l d i n g  were taken 

measurements: data on t he  energy consumption^ of t he  two b u i l d i n g s  f o r  t he  

f i v e  heat ing  seasons preceeding the  r e t r o f i t  were co l l ec ted .  These f i v e  heat ing  

seasons then  de f i ne  t he  c a l i b r a t i o n  phase. Data on t he  energy consumption o f  

t he  heat ing  season f o l l ow ing  t he  r e t r o f i t  were a l s o  c o l l e c t e d  and t h i s  heat ing 

season ' then c o n s t i t u t e s  t he  comparison phase. The r e s u l t  of these measurements 

a re  g iven i n  Table I 1  d-1. To f a c i l i t a t e  a  comparison t he  da ta  have been 

normalized i n  such a  way t h a t  the  average energy consumption o f  t he  reference 

b u i l d i n g  du r i ng  the  c a l i b r a t i o n  phase has been set  equal t o  100. No o ther  

measurements than those of the  t o t a l  energy consumption were performed. 

course o f  i nves t i ga t i on :  a l l  measurements were made a  p o s t e r i o r i .  

data t reatment :  from the  data o f  Table I 1  d - l  one no t i ced  t h a t  the  energy 

consumption o f  the  reference b u i l d i n g  was 2 % lower dur ing  t he  comparison phase 

than  du r i ng  t he  c a l i b r a t i o n  phase. The corresponding number f o r  t he  t e s t  

b u i l d i n g  was 1.5 %. One t he re fo re  concluded t h a t  t he  e f f e c t  o f  t he  r e t r o f i t  was 

negat ive.  

comments: one f i r s t  notes t he  r e l a t i v e l y  un i fo rm energy consumption o f  t he  

reference b u i l d i n g  du r i ng  the  c a l i b r a t i o n  phase. The spread i s  very small. The 

energy consumption o f  t he  t e s t  b u i l d i n g  var ies  more; the  spread i s  f o u r  o r  f i v e  

t imes l a r g e r  than f o r  the  nominal ly  i d e n t i c a l  reference b u i l d i n g .  The reason 

f o r  t h i s  ought t o  be inves t iga ted .  I s  i t  due t o  change o f  occupants, have 

adjustments been made t o  t he  heat p l a n t  of the  t e s t  bu i l d i ng ,  o r  i s  t he  heat ing  

system o f  t h i s  b u i l d i n g  no t  balanced? The average and the  spread o f  the  

d i f f e rence  i n  energy consumption between the  two b u i l d i n g s  dur ing  the 

c a l i b r a t i o n  phase are  o f  t he  same s ize ,  4.8 and 3.8 respec t ive ly .  The observed ' 

d i f fe rence du r i ng  the  comparison 'phase, 4.3, i s  t he re fo re  n o t  s t a t i s t i c a l l y  

s i g n i f i c a n t  and no conclus ions i n  e i t h e r  d i r e c t i o n  can be drawn. Dne would 

probably have t o  inc lude  several heat ing seasons i n  the  comparison phase be fore  

any conclus ions can be drawn. 



TABLE I 1  d - l  

Energy consumption o f  t h e  b u i l d i n g s  

Heat ing season Reference b u i l d i n g  Test b u i l d i n g  D i f f e rence  

1 101.2 90.4 10.8 

2 100.3 94.2 6.1 

3 99.2 99.9 -0.8 

4 99.8 94.7 5.1 

5 99.5 96.8 2.7 

Average o f  

c a l i b r a t i o n  phase 100.0t-0.7 95.2t-3.1 4.8+-3.8 

6 98.0 93.7 4.3 

(compari son phase) 

- Example 2 

t ype  o f  ob jec t : two  groups of s i n g l e  and double occupancy f l a t s  f o r  o l d  

people. The t o t a l  number o f  f l a t s  i s  56. One o f  t h e  groups cons i s t s  o f  24 

f l a t s  of a -medium- o r  - low-  i n s u l a t i o n  l e v e l .  The o the r  one cons i s t s  o f  32 

f l a t s  of a -h ighs  o r  -medium- i n s u l a t i o n  l eve l .  The d i s t ance  between t h e  two 

groups o f  f l a t s  i s  about t e n  km. A l l  f l a t s  form pa r t . o f  two- s to rey  b l ocks  o f  a 

heavyweight cons t r uc t i on .  The i n s t a l  l e d  hea t i ng  system cons i s t s  i n  e l e c t r i c  

r a d i a n t  c e i l i n g  panels w i t h  a t he rmos ta t i c  as we l l  as a t ime  c o n t r o l  which can 

be operated by t h e  occupants. However, on ly  a small  f r a c t i o n  o f  t h e  occupants 

used t h e  i n s t a l l e d  hea t i ng  system as t h e  o n l y  means t o  hea t  t h e i r  dwe l l ings .  

Instead,  most occupants used a u x i l i a r y  e l e c t r i c  devices f o r  heat ing.  Some used 

on l y  dev ices  o f  t h i s  k ind .  The occupants used o n l y  e l e c t r i c i t y  f o r  ho t  water  

genera t ion  and cooking. A l l  f l a t s  are o f  a s i m i l a r  s i z e  and layou t .  H a l f  o f  

t h e  two- person f l a t s  were occupied by on l y  one person. 



aim of the  experiment: t o  determine the  e f f e c t  of the  i n s u l a t i o n  l e v e l  o f  

t h e  f l a t s  on the  consumption of energy f o r  space heat ing.  . 

exper imenta l  design: t 0 , f a c i l i t a t e  the  ana l ys i s  o f  t h e  data t h e  f l a t s  were 

d i v i d e d  i n t o  f ou r  c lasses:  

1) one person f l a t s  from group one, i n s u l a t i o n  l e v e l  h i g h  

2 )  " ' "  " " two " medium 

3) two " " one " medium 

4 )  " " two " low 

B y  making t h e  app rop r i a t e  comparisons between the  f o u r  c lasses o f  f l a t s ,  

the  e f f e c t  o f  t h e  s i t e ,  of t h e  s i z e  o f  the  f l a t ,  and of t h e  i n s u l a t i o n  l e v e l  on 

t h e  energy consumption can be determined. 

measures taken: as bo th  groups of f l a t s  e x i s t e d  .when the  i n v e s t i g a t i o n  

s t a r t ed ,  the  e f f e c t  o f  the  r e t r o f i t  had t o  be evaluated by  a d i r e c t  comparison 

as descr ibed above, and no a d d i t i o n a l  r e t r o f i t t i n g  was performed. 

measurements: t h e , t o t a l  e l e c t r i c i t y  consumption o f  each f l a t  was ~neasured 

weekly d u r i n g  one year .  The indoor  a i r  temperature o f  t h e  l i v i n g  room, bedroom, 

and k i t chen  of each f l a t  was recorded every hour, and so was the  ex te rna l  a i r  

temperature a t  the  s i t e  of bo th  groups o f  b u i l d i n g s .  The g l oba l  s o l a r  r a d i a t i o n  

was a l so  recorded a t  bo th  s i t es .  I n  a d d i t i o n  t o  these measurements, data on the  

ex te rna l  a i r  temperature, sun hours, and wind speed were ob ta ined  from a 

meteoro log ica l  s t a t i o n  s i t u a t e d  about f i f t e e n  k i lometers  from bo th  s i t e s .  

A survey o f  the  t enan t s  was made. They were asked about how much t ime  they  

spent a t  home and what use they made of hot  water  and e l e c t r i c i t y  f o i  cooking. 

course of i n v e s t i g a t i o n :  the  occupants of s i x  f l a t s  ' o b j e c t e d  t o  t h e  

i n s t a l l a t i o n  o f  sensors i n  t h e i r  f l a t s ,  thus  l eav i ng  a sample o f  f i f t y  f l a t s .  

I n  some f l a t s  t he re  were gaps i n  t h e  occupancy, change o f  occupants, and 

measurement equipment brekdowns. This meant t h a t  on l y  f o r  p a r t  of t h e  f l a t s  

t h e r e  was a continuous t ime-  se r i es  o f  measurements. 

data t rea tment :  t h e  t ime r e s o l u t i o n  used i n  the  ana l ys i s  o f  t h e  da ta  was 

one week. Even if the measurements went on f o r  one year, o n l y  da ta  from weeks 

be long ing  t o  t h e  hea t ing  season were used i n  the  ana lys is .  The weekly average 

o f  t h e  measured va r i ab l es  was c a l c u l a t e d  f o r  each c l ass  o f  f l a t s .  Due t o  t h e  



incomplete dataset ,  i t  was necessary t o  apply some c r i t e r ' i a  f o r  the  i n c l u s i o n  o f  

da ta  from a  c e r t a i n  f l a t  i n  the  c a l c u l a t i o n  o f  a  c lass  average. To i nc l ude  a  

f l a t  i n  the  ana lys is  i t  was judged necessary t h a t  temperature as w e l l  as energy 

consumption data were a v a i l a b l e  f o r  a t  l e a s t  two t h i r d s  o f  the  weeks. For the  ' 

c a l c u l a t i o n  o f  a  weekly average f o r  a  c lass  i t  was requ i red  t h a t  data from two 

t h i r d s  o f  t he  f l a t s  belonging t o  the  c l ass  were a v a i l a b l e  f o r  the  week i n  

question. These demands reduced the  number o f  f l a t s  considered i n  t he  f i n a l  

ana lys is  t o  42 , 'w i t h  about t en  i n  each o f  the  f ou r  classes. From the  above a lso  

fo l lows t h a t  t h e  number o f  f l a t s  f o r  which a  weekly c l ass  average was ca l cu la ted  

cou ld  vary somewhat f romone week t o  another. 

If the ex te rna l  temperature o r  t he  s o l a r  r a d i a t i o n  data were miss ing f o r  a  

c e r t a i n  per iod  a t  one o f  t he  b u i l d i n g  s i t e s ,  an est imate o f  t he  miss ing  data was 

made so t h a t  t he  pe r i od  cou ld  be inc luded i n  the  f i n a l  analys is .  These 

est imates were based on a  l i n e a r  r e l a t i o n ,  determined by regress ion  ana lys is ,  

between, on one hand, the  ex te rna l  a i r  temperature a t  the  b u i l d i n g  s i t e  and t h a t  

a t  t he  meteoro log ica l  s t a t i o n ,  and, on the  o the r  hand, between the  observed 

g lobal  s o l a r  r a d i a t i o n  a t  t he  b u i l d i n g  s i t e  and the  number o f  sun hours recorded 

a t  the  meteoro log ica l  s t a t i o n .  Th is  procedure was judged t o  be r e l i a b l e  because 

of the  r e l a t i v e  v i c i n i t y  t o  t he  meteorological  s t a t i o n  and the  good c o r r e l a t i o n  

obta ined i n  the  regress ion  ana lys is .  

I n  the  f i n a l  ana l ys i s  o f  the  data a  l i n e a r  model was used, t ak i ng  i n t o  

account the  combined f a b r i c  and heat losses (Hloss) ,  the e l e c t r i c  energy used 

f o r  space heat ing  (He l ) ,  the  e l e c t r i c  energy used f o r  domestic appl iances 

c o n t r i b u t i n g  tb the  heat ing  o f  the  dwe l l i ng  (Happl) ,  the  metabol ic  heat from the  

occupants (Hmet), and t he  c o n t r i b u t i o n  t o  t he  heat ing  of t he  dwe l l i ng  from the  

so la r  r a d i a t i o n  (Hso l ) .  I t  was assumed t h a t  t he  combined f a b r i c  and heat '  losses 

were p r o p d r t i o n a ~  t o  t he  indoor-  outdoor.  temperature d i f f e r e n c e  AT, w i t h  a  

p r o p o r t i o n a l i t y  constant  CT, o r  Hloss= CT+AT. I t  was a lso  assumed t h a t  the  

c o n t r i b u t i o n  t o  t he  heat ing  from s o l a r  r a d i a t i o n  was p ropo r t i ona l  t o  the  t o t a l  

g loba l  s o l a r  r a d i a t i o n  Qso l ,  w i t h  a  p r o p o r t i o n a l i t y  constant  CQ, o r  Hsol= 

CQtQsol. The model can then be w r i t t e n  as: 

CT* AT= Hel+ Happl t M e t  t CQ+ Qsol 

The e n t i t i e s  Hel. Happl and Hmet were ca l cu la ted  as descr ibed below. I t  was 

observed t h a t ,  f o r  a l l  c lasses o f  f l a t s ,  t he  t o t a l  e l e c t r i c  energy consumption 

decreased l i n e a r l y  w i t h  the  outdoor a i r  temperature up t o  a  c e r t a i n  temperature. 

Above t h i s  temperature i t  remained constant ,  and t he re  Las a  constant  base load  

o f  e l e c t r i c  consumption, Hbase. This base load was i n t e r p r e t e d  as t he  e l e c t r i c  



energy used by e l e c t r i c  appl iances. 

I t  was then assumed t h a t  the d i f f e r e n c e  between the  t o t a l  consumption o f  

e l e c t r i c  energy and t h i s  base load,  Hbase, c o n s t i t u t e d  the e l e c t r i c  energy used 

f o r  space hea t ing ,  Hel. . F r m  t h e  base load,  Hbase, one a l s o  est imated t h e  

c o n t r i b u t i o n  t o  t h e  hea t ing  o f  t h e  dwe l l i ng  from t h e  energy used by appl iances,  

Happl. From t h e  survey o f  the  occupants one cou ld  est imate t h a t  about one t h i r d  

of t h e  energy used f o r  appl iances was used f o r  ho t  water generat ion,  one t h i r d  

fo r  cooking, and one t h i r d  f o r  l i g h t i n g  and o the r  uses. One a l s o  est imated t h a t  

30% o f  t h e  energy used f o r  hot  water generat ion,  75% o f  t h e  energy used f o r  

cooking and a l l  the  energy used f o r  o t he r  purposes con t r i bu ted  t o  t h e  hea t ing  of 

t h e  dwe l l ing .  One cou ld  thus deduce t h a t  68% o f  the  e l e c t r i c  energy used by 

appl iances con t r i bu ted  t o  the  hea t ing  o f  the  dwe l l ing ,  and t h i s  amount o f  energy 

was i d e n t i f i e d  w i t h  the  term Happl of the  model, i.e. Happl- 0.68'Hbase. 

From t h e  survey o f  t h e  occupants one a l s o  had i n f o rma t i on  about how much 

t ime they  spent a t  home. Assuming an average metabo l i c  heat r a t e  o f  80 W the  

te rm Hmet o f  t h e  model cou ld  be est imated. 

As t h e  e n t i t i e s  AT and Qsol  o f  th,e model were known from t h e  measurements, 

t h e  parameters CT and CQ o f  the  model could be determined by a  f i t  t o  data by 

use of regress ion  ana lys is .  This was done separa te ly  f o r  each o f  t h e  f ou r  

b u i l d i n g  classes. 

Comparing t h e  d i f f e r e n c e s  between t h e  values o f  t h e  parameters CT obta ined 

f o r  the  f ou r  c lasses,  i t  was found t h a t  these d i f f e rences  agreed reasonably we l l  

w i t h  the  d i f f e rences  between t h e  t h e o r e t i c a l l y  est imated U-value'area o f  t h e  

f l a t s .  This  would then mean t h a t  the  t h e o r e t i c a l l y  h igher  i n s u l a t i o n  l e v e l  had 

been achieved a l s o  i n  p r a c t i c e  (p rov ided  o f  course t h a t  t h e  i n f i l t r a t i o n  r a t e  o f  

the  four  b u i l d i n g  c lasses was the  same, which was never checked). This  was not  

a  t r i v i a l  f i n d i n g  as t h e  est imated e f f e c t  o f  a  b e t t e r  i n s u l a t i o n  would have been 

much lower i f  one had compared on l y  the  t o t a l  energy consumption. The reason 

f o r  t h i s  d i f f e r e n c e  i n  i n t e r p r e t a t i o n  could be ascr ibed  t o  a  h igher  average 

indoor  temperature of t h e  b e t t e r  i n su l a ted  f l a t s ,  and a  poss i b l y  more e f f i c i e n t  

. way. o f  t a k i n g  advantage of t h e  i n c i d e n t a l  heat gains from s o l a r  r a d i a t i o n  and 

energy used by domestic appl iances. 

It was the  conc lus ion  o f  t h e  experimenters t h a t  t h e  t h e o r e t i c a l l y  

ca l cu l a t ed  . e f f e c t s  o f  an increased i n s u l a t i o n  on the  thermal losses cou ld  be 

v e r i f i e d .  What t h e  e f f e c t  on t h e  t o t a l  energy consumption would be i n  o ther  



b u i l d i n g s  cou ld  no t  be est imated. For t h i s  one needed more i n f o rma t i on  about 

how the  i n c i d e n t a l  heat gains were used. 

comments: one should f i r s t  no te  the  r educ t i on  o f  t h e  sample s i z e  f o r  

d i f f e r e n t  reasons. I n  t h i s  case on l y  75% o f  the  o r i g i n a l  f l a t s  cou ld  be used i n  

the  f i n a l  ana lys is .  This  i s  something which o f t e n  happens i n  experiments o f  

t h i s  k ind .  The o r i g i n a l  i n t e n t i o n  o f  the  experimenters was t h a t  each c l ass  o f  

f l a t s  should be g rea t  enough so t h a t  t h e  e f f e c t s  o f  occupancy cou ld  be 

neglected. Now each c l ass  f i n a l l y  cons is ted  o f  on l y  about t en  f l a t s ,  which may 

be too small  a  number t o  neg lec t  the  e f f e c t s  o f  occupancy. 

Two parameters were est imated,  CT and CQ, i n  the  model, be ing  cons tan ts  o f  

p r o p o r t i o n a l i t y  o f  t h e  terms con ta i n i ng  r e s p e c t i v e l y  t h e  indoor-outdoor  

temperature d i f f e r e n c e  &T, and the  t o t a l  s o l a r  r a d i a t i o n  Qsol .  There i s  o f t e n  a  

s t r ong  c o r r e l a t i o n  between t h e  outdoor  a i r  temperature and t h e  amount of s o l a r  

r a d i a t i o n .  Es t ima t i ng  the  value o f  these two parameters may t h e r e f o r e  be a  

dangerous procedure, because CT and CQ may no t  be independent. The model can 

reproduce the experimental data equa l l y  we l l  if t h e  values o f  CT and CQ a re  bo th  

increased o r  decreased. 

The conc lus ions  drawn by the  experimenters r e l y  t o  some ex ten t  on t h e  

assumption t h a t  t h e  a i r  i n f i l t r a t i o n  was the  same f o r  a l l  t h e  four  c lasses  o f  

f l a t s .  It would probably have been an advantage i f  t h i s  assumption had been 

checked. 

Desp i te  these shortcomings, the  experimental design was i n  t h i s  case r a t h e r  

ambi t ious and. r e l i a b l e ,  and i t  i s  t he re fo re  h i g h l y  probable t h a t  t h e  r e s u l t s  o f  

t h e  i n v e s t i g a t i o n  a re  r e l i a b l e  too. 



CHAPTER I 1  e 
------------ 

Simulated occupancy experiments and Movers and s t a y e r s  
...................................................... 

- simulated occupancy experiments p. I 1  e- 1 

- movers and s tayers  p. I 1  e- 3 

- re fe rences  p.  11 e- 4 



I1 e S imu la ted  occupancy exper iments  and Movers and s t a y e r s  
........................................................... 

- s i m u l a t e d  occupancy exper iments  

............................... 

The r e t ' r o f i t  e f f e c t  o f  energy c o n s e r v a t i o n  measures has been d e f i n e d  (see  

App. I )  as t h e  change i n  energy consumption wh ich  ' i s  i m p u t a b l e  s t r i c t l y  t o  t h e  

r e t r o f i t .  T h i s  change i s  due t o  t h e  .improvement o f  t h e  b u i l d i n g  o r  h e a t i n g  

system performance, b u t  i t  w i l l  a l s o ,  as a  second o r d e r  e f f e c t , ' b e  i n f l u e n c e d  by 

a  p o s s i b l e  change i n  t h e  occupants  h a b i t s -  i n  consequence of t h e  r e t r o f i t .  

As a l r e a d y  seen i n  t h e  p r e v i o u s  chap te rs ,  t h e  comparison o f  t h e  energy 

consumptions i n  t w o b u i l d i n g s  ( t e s t - r e f e r e n c e  exper imen ts ) ,  o r  i n  two d i f f e r e n t  

h e a t i n g  seasons (be fo re -a f te r 'exper iments ) ,  w i l l  i n  genera l  produce a r e s u l t  

which d i f f e r s  from t h e  r e t r o f i t  e f f e c t .  T h i s  d i f f e r e n c e  i s  i n  8-A exper iments  

m a i n l y  due t o  v a r i a t i o n s  o f  t h e  weather  from one h e a t i n g  season t o  ano the r .  I t  

i s  m a i n l y  due t o  occupancy d i f f e r e n c e s  i n  T-R experiments. However, w h i l e  a  

f a i r l y  a c c u r a t e  c o r r e c t i o n  i s  p o s s i b l e  i n  8-A exper iments ,  when a r e l a t i v e l y  
\ 

sma l l  number o f  m e t e o r o l o g i c a l  q u a n t i t i s a r e  measured, i n  T-R exper iments  such 

a c o r r e c t i o n  would r e q u i r e  t h e  m o n i t o r i n g  o f  a  g r e a t  number o f  a c t i v i t i e s  

per formed by t h e  occupants .  T h i s  k i n d  o f  approach t h e r e f o r e  has t o  be r e j e c t e d  

i n  many cases because o f  t e c h n i c a l  and economic d i f f i c u l t i e s .  A b e t t e r  way o f  

r e d u c i n g  t h e  e r r o r  i n  these  exper iments ,  (see ch. I 1  d )  i s  t o  per form a 

c a l i b r a t i o n  b e f o r e  t h e  measurement campaign, assess ing  t h e  r e l e v a n t  d i f f e r e n c e s  

between t h e  occupants o f  t h e  two b u i l d i n g s .  

A good s o l u t i o n  i s  t o  choose t h e  two b u i l d i n g s  i n  such a way t h a t  t h e i r  

energy b i l l s  have been t h e  same i n  t h e  pas t  and t h e r e  has n o t  been a change i n  

occupancy. A s l i g h t  v a r i a t i o n  o f  occupancy can s t i l l  occu r  between t h e  

c a l i b r a t i o n  p e r i o d  and t h e  measurement pe r iod ,  and p o s s i b l y  t o  a  c e r t a i n  e x t e n t  

s p o i l  an exper iment  which i s  l i k e l y  t o  be expens ive and t i m e  consuming. 

T o a v o i d  t h i s  r i s k ,  s i m u l a t e d  occupancy can be used i n ,  e.g., T-R 

exper iments .  A c t u a l l y ,  when t h e  two i n v e s t i g a t e d  b u i l d i n g s  a r e  b o t h  equipped 

w i t h  an apparatus s i m u l a t i n g  t h e  e n e r g y - r e l a t e d  a c t i v i t i e s  o f  t h e  occupants, t h e  

"no ise " ,  produced by t h e  presence of  occupants, o f  t h e  measurement w i l l  be 

suppressed. 



There would a l s o  no t  be any "noise"  i f  t h e  presence o f  occupants were no t  

s imu la ted  a t  a l l ,  b u t  t h i s  procedure leads t o  r e s u l t s ' t h a t  cannot be 

general ized.  Moreover, t h e  u t i l i t y  o f  t h e  experiment i t s e l f  w i l l  then  become 

d i spu tab le  s ince  t h e  r e s u l t s  cou ld  be more e a s i l y  ob ta ined  by means o f  a  good 

computer model of t h e  b u i l d i n g  energy balance. On t h e  con t ra ry ,  s imulated 

occupancy does no t  e l i m i n a t e  t h e  i n f l u e n c e  of occupants on energy consumption, 

b u t  w i l l  r a t h e r  a l l o w  i t s  con t r o l .  The main drawback o f  t h i s  method i s  t h a t  i t  

w i l l  n o t  p rov i de  any i n f o rma t i on  on human behaviour ,  b u t  i t  w i l l  r a t h e r  r e q u i r e  

such i n f o rma t i on  as i npu t .  It w i l l  n o t  enable t h e  exper imenter  t o  i n v e s t i g a t e  

t h e  second o rder  r e t r o f i t  e f f ec t  (see ch. I 1  a ) ,  un less t h e  s imu la t i on  can be 

i n f l uenced  by some feed-back mechanisms based on phys i o l og i ca l  indexes, such as 

i l l u m i n a t i o n .  thermal comfor t  o r  no ise  indexes. 

This  k i n d  of s i m u l a t i o n  r equ i r es  t h a t  t h e  phys i o l og i ca l  indexes can be 

o b j e c t i v e l y  determined and measured', and t h a t  t h e  r e l a t i o n  between these s t i m u l i  

and people-s r eac t i ons  can be assessed. Th is  i s  the  weak p o i n t  o f  such a  

procedure, besides i t s  t echn i ca l  f e a s i b i l i t y  and cos t .  

Summing up, t h e  use o f  s imu la ted  occupancy i n  T-R experiments p resen ts  t h e  

f o l l o w i n g  advantages: 

- a  r e l i a b l e  separa t ion  o f  the  b u i l d i n g  e f f e c t  on t h e  consumption o f  energy 

from t h e  weather and the  occupancy e f f e c t s  

- t h e  r e p e a t a b i l i t y  o f  t h e  experiment 

- t h e  easy adjustment o f  t h e  s imu la ted  occupancy if one wants t o  per fo rm a  

paramet r i c  study o f  i t s  e f f e c t  on the  consumption o f  energy 

- t h e  easy mon i t o r i ng  o f  t h e  occupancy, s ince  t h e  equipment fo! s i m u l a t i o n  

w i l l  be e l e c t r i c a l l y  d r i v e n  (see ch. I V  d)  

- t h e  establ ishment  o f  "s tandard occupancy schedules" makes i t  poss i b l e  t o  

compare r e s u l t s  from d i f f e r e n t  experiments. It must be mentioned t h a t  t h i s  

idea has a l ready  been used i n  cases when t h e . r e l a t i o n  between s u b j e c t i v e  

phys i o l og i ca l  behaviour, and o b j e c t i v e  phys i ca l  . q u a n t i t i e s  had t o  be 

es tab l i shed ,  l i k e  t h e  "s tandard e y e '  i n  i l l u m i n a t i o n  and the  "s tandard ea r "  

used i n  acoust ics.  

On t h e  o the r  hand, t h e  disadvantages a re  t h e  f o l l o w i n g :  

- t h e  l o s s  o f  i n f o rma t i on  on ac tua l  human behaviour, and i t s  v a r i a t i o n  due ' 

t o  energy conserva t ion  measures 

- t h e  t echn i ca l  and economic d i f f i c u l t y  o f  c o n s t r u c t i n g  s imple schedules 

which do no t  c o n s i s t  o f  s tereotyped p rese t  t r a i n s  of a c t i v i t i e s ,  b u t  a r e  



dynamic and i n c l u d e  a feed-back mechanism s i m u l a t i n g  p h y s i o l o g i c a l  s t i m u l i  

(see ch. I V  d )  

- t h e  e x t r a  c o s t  f o r  t h e  r e n t  o r  purchase o f  t h e  d w e l l i n g s ,  t h a t  cannot  be 

occupied by a c t u a l  r e s i d e n t s  

- t h e  e x t r a  c o s t  f o r  t h e  purchase o f  t h e  s i m u l a t i o n  apparatus. 

- movers and s t a y e r s  
------------------ 

Uhen a s tudy o f  t h e  energy consumption i s  per formed on a number o f  s i n g l e  

f a m i l y  d w e l l i n g s ,  t h e r e  w i l l  o f t e n  be some houses t h a t  have changed ownersh ip  

d u r i n g  t h e  measurement p e r i o d .  Data from these  houses a r e  g e n e r a l l y  exc luded 

from t h e  c o l l e c t i o n  o f  da ta  b e f o r e  t h e  f i n a l  a n a l y s i s  o f  da ta  i s  per formed. .  

A method has been advocated how t o  r e t a i n  these  da ta  so  t h a t  they  can be 

used t o  shed l i g h t  on t h e  i n f l u e n c e  o f  t h e  occupants on t h e  t o t a l  energy 

consumption o f  t h e  house (Sonderegger 1977).  One t h e n  assumes t h a t  t h e  

v a r i a t i o n  o f  energy consumption between n o m i n a l l y  i d e n t i c a l  houses can be 

a s c r i b e d  t o  one of  two  f a c t o r s :  

1) v a r i a t i o n  i s  due t o  occupant behav iou r  

2 )  v a r i a t i o n  i s  due t o  d i f f e r e n c e s  between n o m i n a l l y  i d e n t i c a l  b u i l d i n g s  

(e.g. d i f f e r e n c e s  due t o  b u i l d i n g  damage o r  t o  bad workmanship d u r i n g  

t h e  e r e c t i o n  o f  t h e  b u i l d i n g ) .  , 

The houses 'are d i v i d e d  i n t o  two c a t e g o r i e s ,  one c o n s i s t i n g  o f  houses where 

a change o f  ownersh ip  has occured and t h e  o t h e r  o f  houses where i t  has no t .  The 

l a t t e r  ca tegory  serves as a c o n t r o l  group. The energy consumption o f  one 

h e a t i n g  season i s  then c m p a r e d  t o  t h e  energy consumption o f  a second one. 

I f  energy.  consumption i s  m a i n l y  determined by  t h e  p r o p e r t i e s  o f  t h e  

b u i l d i n g  s t r u c t u r e ,  t h e  d i f f e r e n c e  i n  energy consumption would be expected t o b e  

' t h e  same f o r  t h e  two c a t e g o r i e s  o f  houses. I f  energy consumption i s  m a i n l y  due 

t o  t h e  behav iou r  of t h e  occupants, one would expec t  a s m a l l e r  change i n  houses 

b e l o n g i n g  t o  t h e  f i r s t  ca tegory  than  t o  t h e  second one. I n  r e a l i t y  one has t o  

make c o r r e c t i o n s  f o r  d i f f e r e n c e s  i n  t h e  e x t e r i o r  c l i m a t e  between t h e  two h e a t i n g  

seasons. 



I f  , t h i s  method i s  t o  be appl ied,  t he  on l y  requ i red  data a re  t he  t o t a l  

energy consumption o f  two heat ing  seasons, and data about where and when there  

has been a change of occupants. When t h i s  method was f i r s t  app l ied  (Sonderegger 

1977) i t  was found t h a t  about two t h i r d s  o f  the  v a r i a t i o n  i n  energy consumption 

between nomina l l y  i d e n t i c a l  houses cou ld  be ascr ibed  t o  the  behaviour o f  the  

occupants. 

When t h i s  method was app l ied  t o  10 years o f  c o l l e c t e d  data from a s e t  of 

nomina l l y  i d e n t i c a l  Swedish SFD ( ~ u n d s t r o m  1980). no c o r r e l a t i o n  was found 

between the  energy consumption o f  two consecut ive years  if the re  had been a 

change i n  ownership. There was, however, a very good c o r r e l a t i o n  f o r  houses 

having t he  same occupants. 
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App. I 1  The p r o b a b i l i t y  o f  a r e t r o f i t  e f f e c t  

- general i n t r o d u c t i o n  

The aim of t he  experiments we are  dea l ing  w i t h  i s  t o  e s t a b l i s h  t he  average 

e f f ec t s  of energy conservat ion measures ( r e t r o f i t s )  i n  a popu la t i on  o f  

bu i l d i ngs .  The f i r s t , i o u r c e  o f  e r r o r  i s  the  design of the  experiment i t s e l f .  . . 
Whenever in format ion,  due t o  only a small number o f  va r i ab les  be ing  measured 

( f o r  example, t he  ins ide-ou ts ide  temperature d i f f e rence  and the  re l a ted  energy 

consumption over a per iod) ,  does no t  a l l o w  the  experimenter t o  r e l a t e  

d e t e r m i n i s t i c a l l y  t he  e f f ec t  o f  the  r e t r o f i t  t o  t he  b u i l d i n g  energy budget, the  

r e s u l t s  should be examined w i t h  t he  he lp  of s t a t i s t i c a l  techniques (Evere t t ,  

1 9 8 1 , ' ~ ~ B ~ ,  1981, Sonderegger, 1978). This approach i s  p a r t i c u l a r l y  s u i t a b l e  i n  

a t e s t -  reference (T-K) experiment, i f  a l a rge  sample o f  b u i l d i n g s  can be used, 

bu t  cou ld  a l so  be used i n  before-  a f t e r  (0-A) experiments whenever t he  

measurement campaign extends over several hea t ing  seasons. I n  these cases i t  

would be advantageous if the  r e l a t i o n  between t he  number of experimental u n i t s  

and the  p r e c i s i o n  of thP estimated r e t r o f i t  e f f ec t  was known. This k i n d  o f  

ana l ys i s  may lead to ,  the  conclus ion t h a t  the  est imate w i l l  be a f fec ted  by such 

l a r g e  e r r o r s  t h a t  no conclus ions can be drawn. I n  o ther  cases i t  may lead t o  

t he  conc lus ion  t h a t  an adequate p r e c i s i o n  can be reached w i t h  a smal ler  s i ze  o f  

t he  sample. 

When app ly ing  t he  s t a t i s t i c a l  techniques t h a t  w i l l  be descr ibed below, the  

under ly ing  assumptions a re  

1) a l l  systematic erro'rs can be i d e n t i f i e d  and removed when choosing t he  - 
t h e  experimental u n i t s  

2)  the  systematic e r r o r  may be e l im ina ted  when . ca l cu la t i ng  the  e f fec ts  
I 

o f  r e t r o f i t s .  I n  t h i s  case one can make use of t he  s t a t i s t i c a l  theory 

dea l ing  w i t h  random sampling and evaluate t he  problem by means o f  t he  

" t - t e s t "  (see e.g. Cox 1958, o r  Kendall  and S tua r t  1963) 

For the  est imate of t he  d i f f e rence  i n  energy consumption between two groups 

of r e t r o f i t t e d  b u i l d i n g s  (GR8) and non r e t r o f i t t e d  b u i l d i n g s  (GNRB), def ine:  

i l  = average energy consumption i n  GNRB 

i2 = average energy consumption i n  GRB 
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nl = number o f  b u i l d i n g s  i n  GNRB 

n 2  = number o f  b u i l d i n g s  i n  GRB 

We a l so  need a  measure o f  the  v a r i a t i o n  which a f f e c t s  t he  e r r o r  of t he  

average r e t r o f i t  e f f e c t  R i n  the  popu la t ion  o f  b u i l d i n g s  studied.  This i s  the  

so c a l l e d  res idua l  standard d e v i a t i o n  s. 

From prev'ious experience the  res idua l  standard dev ia t i on  f o r  occupancy, so, 

(T-R experiments) i s  known t o  range from 20% t o  30% o f  the t o t a l  b u i l d i n g  energy 

consumption (Eve re t t  1981, sonderegger' 1978). w h i l e  t he  res idual '  standard 

d e v i a t i o n  f o r  the  weather, based on the  seasonal degree-days v a r i a t i o n ,  s,, (B-A 

experiments) ranges from 6% t o  10%. 

However, when t he  two groups o f  b u i l d i n g s  a re  chosen i n  such a  way t h a t  

they have almost i d e n t i c a l  energy consumptions be fore  the  r e t r o f i t ,  the  res idua l  

standard dev ia t i on ,  due on ly  t o  v a r i a t i o n s  i n  occupancy i n  t ime and unre la ted  t o  

the  r e t r o f i t  i t s e l f ,  w i l l  gene ra l l y  be around 10% (Sonderegger 1978). 

The est imated r e t r o f i t  e f f ec t  i s  def ined as: 

R = XI - F2  (APP 11 - 1) 

and t he  est imated r e l a t i v e  r e t r o f i t  e f f e c t  ? i s  defined as: 

r = 2 ( i 1  - X2)/ ( i l  + i2) (APP I 1  - 2) 

Assuming t h a t  sl and s 2  (standard dev ia t i ons  of x, and x 2  respec t i ve l y )  a re  

bo th  c l ose  t o  s, the  standard e r r o r  sR i n  the  es t imate  o f  R  i s  g iven by:  

S R  = s d l / n l  + l / n 2  (APP 1 1  - 3) 

and t he  standard e r r o r  s  i n  the  est imate of r i s  g iven by: 

s, = s / (X1 t X2) + 2  + d l / n l  + l / n 2  (App 1 1  - 4) 
For t he  case when t he  two sets con ta i n  an equal number of u n i t s  n, t he  eq. 

App 11 -3 and App I 1  -4 become: 

s, = ~ s ( ~ / n j / ~  (APP 1 1  - 5) 
s3 = s ( ~ / n ) ' / ~  (APP 11 - 6)  
Here, then, t w o ' d i f f e r e n t  eva lua t ions  can be made: 

1) determine from the  measurements t he  conf idence i n t e r v a l  which f o r  a  se lec ted  

l e v e l  of p r o b a b i l i t y  (confidence) covers o r  con ta ins  t he  average r e t r o f i t  

e f f ec t .  
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2) determine,  b e f o r e  the  exper iments  a r e  performed, f o r  d i f f e r e n t  p r o b a b i l i t y  

l e v e l s ,  t h e  r e q u i r e d  sample s i z e  f o r  some d e f i n i t e  l e n g t h  of t h e  con f idence  

i n t e r v a l .  

- d e t e r m i n a t i o n  o f  t h e  l i m i t s  o f  t h e  r e t r o f i t  e f f e c t  

For q u a l i t a t i v e  e v a l u a t i o n s ,  i t  can f o r  l a r g e  samples, be s a i d  t h a t ;  

a) when t h e  es t ima ted  r e t r o f i t  e f f e c t  i s  s m a l l e r  than  1.65 t imes  t h e  s tandard 

e r r o r ,  sr, t h e r e  i s  no ev idence t h a t  t h e r e  i s  any t r u e  d i f f e r e n c e  a t  a l l .  

b )  when t h e  es t ima ted  r e t r o f i t  e f f e c t  i s  about t w i c e  i t s  s tandard e r r o r ,  s  
r ' 

t h e r e  i s  good ev idence ( p r o b a b i l i t y  l e v e l  above 95 %) t h a t  t h e  d i f f e r e n c e  

i s  n o t  zero.  

c )  when t h e  es t ima ted  r e t r o f i t  e f f e c t ,  s,. i s  more t h a n  2.6 t i m e s  i t s  s tandard 

e r r o r ,  t h e r e  i s  a  s t r o n g  ev idence ( p r o b a b i l i t y  l e v e l  above 99 %) t h a t  t h e  

t r u e  d i f f e r e n c e  i s  n o t  zero. 

For  a  more s i g n i f i c a n t  q u a n t i t a t i v e  e v a l u a t i o n ,  i t  can be s a i d  t h a t  t h e  

r e l a t i v e  r e t r o f i t  e f f e c t ,  r, i s  s i t u a t e d ,  a t  a  p r o b a b i l i t y  l e v e l  p, i n  the  

i n t e r v a l  ( s o  c a l l e d  conf idence i n t e r v a l )  

( r  - t ( p , n ) *  sr, F t t ( p , n ) *  s,) (APP 11 - 7) 
where 

t ( p , n )  i s  a  f u n c t i o n  o f  p  and n  g i v e n  ' i n  Table App I 1  -1 

The w i d t h  o f  t h e  con f idence  i n t e r v a l  w  w i l l  be g i ven  by: 

w  = 2' t ( p , n ) *  sr (App 11 - 8)  

I 
Example 1. L e t  us cons ide r  two groups of 10 b u i l d i n g s  i n  a  T-R experiment.  The 

GNRB g i v e s  i ,=80 GJ Iy r ,  w h i l e  t h e  GRB g i v e s  X2=65 GJlyr .  Then, assuming.s,=20%, 

we have: sr= 0 . 2 m  =0.089 =8.9% and r' = 2'(80-65)1(80+65) = 0.207 = 20.7% 

which g i v e s  i / s  = 0.207/0.089= 2.32. 
r 

As a  g u a l i t a t i v e  e v a l u a t i o n ,  we a r e  a b l e  t o  say t h a t  t h e r e  i s  good ev idence 

t h a t  t h e r e  i s  a  d i f f e r e n c e  between t h e  two groups. I f  we wish a  q u a n t i t a t i v e  

e v a l u a t i o n  w i t h  a  95% p r o b a b i l i t y  l e v e l ,  we w i l l  f i n d .  t h a t '  t(0.95,10)= 2.26. 

Then r l i e s  between 0.207- 0.089'2.26 and 0.207t 0.089'2.26, i.e., between 0.6% 

and 40.8%. S i m i l a r l y ,  w i t h  a  p r o b a b i l i t y  o f  213 (67%),  t h e  t r u e  r l i e s  between 

0.207- 0.089x1.03 and 0.207+ 0.089x1.03, i.e., between 11.5% and 29.9%. 
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- d e t r n ~ i i n a t i o n  o f  the  sample s i ze  

I n  t h i s  case t he  problem i s  t h a t  of determining an appropr ia te  sample s i z e  

f o r  the  experiment, l ead ing  t o  a p rese t  l eng th  o f t h e  conf idence i n t e r v a l .  From 

the  eq. App 11-6 and App 11-8, we d e r i v e  t he  f o l l o w i n g  i m p l i c i t  r e l a t i o n :  

n = ~ * ( ~ + s * t ( p , n ) / w ) '  

t he  s o l u t i o n  o f  which, f o r  p = 67, 75, 90, 95%, i s  g iven i n  graphic form as a 

f unc t i on  o f  2sIw i n  f i g .  App. I 1  -1. 

Example 2. Suppose we are  p lann ing  a T-R experiment assuming, as before,  t h a t  

so= 20%. Wewant t o  achieve a r e s u l t  which dev ia tes  a t  most 5% from the  

est imated r w i t h  a p r o b a b i l i t y  o f  213. 

W e f i n d 2 s / w = 4 ,  and f r o m f i g .  App I 1  - l w e g e t  n = 3 1 .  I f  t h i s  number 

i s  considered t o o  h i gh  and, because t he  expected r e t r o f i t  e f f e c t  i s  f a i r l y  

la rge ,  we can accept a l a r g e r  conf idence i n t e r v a l  ( f o r  example, w = 20%), we 

w i l l  f i n d  t h a t  2slw=2 and t he re fo re  n l i e s  between 8 and 9. 

S i m i l a r l y ,  if the  two groups had been checked i n  advance and t h e i r  ,energy 

consumption were very much t he  same, a lower standard dev ia t i on  can be expected, 

f o r  ins tance 10%. Accepting, as above, w=20X a t  a p r o b a b i l i t y  o f  213, we, would 

i n  t h i s  case f i n d  2s/w=l and n=3. 

Example 3. For a 8-A experiment, assuming sw  = 7.5%, we would need about 5 t o  6 

6 heat ing  seasons i n  each group i n  o rder  t o  get  a +-5% conf idence i n t e r v a l  w i t h  

a p r o b a b i l i t y  o f  213, and j u s t  2 i f  a t-10% i n t e r v a l  cou ld  be accepted. 

As a f i n a l  comment we want t o  p o i n t  out  t h a t  t he re  a re  no "recomended" 

values o f  w and p. However, i t  appears t h a t  the  conf idence l e v e l  p should no t  

be chosen below 213, w h i l e  t he  l eng th  o f  t he  conf idence i n t e r v a l  w should be 

f i xed ,  t a k i n g  i n t o  cons idera t ion  t he  expected r e s u l t  o f  t he  measurement, e.g., 

the  smal le r  the  expected r e t r o f i t  e f f ec t ,  the  smal le r  w should be taken. 
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F ig .  App 11-1. R e l a t i o n  between sample s i z e  n and 2s lu ,  where 
s i s  t h e  s tandard  d e v i a t i o n  and u i s  t h e  w id th  
of the  confidence i n t e r v a l ,  w i t h  t h e  confidence 
Level ,  p, as a parameter .  
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TABLE App I 1  - I 

Values o f  t f o r  d i f f e r e n t  p r o b a b i l i t y  l e v e l s  p and sample s i z e  n. 
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I 1 1  a - l  

I I I a  General i n t r o d u c t i o n  and methods o f  measurement 

-general i n t r o d u c t i o n  

Par t  I 1 1  w i l l  deal w i t h  instruments. methods, and p r i n c i p l e s  o f  measurement 

t h a t  can be used when eva lua t i ng  the  e f f e c t  o f  r e t r o f i t t i n g  a  r e s i d e n t i a l  

bu i l d i ng .  A g rea t  number o f  d i f f e r e n t  methods and techniques o f  measurement 

t r a d i t i o n a l l y  used i w d i f f e r e n t  s c i e n t i f i c  d i s c i p l i n e s  can then be app l ied .  If 

the i n v e s t i g a t i o n  inc ludes  the  mon i to r ing  o f  a  r e s i d e n t i a l  b u i l d i n g ,  most o f  the  

necessary measurements w i l l  cons i s t  i n  a  d i r e c t  measurement o f  phys ica l  

quan t i t i e s .  

Measurements o f  t h i s  k i nd  w i l l  here be r e f e r r e d  t o  as direct 
measurements.This t o p i c  i s  d e a l t  w i t h  i n  ch. 111 b  through 111 f , i nc l ud ing  the  

measurement o f  

- outdoor c l ima te  

- indoor  c l ima te  

- thermal performance of b u i l d i n g s  

- i n f i l t r a t i o n  

- energy conversion and f low i n  heat ing  systems 

The measurement o f  household energy and ho t  t ap  water, how t o  complement 

d i r e c t  measurements by i n f o rma t i on  on t h e  behaviour o f  t he  occupants when, 

mon i to r ing  a  r e s i d e n t i a l  b u i l d i n g ,  and performing s imu la t i on  s tud ies  i s  d e a l t .  

w i t h  i n  Par t  I V .  Par t  I 1 1  ends w i t h  ch. I 1 1  g  dea l ing  w i t h  data a c q u i s i t i o n  

systems and i n s t a l l a t i o n  ru les .  

I f  an i n v e s t i g a t i o n  invo lves  a  l a r g e  number o f  b u i l d i n g s  i t  w i l l  n o t  be 

p r a c t i c a l -  o r  poss ib le -  t o  mon i to r  a l l  of them. Instead, t he  d i r e c t  

measurements w i l l  c ons i s t  on ly  o f  the  measurement of t he  t o t a l  energy 

consumption. The eva lua t i on  w i l l  then be performed using group comparison. To 

genera l i ze  the  r e s u l t s  o f  the  energy measurements, one w i l l  i n  general want t o  

c l a s s i f y  t he  s tud ied  r e s i d e n t i a l  b u i l d i n g s  according t o  some simple bu i l d i ng .  

charac te r i s t i cs .Background  data f o r  t h i s  c l a s s i f i c a t i o n  must then be co l lec ted .  



Several methods can 'be used f o r  t he  c o l l e c t i o n  of data on t he  behaviour o f  

Qccuuants . and data on s t a t i s t i c a l l y  meaningful b u i l d i n g  cha rac te r i s t i c s .  These 

methods i nc l ude  observat ions,  survey techniques and use of a rch ive  records:  

Under o the r  circumstances i t  may be advantageous t o  use experimental methods. 

This may be t he  case, e.g., i f  one wants t o  study t he  behaviour o f  a b u i l d i n g .  

s imu la t ing  the' i n f l uence  by t he  occupants, ins tead of performing experiments 

w i t h  occupants i n  t h e  b u i l d i n g  (see ch. I 1  e and I V  d).  

I f  one wants t o  use e x i s t i n g  data on behaviour and a t t i t u d e s  o f  occupants 

i n  r e s i d e n t i a l  bu i l d i ngs ,  and p lace  any r e l i a n c e  on in fo rmat ion  o f  t h i s '  k ind ,  

one should be ab le  t o  judge t he  adequacy of t he  research behind i t  by eva lua t i ng  

the  r e l i a b i l i t y  o f  t he  research design, and by judg ing  i t s  a p p l i c a b i l i t y  t o  t he  

issues be ing  confronted. I n  p r i n c i p l e  t he re  a re  no d i f f e rences  between t he  

demands on t he  methodology used when c o l l e c t i n g  da ta  of t h i s  k i n d  and t he  

demands when perForming, e.g., physical  measurements. The terminology used t o  

descr ibe  t he  procedures i s  t he  same. I t  i s  t h e  data techniques t h a t  

a re  d i f f e ren t .  The usual demand f o r  o b j e c t i v i t y ,  r e p r o d u c i b i l i t y  and v a l i d i t y  

i n  a s c i e n t i f i c  i n v e s t i g a t i o n  must always be f u l f i l l e d .  O f  these demands i t  i s  , 
of ten  t he  one f o r  v a l i d i t y  t h a t  i s  most d i f f i c u l t  t o  f u l f i l .  I n t r oduc to r y  

a r t i c l e s  on how t o  ob ta in  and use behavioural in fo rmat ion  can be found i n  Lang- 

Burnet te-  Moleski- Vachon (1974). The use of observat ional  techniques and data 

ga ther ing  from arch ives  and records i s  desci ibed i n  Webb- Campbell- Schwartz- 

Sechrest (1971). 

- r e l a t i o n  between measurements and model 

When t he  aim and design o f  the  experiment have been decided and a model 

desc r i b i ng  t he  energy f lows o f  the  b u i l d i n g  has been chosen,one has t o  

determine what measurements a re  t o  be Derformed. 

I f  the  model descr ibes t he  energy balance o f  t he  whole b u i l d i n g  o r  a 

component o f  t he  b u i l d i n g ,  i t  w i l l  con ta in  terms, each represent ing  a p a r t i c u l a r  

energy f low,  t he  sum of which i s  zero. Examples of such energy flows are  g iven 

i n - c h .  I 1  a. 

Some terms w i l l  represent  a d i r e c t l y  measured energy v a r i a b l e  l i k e  t he  h e a t .  

output  from. t he  heat ing  system o r  t he  e l e c t r i c  household appl iances. Other 

' terms w i l l  con ta in  one o r  more b u i l d i n g  parameters (phys ica l  p rope r t i es  of t he  



b u i l d i n g )  a long w i t h  var iab les .  An example o f  t h i s ' i s  a  term represent ing  the  

conduct ive heat f l ow  through a  b u i l d i n g  component, be ing  t he  product  o f  the  

' t ransmi t tance  ( t he  "U- va lue")  o f  the  caponen t  (a  parameter),  and t he  

temperature d i f f e r e n c e  across the  component ( a  va r i ab le ) .  

It i s  then c l e a r  t h a t  the  de termina t ion  of the  energy f lows w i l l  i n vo l ve  

the  measurement o f  d i r e c t l y  measurable energy f lows, o the r  va r i ab les  and 

parameters. 

Assuming t h a t  t h e  values of a l l  parameters a re  known, a  s t r a i gh t f o rwa rd  

measurement of a'n energy f l o w  can be per fomed i n  two ways: 

1) a  measurement o f  one energy v a r i a b l e  on l y  

2) a  simultaneous measurement of several  va r i ab les  

1) I n  many cases i t  i s  poss ib l e  t o  use a  sensor which can d i r e c t l y  measure 

t he  energy va r i ab le .  An example i s  a  Watt hour meter record ing  the  e l e c t r i c  

consumption by e l e c t r i c  domestic appl iances. ' . 

2) Sometimes t he  de termina t ion  o f  an energy f l o w  has t o  be performed by a  

simultaneous measurement of more than one v a r i a b l e  and a  c a l c u l a t i o n  o f  t he  

energy f low from the  value of these var iab les .  An example i s  the  de termina t ion  

o f  t he  ne t  energy ou tpu t  by a  water hea t ing  system. The water f l ow  and t he  

temperature d i f f e r e n c e  between the  feed and t he  r e t u r n  water can be measured 

separate ly .  From t h i s  t he  energy f low can be ca lcu la ted .  

I f  an energy f l o w  term conta ins  parameters o f  the  model as we l l  as 

var iab les ,  the  va r i ab les  w i l l  i n  most cases have t o  be measured d i r e c t l y .  These 

va r j ab les  can be, e.g., t he  outdoor a i r  temperature, t he  amount of s o l a r  

r ad ia t i on ,  the  wind speed, t he  a i r  pressure d i f f e r e n c e  across t he  b u i l d i n g  

envelope, indoor  a i r  and surface temperatures, t he  temperature of t he  ho t  tap 

water, t he  r a t e  o f  a i r  exchange, t he  amount o f  c o l d  t a p  water consumed, t he  

degree o f  s h i e l d i n g  o f  windows etc. 

A numerical va lue w i l l  a l so  have t o  be assigned t o  the  parameters o f  t he  

model. This can be done i n  var ious  ways: 

1) t he  parameter i s  a l ready known 

2) t he  parameter can be d i r e c t l y  measured 

3) the  parameter i s  determined by a  f i t  t o  data 



, . 

1) The value of the parameter can be assumed t o  be known from previous 

experience, from l abo ra to r y  measurements, from cons t ruc t ion  data o f  the  b u i l d i n g  

e tc .  Some examples are:  the  constant  term o f  a  degree- day model, represent ing  

the  " f r e e  heat", can be assumed t o  be known from previous measurements on 

s i m i l a r  bu i l d i ngs .  The U- value o f  windows can be assumed t o  be known fran 

labora to ry  experiments. The r a t e  o f  a i r  exchange produced by a  mechanical 

v e n t i l d t i o n  system o r  the  window area can be i n fe r red  from cons t ruc t i on  data. 

2) The parameter can,be determined w i t h  a  s i ng le  o r  a  few measurements. 

Some examples are:  the  U- value of the e x t e r i o r  wa l l s  can be determined us ing  a  

heat f low meter. The e x t e r i o r  w a l l  area can be determined w i t h  a  s i ng le  

measurement. The average heat capac i ty  o f  the  b u i l d i n g  can be determined by 

l e t t i n g  t he  i n t e r n a l  temperature drop when t he  heat ing  system i s  shut o f f .  

3 )  The parameter can be determined by a  f i t  t o  experimental data once a l l  

'measurements, have been performed. Some examples a re :  t he  s lope o f  the  

i n t e r n a l -  ex te rna l  temperature d i f f e r e n c e  term i n  a  degree- day model, 

represent ing  t he  average U- value of t he  b u i l d i n g  envelope. When t he  

i n f i l t r a t i o n  r a t e  has been assumed t o  be p ropo r t i ona l  t o  t h e  wind speed, the  

p r o p o r t i o n a l i t y  constant  can be determined by a  f i t  t o  experimental data i f  t he  

&value o f  the external '  wa l l  i s  known. The case when t he  amount o f  so l a r  

r a d i a t i o n  through the  windows has been assumed p ropo r t i ona l  t o  t he  so la r  

r ad ia t i on ,  i nc i den t  on t he  e x t e r i o r  wa l l ,  can be t r ea ted  i n  an analogous way. 

What has been sa id  above about parameters can i n  some cases apply a l s o  t o  

var iab les .  Sometimes t he  temperature o f  the  ground o r  the  i n t e r n a l  a i r  

temperature can be assumed t o  be constants and t reated.as parameters. 

The choice o f  t he  model w i l l  a l so  have imp l i ca t i ons  f o r  t he  measurements 

o ther  than those mentioned above l i k e :  

1) the  t ime r e s o l u t i o n  o f  the  measurements 

2) the  r e s o l u t i o n  and p r e c i s i o n  o f  t he  measurements 

3)  the  accuracy o f  measured e n t i t i e s  

4)  t he  p o s s i b i l i t y  o f  comparison w i t h  o the r  experiments 

5 )  the  s to rage 'o f  data 

1) The model w i l l  determine the  t ime- r e s o l u t i o n  o f  t he  measurements. Th is  

may vary from one hour o r  less  fo r  dynamic models up t o  one month o r  one heat ing  

season f o r  a  degree- day model. A l l  va r i ab les  should, i f  possib le,  be recorded 

I 



w i t h  t he  same t ime- r eso lu t i on .  i t  i s ,  however, pecessary t o  per form the  

measurements f o r  r a p i d l y  f l u c t u a t i n g  q u a n t i t i e s  more f r equen t l y  than i nd i ca ted  

by t he  t ime- r e s o l u t i o n  o f  t h e  model. But i t  should a l so  i n  t h i s  case s u f f i c e  

t o  s t o r e  data averaged over a  t ime  gi;en by t he  t ime  r e s o l u t i o n  o f  t h e  model. 

2 )  The measurement p rec i s i on  and r e s o l u t i o n  should be cons is ten t  w i t h  t he  

model and  t he  model should o f  course i nc l ude  on ly  fac to rs  t h a t  can be est imated. 

An example: t h e  model con ta ins  t h e  heat f l o w  across the ex te rna l  wa l l s  and a l so  

t h a t  through t he  c e i l i n g .  I f  bo th  t he  U- va lue o f  t h e . e x t e r i o r  wa l l s  and t h a t  

o f  t he  c e i l i n g  a re  t o  be determined from the  data, i t  w i l l  be necessary t o  

measure t he  temperature d i f f e r e n c e  across the  e x t e r i o r  w a l l  as we l l  as across 

the  c e i l i n g .  If these two temperature d i f f e rences  are s t r ong l y  co r re l a ted ,  i t  

w i l l  no t  be poss ib le  t o  est imate the  d i f f e rence  between t he  two U- values. This 

w i l l  then necess i ta te  a  r e v i s i o n  o f  the  model. 

If one of the energy f low terms o f  t he  model i s  associated w i t h  a  l a r g e  

e r r o r ,  t h i s  w i l l  have imp l i ca t i ons  f o r  t he  demand o f  r e s o l u t i o n  and p r e c i s i o n  o f  - 
the measurement o f  va r i ab les  and parameters conta ined i n  o the r  terms. I t  w i l l  

no t  make any sense t o  r e q u i r e  a  t oo  good accuracy o r  p rec i s i on  o f  these 

measurements i f  the  e r r o r  o f  model c a l c u l a t i o n s  i s  anyway determined by the  term 

w i t h  the  l a rges t  e r ro r .  This e r r o r  must i n  any case not  exceed t he  requ i red  

maximal e r r o r  o f  t he  model. 

3)  The accuracy o f  the  measurements o f  the  va r i ab les  has t o  be determined. 

a n y  models con ta i n  t he  " indoor -  outdoor temperature d i f ference". .  But the  

indoor  temperature may vary f rom'p lace t o  p lace  i n s i d e  the  bu i l d i ng .  The a i r  

temberature i n  a  room may d i f f e r  by several degrees between two p o i n t s  i n  the  

room. The temperature of the  b u i l d i n g  masonry i s  d i f f e r e n t  from t h a t  o f  t he  

indoor  a i r  and does no t  have the  same t ime constant .  I t  i s  t he re fo re  important  

how, and where, i n  t h e  b u i l d i n g  the  ' ' indoor temperature" i s  measured i f  the  

wanted maximal e r r o r  o f  t he  model i s  n o t  t o  be exceeded. 

4)  I f  t he  r e s u l t s  o f  t he  measurements o r  t he  r e s u l t s  o f  t he  experiment a re  

t o  be cornpared t o  r e s u l t s  from experiments i n  o the r  bu i l d i ngs ,  i t  i s  important  

t h a t  the  var iab les  have been measured i n  t he  same manner. Th is  demand can never 

be complete ly  f u l f i l l e d  i n  p r a c t i c e ,  as no two b u i l d i n g s  are i d e n t i c a l .  

However, one should always t r y  t o  per fo rm the  measurements i n  an i d e n t i c a l  way. 

a t  l eas t  i f  t he  same model i s  going t o  be used 



5) The design o f  t he  experiment and the  model w i l l  determine how the  data 

are t o  be analyzed. I t  i s  then an advantage if the  r e s u l t s  f r o m t h e  

measurements a re  s to red  i n  such a way t h a t  t h i s  task i s  f a c i l i t a t e d .  It i s  a l so  

bn advantage if already before the  measurements s t a r t  one knows how t h e  r e s u l t s  

of t he  experiment a re  going t o  be presented. Data can then be s to red  i n  such. a 

way t h a t  t he  amount of work i s  reduced. 

What has been sa id  above about measurements should no t  be regarded as a 

one- stage process. There should be a feed- back t o  the  previous stage o f  

design o f  t he  experiment and choice o f  t he  model. Some measurements which have 

been planned may t u r n  out  t o  be t oo  expensive. I f  i t  i s  no t  poss ib l e  t o  per form 

measurements w i t h  an accuracy and a p rec i s i on  demanded by t he  model, t h i s  w i l l  

have t o  be changed. 

- measurement methods 

il d i r e c t  measurements 

If app l icab le ,  d i r e c t  measurement i s  genera l l y  the  method t o  be preferred.  

I t  i s  o f t en  more o b j e c t i v e  than t he  o ther  techniques discussed below. Even if 

e r r o r  sources a re  inheren t  a l so  i n  t h i s  method, the  r e s u l t i n g  e r r o r s  a re  of ten 

small compared t o  e r r o r s  when another data ga ther ing  technique i s  used. 

Using d i r e c t  measurements i t  w i l l  be poss ib le  t o  achieve a break-down of 

the  end use of energy i n  a r e s i d e n t i a l  bu i l d i ng .  Measurements of t h i s  k i n d  can 

a l s o  be performed w i t h  a very small r e s o l u t i o n  i n  time, e.g., one-hour averages 

can be recorded. 

The maximal e r r o r  t h a t  can be al lowed i n  t h e  measurement of va r i ab les  and 

parameters w i l l  i n  general be g iven by t he  demands on t he  model, which i n  i t s  

t u r n  a re  determined by the  aim o f  t he  i nves t i ga t i on .  What i s  i n t e r e s t i n g  i s  

then n o t  the  accuracy o r  r e s o l u t i o n  of a s i ng le  sensor, bu t  t h e  r e s u l t i n g  e r r o r  

o f  the  sensor, data a c q u i s i t i o n  system, data storage, and data handl ing 

procedure. Before be ing  implemented every data a c q u i s i t i o n  system should be 

evaluated t o  asce r t a i n  t h a t  i t  f u l f i l s  the  f o l l ow ing  requirements (see a l s o  ch. 

I 1 1  9 ) :  

1) the  system accuracy i s  S u f f i c i e n t  t o  meet the  aim o f  t he  i n v e s t i g a t i o n  and 



more s p e c i f i c a l l y  t h e  demands o f  t he  model 

2)  t h e  r e l i a b i l i t y  o f  t he  system does no t  lead  t o  unacceptable l oss  o f  da ta  

3) t he re  a re  no unnecessary processing of i n o r d i n a t e l y  l a r g e  amounts o f  data , 
4) t h e  system i s  ma in ta inab le  by t h e  a v a i l a b l e  s t a f f  

5 )  t he  complexity. o f  t he  system i s  compat ib le w i t h  t h e  t r a i n i n g  and experience 

o f  t he  s t a f f  

6 )  t he  t ime  schedule f o r  t h e  i n s t a l l a t i o n ,  debugging,cal ibrat ion and processing 

o f  t he  data i s  r e a l i s t i c  

7 )  t he  important  va r i ab les  be ing  monitored a re  e a s i l y  v e r i f i a b l e  i n  t h e  f i e l d  

8) t he  redundancy of t h e  system i s  s u f f i c i e n t  f o r  t h e  purpose o f  the  experiment 

Other important  quest ions than t echn i ca l  ones a l s o  have t o  be considered. 

These have t o  do w i t h  t h e  i n t e r a c t i o n  between t h e  occupants.and t he  measurement 

system. Some examples a re :  what a re  t he  r e l a t i o n s  w i t h  t h e  land lo rd ,  occupants 

and t he  ,caretaker  o f  t he  r e s i d e n t i a l  b u i l d i n g ?  W i l l  t he  sensors be d i s t u rbed  by 

t h e  occupants? Can t he  care taker  be asked t o  survey t he  measurement system and 

repo r t  mal funct ions? Can t he  care taker  o r  t h e  occupants be i n s t r u c t e d  no t  t o  

change t h e  func t ion  o f  any component of t he  b u i l d i n g  t h a t  i s  being s tud ied? 

The answer t o  these and o ther  quest ions have t o  be found be fore  t he  

experiment s t a r t s .  It w i l l  g i ve  t he  mon i to r ing  crew the  necessary i n f o rma t i on  

f o r  t h e  cho ice  o f  t he  mon i to r ing  equipnent and t he  set  up o f  t he  measurements. 

i i )  observat ions 

Observat ional  methods have t r a d i t i o n a l l y  been used t o  observe t h e  behaviour 

o f  t h e  occupant i n  soc ia l  s tudies.  Of  more i n t e r e s t  here a re  observat ions 

r e l a t e d  t o  t h e  energy consumption. An example i s  an energy a u d i t  ,performed i n  

o rder  t o  q u a l i t a t i v e l y  assess t h e  energy s ta tus  o f  a b u i l d i n g  using, e.g., 

thermographic methods t o  observe sur face  temperature d i f f e rences  on a wa l l .  

Another example i s  t h e  observa t ion  of t he  q u a l i t y  o f  craf tmanship when a 

r e t r o f i t  i s  im~lemented.  This in fo rmat ion  may be usefu l  t o  exp la i n  disagreement 

between t h e  ca l cu la ted  and t h e  ac tua l  energy saving. Another example i s  

count ing  t he  number o f  open windows o f  a r e s i d e n t i a l  b u i l d i n g  i n  o rder  t o  r e l a t e  

i t  t o  the  e x t e r i o r  o r  t h e  i n t e r i o r  a i r  temperature. Only l i t t l e  e f f o r t  has so 

f a r  been spent i n  t h i s  d i r e c t i o n .  

From these examples i t  i s  c l e a r  t h a t  observat ions a re  no t  always of a 

q u a l i t a t i v e  nature. They can sometimes be quan t i f i ed .  Observation i s  there fo re  

an a l t e r n a t i v e  t o  d i r e c t  measurements e s p e c i a l l y  if a cont inuous mon i t o r i ng  i s  



not  necessary. 

A drawback o f  observat ion i s  t h a t  i t  i s  o f ten  an expensive and 

time-consuming method. If the  observat ion invo lves  observ ing an o;cupant, the  

i n t e r a c t i o n  between t he  observer and t he  occupant observed i s  o f t e n  

uncon t ro l l ab le .  I t  i s  d i f f i c u l t  t o  know t o  what ex ten t  t he  presence o f  the  

observer i n f l uences  the  behaviour o f  t he  occupant. 

Observations a re  more r e l i a b l e  than survey techniques i n  ga ther ing  

in fo rmat ion  about t he  occupant-s actual  behaviour. 6bserva t ions .  g i ve  the  

p o s s i b i l i t y  of record ing  and measuring t he  occupant-s behaviour i n  h i s  usual 

environment . 
i i i )  survey techniques 

Survey techniques inc lude  t he  use o f  in te rv iews,  d i a r i e s  and 

quest ionnaires.  Any of these can be used as an inst rument  t o  ob ta i n  in fo rmat ion  

about the  a t t i t u d e s ,  behaviour and h a b i t s  o f  the  occupant r e l a t e d  t o  t he  energy 

consumption. Data on, e.g., the  occupant-s use o f  household equipment, 

frequency o f  t ak i ng  baths, o r  window opening h a b i t s  a re  o f t e n  not  very r e l i a b l e  

due t o  u n r e l i a b l e  est imates by the  occupant of h i s  own hab i t s  and behaviour. 

Using these methods i t  might  be poss ib l e  t o  ob ta i n  more r e l i a b l e  in fo rmat ion  

fr,om the  occupant about h i s  h a b i t s  o f  d ress ing  a t  home (see chapter  I c) .  

The . in terv iew i s  'a quick way o f  ga ther ing  in fo rmat ion .  I t  i s  f l e x i b l e  and 

can be c a r r i e d  out  a t  t he  occupant-s home o r  by telephone; ~ n t e r v i e w s  by 

telephone have the;advantage t h a t  t he  respondent can t e l l  about h i s  ac tua l  

behaviour j u s t  be fo re  t he  in te rv iew.  He does n o t  have t o  remember. Compared t o  

many o the r  techniques i t  i s  poss ib le  i n  an i n te r v i ew  t o  ma in ta in  a b e t t e r  

c o n t r o l  o f  t he  sample and l ess  e f f o r t  on the  p a r t  o f  the  respondent i s  required.  

Quest ions can be c losed o r  open. I n  c losed quest ions t he  occupant has t o  

choose between a number o f  categor ies.  I n  open quest ions the occupant i s  

a l lowed t o  e labora te  upon h i s  response. I n  t h i s  case the  i n te r v i ewe r  can g i ve  

a d d i t i o n a l  quest ions t o  c l a r i f y  the  response of the  occupant. The s k i l l e d  

i n t e r v i ewe r  can est imate the v a l i d i t y  o f  t he  answer and obser ie  how t h e  

in fo rmat ion  i s  given. 



The i n te r v i ewe r - s  task i s  no t  on l y  t o  present and record  quest ions,  bu t  

a l s o  t o  . e l i c i t  accurate and unbiased in fo rmat ion .  To do t h i s  he has t o  

e s t a b l i s h  con tac t  w i t h  t he  occupant, be personable and demonstate an appropr ia te  

l e v e l  of i n t e r e s t .  He must lead  t he  i n t e r v i e w  and no t  l e t  i t  d ig ress  i n t o  

i r r e l e v a n t  d iscussions.  

An a l t e r n a t i v e  t o  i n t e r v i ews  i s  t o  l e t  t he  occupant keep a  d ia ry .  He i s  - 
then i n s t r u c t e d  t o  w r i t e  down when and where he performs some s p e c i f i e d  

a c t i v i t i e s .  This method can g i ve  accurate answers t o  quest ions about t he  

behaviour and h a b i t s  of t he  occupant. The drawback o f  t h i s  method i s  t h a t  

keeping a  d i a r y  can ge t  r a t h e r  bo r i ng  a f t e r  a  whi le.  The occupant should not  be 

asked t o  per form t h i s  task over a  prolonged pe r i od  o f  time. This method has 

of ten been used i n  t iee-budget  s tud ies  (see e.g. Szala i  1972). A  d iscuss ion  o f  

t he  advantages and drawbacks o f  t he  use o f  d i a r i e s  i n  energy-re lated s tud ies  can 

be found i n  Walker-Staf ford-Hi ldon (1982). 

Using gues t ionna i res  i s  an inexpensive method which enables t he  researcher 

t o  o b t a i n  i n f o rma t i on  from a  l a r g e  number o f  people. I s  i s  l e s s  time-consuming 

t o  admin is te r  a  ques t i onna r i r e  than t o  conduct an i n te r v i ew .  When a  

ques t ionna i re  i s  used, t he  s i t u a t i o n  i s  more uniform. The i n fo rma t i on  can be 

coded and permi ts  comparisons between i nd i v i dua l s .  The respondent can be g iven 

t he  p o s s i b i l i t y  o f  remaining anonymous. 

Ques t ionna i res  must con ta i n  spec i f i c  i n s t r u c t i o n s  on how the  form i s  t o  be 

used and how the  quest ions are t o  be answered. The l ayou t  should be c l e a r  and 

l eg ib l e .  The quest ions have t o  be as unambiguous as possib le,  s t a ted  in simple 

terms. Each ques t ion  should be c l e a r  and r e a d i l y  understood by a l l  respondents. 

A l l  a v a i l a b l e  a l t e r n a t i v e s  of answer should be presented. Wordings which a re  

emot iona l l y  loaded o r  lead ing  should be avoided. Quest ions should no t  be 

grouped so t h a t  a  tendency t o  respond i n  a  p a r t i c u l a r  way i s  developed. The 

ques t ion  should. be used t o  communicate, n o t  educate. 

There e x i s t  ready-made se ts  of quest ions intended t o  cover a  l a r g e  se t  o f  

poss ib le  purposes of i n v e s t i g a t i o n s  o f  t h i s  kind. An example o f  quest ions asked 

i n  a  na t i ona l  survey on household a c t i v i t i e s  i nc l ud ing  a lso  quest ions re l evan t  

t o  t he  energy consumption i n  domestic dwe l l ings  can be found i n  Newman and Oay 

(1975). 



I n  any case, survey techn iques  should  n o t  be u-sed w i t h o u t  con ,su l t i ng  

exper t s .  

i v )  use o f  a r c h i v e s  

Data c o l l e c t i o n  from a r c h i v e s  i n c l u d e ,  e.g., t h e  c o l l e c t i o n  o f  i n f u r m a t i o n  

on t h e  ene'rgy consumption o f  a  r e s i d e n t i a l  b u i l d i n g  from t h e  s a l e s  r e c o r d s  o f  an 

o i l  d i s t r i b u t i o n  f i rm .  It can a l s o  i n c l u d e  t h e  c o l l e c t i o n  o f  d a t a  on t h e  age, 

s i z e ,  and o t h e r  b u i l d i n g  c h a r a c t e r i s t i c s  from an o f f i c i a l '  e s t a t e  o f f i c e  o r  from 

t h e  reco rds  o f  a  r e a l  e s t a t e  agent.  

Compared t o '  su rvey  techn iques  t h i s  method has t h e  advantage of  

n o n r e a c t i v i t y .  Even i f  t h e r e  may be s u b s t a n t i a l  e r r o r s  i n  t h e  m a t e r i a l ,  i t  i s  

unusual t o  f i n d  masking (e.g. i n t r o d u c t i o n  o f  f a l s e  r e c o r d s )  o f  d a t a  because 

t h e  producer  o f  t h e  d a t a  knows t h a t  h i s  reco rds  w i l l  b e . s t u d i e d .  

 here a r e  two m a j o r  sources o f  & i n  a r c h i v a l  r e c o r d s  - s e l e c t i v e  d e p o s i t  

and s e l e c t i v e  s u r v i v a l .  S e l e c t i v e  d e p o s i t  h e r e  r e f e r s  t o  e.g. t h e  f a c t  t h a t  

t h e  r e c o r d -  keeper may choose between d i f f e r e n t  ways o f  r e c o r d i n g  o r  p r e s e n t i n g  

the .  data .  Data on a  r e s i d e n t i a l  b u i l d i n g  t a k e n  from a  m u n i c i p a l  t a x  r e c o r d m a y  

a l s o  be er roneous s imp ly  becaus'e t h e  owner o f  t h e  b u i l d i n g  has g i v e n  f a l s e  

i n f o r m a t i o n  t o  t h e  t a x  o f f i c e .  

S e l e c t i v e  s u r v i v a l  i s  u s u a l l y  a  p rob lem a s s o c i a t e d  w i t h  o l d  reco rds .  

Sometimes o f f i c i a l  reco rds  a r e  c leansed f r a n  "unnecessary" i n f o r m a t i o n .  Some 

d a t a  w i l l  be k e p t ,  some w i l l  be th rown  away. Th is  may l e a d  t o  t h e  e f f e c t  t h a t  

t h e  rema in ing  d a t a  a r e  no l o n g e r  r e p r e s e n t a t i v e  o f  t h e  o r i g i n a l  p o p u l a t i o n .  

v) l a b o r a t o r y  comfo r t  measurements 

An example o f  exper imen ta l  methods i s  t h e  use o f  psycho- p h y s i c a l  

l a b o r a t o r y  techn iques  t o  s tudy t h e  comfo r t  o f  an occupant  f o r  d i f f e r e n t  i n d o o r  

temueratures.  

Exper imen ta l  methods have f o r  many y e a r s  been used i n  psycho- p h y s i c s  t o  

de te rm ine  t h e  human l e v e l  o f  c o m f o r t  when exposed t o  d i f f e r e n t  combinat ions o f  

a i r  t empera tu re  and hea t  r a d i a t i o n  and sometimes a l s o  h u m i d i t y  and a i r  v e l o c i t y .  

g i v e n  t h e  c l o t h i n g  and t h e  a c t i v i t y .  The op t ima l  , l e v e l  o f  comfor t  when v a r y i n g  

i n d o o r  c l i m a t e  v a r i a b l e s  ment ioned above i s  wel l -known under c e r t a i n  

c i r cums tances  (see c h a p t e r  I c) .  



This can be used t o  p r e d i c t  t he  energy used when t he  occupant i s  per forming 

c e r t a i n  a c t i v i t i e s .  Assume t h a t  t he  occupant i s  r e s t i n g  i n  an indoor 

environment o f  opt imal  thermal comfort. I f  the  indoor  a i r  temperature s t a r t s  

r i s i n g ,  he w i l l  t r y  t o  lower i t  when i t  has reached t h e  upper l i m i t  o f  t he  

temperature i n t e r v a l  where he fee ls  comfortable. He w i l l  t r y  t o  r e s t o r e  t he  

temperature t o  i t s  previous l e v e l .  Whether t h i s  i s  t o  be done by s h i e l d i n g  from 

s o l a r  r a d i a t i o n ,  opening a  window o r  some o the r  a c t i v i t y  w i l l  depend upon t h e  

circumstances and w i l l  i n  generai no t  be known. However, a  lower l i m i t  f o r  the  

change o f  t he  energy balance caused by t h i s  a c t i v i t y  i s  g iven  by the  d i f f e r e n c e  

i n  heat content  o f  the  a i r  and t h i s  can be ca lcu la ted .  It w i l l  on l y  be a  lower 

l i m i t  because if the a c t i v i t y  invo lves  a i r i n g  ou t  over a  prolonged pe r i od  t he  

amount o f  energy consumed w i l l  be la rger .  

The opera t ion  o f  shu t t e r s  and b l i n d s  can a l so  t o  some ex ten t  be p red i c ted  

us ing  a  s i m i l a r ,  method. Suppose windows are covered t o  s h i e l d  from s o l a r  

r ad ia t i on .  If the indoor  i l l um inance  f a l l s  below an acceptable l e v e l  b l i n d s  o r  

c u r t a i n s  w i l l  be operated upon by t he  occupant t o  a l l o w  an increased pene t ra t i on  

o f  l i g h t  from the  outs ide.  However, i n  t h i s  case the  occupant may choose t o  

sw i tch  on t h e  l i g h t i n g  ins tead o f  opera t ing  the  b l i nds .  
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CHAPTER I 11  b  

Outdoor c l i m a t e  measurements 

Contents 

- general i n t r o d u c t i o n  

- measurement o f  s o l a r  and atmospheric r a d i a t i o n  

i )  d i r e c t  s o l a r  r a d i a t i o n  

i i )  g loba l  r a d i a t i o n  

i i i )  d i f f u s e  s o l a r  r a d i a t i o n  

i v )  r e f l e c t e d  s o l a r  r a d i a t i o n  

v)  sunshine d u r a t i o n  

v i )  c loudiness 

v i i )  atmospheric r a d i a t i o n  

v i i i )  t b t a l  r a d i a t i o n  

- measurement o f  wind 

- measurement o f  a i r  en tha lpy  

i )  measurement o f  temperature 

i i )  measurement o f  a i r  humid i t y  

- p r e c i p i t a t i o n  

- references 





- s o l a r  and atmospheric r a d i a t i o n  

- wind 

- a i r  temperature 

- a i r  h u m i d i t y  

- p r e c i p i t a t i o n  

- measurement o f  s o l a r  and k m o s p h e r i c  r a d i a t i o n  

Almost neg lec ted  f o r  a  long  t ime,  s o l a r  and t e r r e s t r i a l  r a d i a t i o n  i s  now 

taken i n t o  g r e a t e r  account i n  energy consc ious b u i l d i n g  design. The reques t  f o r  

more wide-spread, accurate,  and d e t a i l e d  measurements has s imu l taneous ly  

increased. Many t e x t s  (e.g., O u f f i e  and Beckman 1974, K r e i d e r  and K r e i t h  1977, 

Balcomb 1980) have r e c e n t l y  been pub l i shed  on s o l a r  energy, most of them r e l a t e d  

t o  i t s  t e c h n o l o g i c a l  use. They u s u a l l y  c o n t a i n  some i n f o r m a t i o n  about t h e  

p h y s i c s  o f  s o l a r  r a d i a t i o n  and t h e  angu la r  r e l a t i o n s  u n i c h  p r o v i d e  t h e  sun 

p o s i t i o n  on t h e  sky v a u l t .  

D e t a i l e d  i n f o r m a t i o n  about s o l a r  r a d i a t i o n  measurements can be found i n  

o t h e r  more s p e c i f i c  t e x t s  (e.g. Coulson 1975, K o n d r a t i j e v  1969 and IEA 1978). 

We r e f e r  t o  these t e x t s ,  and t o  t h e  ins t ruments  i n s t r u c t i o n s  f o r  f u r t h e r  and 

more d e t a i l e d  i n f o r m a t i o n .  

Accord ing t o  t h e  form i t  assumes when reach ing  t h e  Ear th,  s o l a r  r a d i a t i o n  

can be d i v i d e d  i n t o :  

i )  d i r e c t  s o l a r  r a d i a t i o n  

i i )  g l o b a l  r a d i a t i o n  

i i i )  d i f f u s e  s o l a r  r a d i a t i o n  

i v )  r e f l e c t e d  s o l a r  r a d i a t i o n  

When no ins t ruments  a r e  a v a i l a b l e  f o r  s o l a r  r a d i a t i o n  measurements, some rough 

i n f o r m a t i o n  can be ob ta ined  by u s i n g  records o f  

v)  sunshine d u r a t i o n  

I n  t h i s  case supplementary in fo rmat ion  w i l l  be g i v e n  by r e c o r d i n g  

v i )  c loud iness  

We f u r t h e r  have t o  c o n s i d e r  t h a t  p a r t  o f  t h e  E a r t h  r a d i a t i v e  bqlance f o r  which 

t h e  E a r t h  i t s e l f  i s  d i r e c t l y  respons ib le ,  . c a l l e d  

v i  i ) atmospheric r a d i a t i o n  

F i n a l l y ,  a d e s c r i p t i o n  w i l l  be g i v e n  of i ns t ruments  measuring t h e  r a d i a t i o n  



balance o f  the Ear th .over  the  whole spectrum, a lso  c a l l e d  

v i i i )  t o t a l  r a d i a t i o n  

I n  experiments on b u i l d i n g s  the  measurement of g lobal  ho r i zon ta l  s o l a r  

r a d i a t i o n  i s  o f t en  s u f f i c i e n t ,  bu t  sometimes the  g loba l  so la r  r a d i a t i o n  on 

facades t u rns  out  t o  be more convent ient .  De ta i l ed  experiments w i l l  sometimes 

need more than one v e r t i c a l  instrument, placed i n  f r o n t  of and behind t he  window 

panes. Sunshine du ra t i on  and c loudiness records should be avoided. For specia l  

s c i e n t i f i c  purposes the  measurement o f  atmospheric o r  t o t a l  r a d i a t i o n  can. 

p rov ide  new and i n t e r e s t i n g  data. 

Many o f  t he  inst ruments fo r  measurement o f  so la r  and atmospheric r a d i a t i o n  

a re  very f r a g i l e .  To. avo id  any measurement e r ro rs ,  t hp  i n s t r u c t i o n s  o f  the  

manafacturer regarding c a l i b r a t i o n ,  pos i t i on ing ,  sh ie ld ing ,  mounting, and 

maintenance must be r i g o r o u s l y  fo l lowed.  I n  some cases c a l i b r a t i o n  and 

maintenance must be performed very f requent ly .  

Care must be taken i n  the  t reatment  o f  s o l a r  and atmospheric r a d i a t i o n  

data. Since so la r  r a d i a t i o n '  ( espec ia l l y  i t s  d i r e c t  component) i s  a  r e p i d l y  - 
varying phys ica l  quan t i t y ,  ,an i n t e g r a t o r ,  sampling data a t  l e a s t  every 5  

minutes, w i l l  have t o  be used w&tever t he  t ime  r e s o i u t i o n  of t he  experimental 

apparatus. Usual ly  such i n t e g r a t o r s  a re  provided d i r e c t l y  by t he  manufacturers 

of r a d i a t i o n  instruments. Sunshine du ra t i on  and c loudiness records requ i re  

t h e o r e t i c a l  e l abo ra t i on  i n  order  t o  p rov ide  est imates of g lobal  so la r  r ad ia t i on .  

Atmospheric r a d i a t i o n  i s  a  r a t h e r  s low ly  .varying quant i t y .  Hour ly  sampling can 

be s u f f i c i e n t .  

i )  D i r e c t  so la r  r a d i a t i o n  

D i r e c t  so la r  r a d i a t i o n  i s  the  energy f l u x  coming d i r e c t l y  from the  so la r  

d i s k  f a l l i n g  on a  u n i t  surface per  u n i t  t ime.  For t he  measurement of d i r e c t  

normal s o l a r  r a d i a t i o n  Pyrhel iometers are used, genera l l y  based on t h e  

thermoe lec t r i c  Seebeck e f f e c t .  The WMO has c l a s s i f i e d  .pyrhel iometers (PYRH) 

according t o  s e n s i t i v i t y ,  s t a b i l i t y ,  temperature dependence, spec t ra l  

s e l e c t i v i t y  and t ime constant. 

The sens i t i ve  element o f  the  Eppley Normal Inc idence Pyrhel iometer, NIP 

I (Eppley lab., 1975) i s  a  w i re  wound p la ted  (copper- constantan) m u l t i j u n c t i o n  

thermopi le,  prov ided w i t h  a  temperature compensating c i r c u i t .  The thermop i le  i s  

mounted a t  the  base o f  a  brass tube, t he  aper tu re  of which subtends an angle o f  



5.7'. The s i g n a l  of t h e  NIP i s  s u i t a b l e  f o r  remote r e c o r d i n g  and t h e  case i s  

weatherproofed f o r  con t inuous  o p e r a t i o n  a t  exposed l o c a t i o n s .  I n  t h i s  case t h e  

ins t rument  has t o  be a t tached  t o  an e l e c t r i c a l l y  d r i v e n  t r a c k i n g  device.  

The Linke-Feussner Pyrhe l iomete r  (K ipp and zonen Act inometer)  uses a M o l l  

t h e r m o p i l e  c o n s i s t i n g  o f  40 manganin- cons tan tan  thermocouples arranged i n  a 

c i r c l e  of 1 cm diameter.  The t h e n o c o u p l e s  a r e  arranged i n  two o p p o s i t e  ar rays,  

one exposed t o  t h e  sun and t h e  o t h e r  shaded, i n  o r d e r  t o  compensate f o r  
0 

temperature f l u c t u a t i o n s .  The angle a p e r t u r e  o f  i t s  c o l l i m a t o r  i s  10.2 , and 

t h e  maximal response t i m e  i s  8-10 seconds. 

Pyrhe l iomete rs  which a r e  norma l l y  used as o p e r a t i o n a l  i ns t ruments  a r e  n o t  

designed t o  be a b s o l u t e  ins t ruments ,  and they r e q u i r e  c a l i b r a t i o n  a g a i n s t  

s tandard ins t ruments  i n  t h e  case abso lu te  va lues a r e  t o  be determined th rough  

t h e i r  i n d i c a t i o n s .  The p r imary  s tandard i s  t h e  i n g s t r h  PYRH. Once a secondary 

ins t rument  has been c a l i b r a t e d  a g a i n s t  i t  ( t h i s  o p e r a t i o n  i s  . u s u a l l y  

accomplished b y  t h e  manafac tu re r ) ,  i t  can be. used t o  c a l i b r a t e  an o p e r a t i o n a l  

inst rument .  The comparison should be made under c l e a r  and .s tab le  sky c o n d i t i o n s  

and t h e  two ins t ruments  should be very  c l o s e  t o  each o ther .  For  every 

c a l i b r a t i o n  many ( a t  l e a s t  10) comparisons should be made. For  an ins t rument  

work ing c o n t i n u o u s l y  t h i s  c a l i b r a t i o n  shou ld 'be  repeated severa l  t imes  a year .  

The f i r s t  s tep  i n  s e t t i n g  a t r a c k e r  i s  t h e  cho ice  o f  t h e  l o c a t i o n .  A s i t e ,  

f ree  from shadows, should be  chosen t o  i n s u r e  t h a t  t h e  t r a c k e r  w i l l  be f r e e  t o  
0 

r o t a t e  360 . There a r e  fou r  s e t t i n g s  which have t o  be considered t o  i n s u r e  

proper  t r a c k i n g  o f  t h e  sun: 

-. Nor th  t o  South 

- L a t i t u d e  

- D e c l i n a t i o n  

- Time o f  t h e  day 

i i )  Global s o l a r  r a d i a t i o n  

Short-wave s o l a r  r a d i a t i o n  i s  composed of t h e  d i r e c t  component o f  s u n l i g h t  

and t h e  d i f f u s e  component o f  s k y l i g h t .  When measured toge ther ,  t h e  va lue  i s  

r e f e r r e d  t o  as t h e  g l o b a l  r a d i a t i o n .  The o t h e r  short-wave canponent o f  t h e  

r a d i a t i o n  budget i s  t h a t  r e f l e c t e d  from n a t u r a l  sur faces.  The wave- length o f  

these  components i s  u s u a l l y  i d e n t i f i e d  w i t h  t h e  i n t e r v a l  0.3-3 micrometers. 



The instrument f o r  the  measurement o f  g lobal  s o l a r  r a d i a t i o n  i s  c a l l e d  

pyranometer (PYR); t he  sensor i t s e l f  i s  usua l l y  a  thermoe lec t r i c  generator; 

l e s s  p rec i se  sensors, based on pho tovo l t a i c  c e l l s ,  are a l so  a v a i l a b l e  a t  lower 

p r ices .  A l l  these inst ruments are meant t o  be used on a  ho r i zon ta l  plane. A l l  . 
attempts t o  use them a t  d i f f e r e n t  i n c l i n a t i o n s  (e.g. v e r t i c a l l y ) ,  w i thou t  a  

previous spec i f i c  c a l i b r a t i o n ,  w i l l  lead t o  l a rge  e r ro r s .  

The WMO (1971) has g iven a  c l a s s i f i c a t i o n  o f  PYR according t o  s e n s i t i v i t y ,  

s t a b i l i t y ,  temperature dependence, spec t ra l  s e l e c t i v i t y ,  t ime constant ,  cosine 

response and azimuth response. 

The Kipp and zonen ( c a l l e d  so la r imeter  by i t s  manufacturer) PYR i s  w ide ly  

used i n  Europe. I t  uses, as a  transducer a  Mo l l  thermopi le;  f o r  p r o t e c t i o n  

aga ins t  atmospheric in f luences  t h i s  thermop i le  i s  mounted under two g lass  domes 

w i t h  a n  e f f e c t i v e  t ransmission range o f  0.3 t o  2.5 in. I n  o rder  t o  achieve 

per fec t  s t a b i l i t y  regardless of temperature changes o f  the  ou te r  dome, a  second 

g lass  hemisphere which b locks  t he  r a d i a t i o n  exchange between the  thermop i le  and 

t he  ou ter  dome i s  incorpora ted  w i t h i n  'the ou ter  dome. A whi te screen prevents 

t he  mounting from being heated by rad ia t i on .  

The Eppley PSP PYR comprises a  c i r c u l a r  mu l t i - f unc t i on  ~ p ~ l e y , t h e r m o p i l e  of 

the  w i re -  ' wound type. The inst rument  ' i s  supp l ied  w i t h  a  p a i r  o f  removable 

p r e c i s i o n  ground and po l i shed hemispheresof  Schott o p t i c a l  WG7 g lass ,  which can 

be removed o r  subs t i t u t ed  by o ther  Schott glasses and w i t h  a  s p i r i t  l e v e l  and a  

des icca tor .  The WG6 c l e a r  glass i s  t ransparent  from a  0.285 t o  2.800 um. For 

so la r  U V  measurements, quar tz  hemispheres a re  ava i l ab le .  

The de tec to r  i n  t he  Eppley BW PYR i s  a  d i f f e r e n t i a l  thermop i le  w i t h  the  

ho t -  j u n c t i o n  rece ivers  blackened and the  co ld -  j u n c t i o n  rece ivers  whitened. 

The element i s  of r a d i a l  wirewound - p la ted  cons t ruc t ion .  Temperature 

compensation ' i s  provided by a  b u i l t  i n  thermis to r  c i r c u i t .  A  p r e c i s i o n  ground 

o p t i c a l  g lass hemisphere o f  Schott g lass WG2Y5 un i fo rmly  t ransmi ts  energy from 

0.285 t o  2.800 um. This hemispherical envelbpe seals t he  PYR from the  weather, 

b u t  i s  r e a d i l y  removable f o r  inst rument  repa i r .  Models designed now can be used 

w i t h  any t i l t  and o r i e n t a t i o n  angle w i thou t  any e f f ec t  on s e n s i t i v i t y .  

Pyranometers based on Photovo l ta ic  c e l l s  make use o f  s i l i c o n  pho tovo l t a l c  

c e l l s .  They have some advantages aga ins t  the  p rev ious l y  descr ibed pyranometers: 

the  low cos t ,  s i m p l i c i t y ,  the  almost instantaneous response, t he  h i gh  cur ren t  

output ,  t h e  d i r e c t  p r o p o r t i o n a l i t y  between cu r ren t  and r a d i a t i o n  and.the 
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s t a b i l i t y  w i t h  respec t  t o  t i m e  and weather.  

The p r i n c i p a l  d i sadvan tage  o f  t hese  i n s t r u m e n t s  i s ,  however, t h e  low 

accuracy,  due t o  t h e  s e l e c t i v e  response,  o f  t h e  c e l l s  t o  i n c i d e n t  s o l a r  

r a d i a t i o n .  T h e i r  s e n s i t i v i t y i s  r e s t r i c t e d  t o  wavelengths from 0.4 t o  1.1 

micrometers .  Therefore, due t o  t h e  v a r i a b i l i t y  of t h e  s o l a r  r a d i a t i o n  spectrum, 

t h e  c a l i b r a t i o n  i s  n o t  ve ry  r e l i a b l e ,  and i t  can l e a d  t o  an e r r o r  o f  perhaps 2%. 

Another  source of i naccu racy  i s  t h e  d e v i a t i o n  f rom t h e  c o s i n e  la;, (Coulson, a. 
at., p. 121-124) which, a t  an a n g l e  o f  i n c i d e n c e  o f  60' i s  a l r e a d y  20%, and 

reaches 50% a t  80'; t h i s  source of  e r r o r  i s  however s t r o n g l y  reduced by 

mount ing t h e  c e l l  be low a  p l a s t i c  d i f f u s e r .  
, 

PYR a r e  g e n e r a l l y  c a l i b r a t e d  by exposure i n  an i n t e g r a t i n g  hemisphere 

( a r t i f i c i a l  sky)  w i t h  a  d i f f u s e  r a d i a t i o n  o f  approx ima te l y  700 w/m2. I n  r o u t i n e  

o p e r a t i o n  i n  t h e  f i e l d ,  t h e r e  a r e  two ways PYR-s can  be checked f o r  constancy o f  

s e n s i t i v i t y .  The f i r s t  i s  t o  p rese rve  a  s i m i l a r  ( c a l i b r a t e d )  pyranometer  fo r  

t h i s  purpose and o c c a s i o n a l l y  (once a  y e a r )  compare i t  w i t h  t h e  f i e l d  

i n s t r u m e n t s ,  i d e a l l y  on c l e a r  days. The second way r e q u i r e s  t h a t  a  w e l l  

c a l i b r a t e d  p y r h e l i o m e t e r  i s  a v a i l a b l e :  d i r e c t  s o l a r  r a d i a t i o n  Ib i s  measured 

by t h e  p y r h e l i o m e t e r  and s i m u l t a n e o u s l y  t h e  decrease A V  o f  t h e  s i g n a l  from t h e  

pyranometer,  when shaded from d i r e c t  r a d i a t i o n ,  i s  measured. Hence, t h e  

c a l i b r a t i o n  c o n s t a n t  k  i s  g i v e n  by t h e  r e l a t i o n  k  = bV/ Ib+ c o s ( z ) ,  where z  i s  

t h e  z e n i t h  a n g l e  o f  t h e  sun. 

The s i t e  f o r  a  PYR shou ld  be f r e e  from any s i g n i f i c a n t  o b s t r u c t i o n s  above - 
t h e  p l a n e  of  t h e  sens ing e lement ,  f r e e  from shadows, and n o t  be c l o s e  t o  any 

o b j e c t  r e f l e c t i n g  s u n l i g h t  o n t o  i t .  A  f l a t  r o o f  i s  g e n e r a l l y  t h e  b e s t  l o c a t i o n .  

There a r e  two main requ i remen ts  f o r  t h e  o p e r a t i o n  o f  a  PYR 

- p e r i o d i c  v e r i f i c a t i o n  o f  PYR c a l i b r a t i o n  

- a p p l i c a t i o n  o f  c o r r e c t i o n s ,  when h o r i z o n  o b s t r u c t i o n  has t o  be cons ide red  

The p rocedure  t o  make these c o r r e c t i o n s  c o n s i s t s  i n  i s o l a t i n g  t h e  d i f f u s e  

r a d i a t i o n  (by  measurement o r  e s t i m a t i o n ) ,  c o r r e c t i n g  i t  and then a d j u s t i n g  t h e  

t o t a l  short-wave g l o b a l  r a d i a t i o n  a c c o r d i n g l y .  I n  genera l ,  r a d i a t i o n  can ing  

f r o m a n g l e s  l e s s  then  50. above t h e  h o r i z o n  w i l l  g i v e  a  n e g l i g i b l e  c o n t r i b u t i o n  

t o  t h e  t o t a l .  

i i i )  d i f f u s e  s o l a r  r a d i a t i o n  



Di f f use  s o l a r  r a d i a t i o n  i s  caused by aerosol and molecular  s c a t t e r i n g  i n  

the  atmosphere,.and i t  reaches the  ground from a l l  d i r e c t i o n s  o f  the  sky vau l t .  

By p revent ing  d i r e c t  so la r  r a d i a t i o n  from reaching a  pyranometer, one can 

measure the d i f f use  component. The shading can be done i n  a,very simple way, by 

means o f  a  band stand, i n t e r c e p t i n g  the  sun beam. Of  course, t he  measurement 

must be co r rec ted  f o r  the  p o r t i o n  o f  sky screened by the  band. The problem o f  

c o r r e c t i n g  t he  pyranometer data should be approached bo th  t h e o r e t i c a l l y  and 

exper imental ly .  The f r a c t i o n  of d i f f u s e  r a d i a t i o n  shaded by t he  shadow band can 

be ca l cu la ted  t h e o r e t i c a l l y  (see IEA, op. c i t . ) .  

i v )  r e f l e c t e d  s o l a r  r a d i a t i o n  

The value 'of  t he  re f l ec ted  s o l a r  r a d i a t i o n  (see ch. I b )  depends on the  

view f a c t o r  between the ground and the  surface, and on the  shortwave 

r e f l e c t i v i t y  o f  t he  ground sur face (o f t en  re fe r red  t o  as albedo). 

I n  order  t o  measure the  shortwave so la r  r a d i a t i o n  balance over a  sur face,  

an instrument c a l l e d  albedometer (ALB) i s  used. The Kipp and zonen ALB cons is ts  

o f  two i d e n t i c a l  pyranometers mounted i n  opposl te d i r e c t i o n s :  one measures the  

i n c i d e n t  so la r  r ad ia t i on ,  the  o ther  t he  r a d i a t i o n  re f l ec ted  by the  surface. The 

techn ica l  features of an ALE do not  d i f f e r  from those o f  common pyranometers. 

v )  sunshine du ra t i on  

Sunshine d u r i t i o n  i s  the  amount o f  t ime of the  day du r i ng  which d i r e c t  
2  normal so la r  r a d i a t i o n  i s  h igher  than 200 W l m  . The most common instrument  f o r  

t h i s  purpose i s  t h e  Campbell- Stokes sunshine recorder  (sometimes caled 
2  he l iograph) ,  which has an average th resho ld  o f  about 210 W l m  . I t  cons i s t s  o f  a  

cu t  glass sphere which concentrates d i r e c t  s o l a r  r a d i a t i o n  on t he  spot on a  

graduated paper s t r i p  corresponding t o  the  t ime of the  day. The rays leave a  

bu rn t  t r ace  on t he  paper. The Campbell- Stokes sunshine recorder  must be 

accura te ly  o r i en ted  i n  a  nor th-south d i r e c t i o n  and t he  l a t i t u d e  be adjusted. 

The paper s t r i p s  must be subs t i t u t ed  every day. Manual i n t e r p r e t a t i o n  of the  

records i s  the'drawback o f  t h i s  k i n d  of sunshine recorders. 

There are on ly  a  few e l e c t r i c a l  sunshine recorders commercial ly ava i lab le .  

They are genera l l y  based on photosens i t i ve  elements which a re  a l t e r n a t i v e l y  

i l l um ina ted  and shaded by a  r o t a t i n g  aperature. 



A model o f  sunshine moni tor  f o r  automatic r e g i s t r a t i o n  o f  sunshine du ra t i on  

has been in t roduced  (Thornblad 1975) and i s  now commercial ly ava i lab le .  It has 

no moving pa r t s ,  s i nce  sunshine i s  monitored by 18 photodiodes placed around a  

c e n t r a l  ax is .  These are connected t o  a  canmon output  which i s  d r i v e n  by the  

element r ece i v i ng  t he  s t ronges t  r ad ia t i on .  The mon i to r  i s  t o  be mounted 

v e r t i c a l l y  and the  c y l i n d e r  i n c l i n a t i o n  must be equal t o  t he  l o c a l  l a t i t u d e .  

The inaccuracy o f  t h i s  instrument, due t o  t he  s e l e c t i v e  behaviour o f  t he  

photodiodes, can be considered t o  be 25% o r  5 minutes a t  th resho ld  i n t e n s i t y  

(200 w/m2). ' 

v i )  c loud iness  

Knowledge of c loudiness (see ch. I b ) ,  o f  t he  p r e v a i l i n g  c loud  type  and 

t h e i r  h e i g h t  can lead  t o  a  f i r s t  es t imate  o f  s o l a r  r a d i a t i o n  by us ing,  f o r  

instance,  t he  method developed by Kimura and Stephenson (1969). 

The measurement of c loudiness i s  performed by v i sua l  observat ions.  The 

c louds base he igh t  can be determined by means o f  a i r c r a f t  repor ts ,  radar  and,by 

us ing a  ce i lometer  (based on l i g h t  r e f l e c t i o n )  

v i i )  atmospheric r a d i a t i o n  

For t he  d e f i n i t i o n  of longwave atmospheric r a d i a t i o n ,  see ch. Ib. The 

inst rument  f o r  the  measurement of longwave atmospheric ( a l so  c a l l e d  t e r r e s t r i a l )  

r a d i a t i o n  i s  c a l l e d  I n f r a red  Radiometer, o r ,  sometimes, Pyrgeometer. It 

measures the  exchange o f  r a d i a t i o n  between a  ho r i zon ta l  blackened sur face  ( t h e  

de tec to r )  and t he  t a r g e t  viewed (sky  or  ground). I n  the  case o f  a  ne t  

radiometer, t he  inst rument  can be designed t o  e l i m i n a t e  t he  r a d i a t i o n  emi t ted  by 

the  de tec to r .  

A common type  o f  Pyrgeometer (PYRG) i s  the  Eppley P rec i s i on  I n f r a red  

Radiometer. This radiometer  i s  a  development from the  Eppley PSP, in tended f o r  

u n i d i r e c t i o n a l  opera t ion  i n  t he  measurement o f  incoming o r  outgoing t e r r e s t r i a l  

r ad ia t i on .  Temperature .compensation of the  de tec to r  i s  a l s o  - incorporated: 

r a d i a t i o n  emi t ted  by t he  de tec to r  i s  au toma t i ca l l y  compensated. 

For t h e  measurement o f  longwave r a d i a t i o n  and f o r  separa t ing  i t s  f l u x  from 

the  s o l a r  shortwave r a d i a t i o n  i n  day t ime, the  g lass hemisphere system has been 

replaced by a  hemisphere o f  KRS5. On i t s  i nne r  sur face  t he re  i s  a  vacuum- 

deposi ted i n te r f e rence  f i l t e r ;  t he  ou ter  sur face  has a  weather p r o t e c t i v e  
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coating. The composite envelope t ransmission shows a sharp t r a n s i t i o n  between 3 

and 4 micrometers, from complete opaqueness t o  maximum transparency, and a 

t ransmi t tance  o f  about 0.50, decreasing t o  0.3- 0.4 around 50 micrometers. A 

thermis to r -  b a t t e r y -  res is tance  c i r c u i t  i s  incorpora ted  fo r  de tec to r  temperature 

compensation. 

The fundamental c a l i b r a t i o n  of de tec to rs  i s  based on t h e i r  exposure t o  an 

i dea l  blackbody rad ia to r .  However, t he  a l t e r n a t i v e  method o f  comparison aga ins t  

a c a l i b r a t e d  standard PYRG can a l so  be employed. I n  t h i s  instance, a good 

source o f  s teadylong-wave radiance i s  a c loud less  n i g h t  sky. There are t h ree  

main requ i  rements f o r  PYRG maintenance: p e r i o d i c  v e r i f i c a t i o n  o f  c a l i b r a t i o n ,  

p e r i o d i c  t e s t i n g  o f  b a t t e r y  s t a b i l i t y ,  and v e r i f i c a t i o n  t h a t  t he re  i s  no 

obs t ruc t i on  t o  a f r e e  horizon. 

v i i i )  Tota l  r a d i a t i o n  

Tota l  r a d i a t i o n  comprises so la r  and atmospheric r ad ia t i on .  The inst ruments 

f o r  measurement o f  t o t a l  r a d i a t i o n  are c a l l e d  pyrradiometers. Net 

pyrradiometers measure t h e  d i f f e r e n c e  o f  t o t a l  r a d i a t i o n  i n  t he  upward and 

downward d i r ec t i ons .  

h o n g  net  pyrradiometers which can be used f o r  continuous moni tor ing,  hence 

provided w i t h  sh ie lded  sensors, t he  f o l l ow ing  can be mentioned (Coulson, op. 

c i t . ,  Ch. 11) the  CSIRO Net Pyrradiometer, t he  Schulze Net Pyrradiometer, t he  

Eppley Pyrradiometer and t he  Net Pyrradiometer o f  the  Physico- Meteorological  

Observatory of Oavos. 

A l l  these inst ruments make use o f  t h e n o j u n c t i o n s  and d i f f e r  ma in ly  f o r  t he  

number o f  j unc t i ons  and t he  choice o f  t he  thermocouple elements. The s h i e l d i n g  

o f  the  sensors i s  obta ined by means o f  domes which a re  complete ly  t ransparent . to 

r a d i a t i o n  of any wavelength. C a l i b r a t i o n  of pyrradiometers and ne t  

pyrradiometers i s  u s u a l l y  performed f o l l o w i n g  t he  sa le  procedures as f o r  t he  

o ther  r a d i a t i o n  inst ruments.  



- measurement o f  wind 

The i n f l uence  of wind on t he  b u i l d i n g  energy budget has a l ready been pointed 

out  i n  chapter  Ib .  A s u f f i c i e n t l y  complete desc r i p t i on  o f  weather cond i t i ons  

du r i ng  an experiment, requ i res  the  measurement o f  

- wind speed 

- wind d i r e c t i o n  

- wind pressure on facades may be measured i n  some cases. 

Most inst ruments f o r  wind measurements cannot measure the  t h ree  components 

o f  t he  wind v e l o c i t y  simultaneously. Instead t he  ho r i zon ta l  component i s  

determined by measurements o f  t he  wind speed and d i r e c t i o n .  I n  meteorology, 

wind speed i s  measured a t  a he igh t  o f  10 meters above open t e r r a i n ,  and i s  

repor ted  i n  m/s. There are many ways t o  measure t he  f low o f  a f l u i d , .  bu t  f o r  

wind measurements weather- p roo f  and r i g i d  b u i l t  inst ruments are necessary. 

Among them we f i n d :  

1 )  d e f l e c t i n g  vane anemometer 

2) r evo l v i ng  wheel anemometer 

3) cup anemometer 

4) hot  w i re  anemometer 

5)  p r o p e l l e r  anemometer 

1 )  The d e f l e c t i n g  vane anemometer cons i s t s  o f  a p i vo ted  vane enclosed i n  a 

case. A i r  exe r t s  a p ressu ie  on t he  vane passing through t he  Instrument  upstream 

t o  downstream. The inst rument  g ives  instantanteous readings on an i n d i c a t i n g  

scale. Three vanes can be combined t o  measure a l l  components of t he  wind 

v e l o c i t y .  I t s  range i s  from 1 t o  120 m/s and i t s  accuracy i s  5%. Needs 

pe r i od i c  check o f  c a l i b r a t i o n .  

2)  The revo l v i ng  wheel anemometer cons i s t s  of a l i g h t  r evo l v i ng  wheel 

connected t o  a se t  o f  record ing  d i a l s  which read l i n e a r  meters of a i r  passing i n  

a measured. time. Th is  inst rument  has a very low s e n s i t i v i t y ,  and i s  usua l l y '  

employed i n  t he  range o f  1-20 m/s. I t s  accuracy va r i es  between 5% and 20%. 

3) The cup anemometer i s  the  most common instrument  f o r  measuring wind 

speed. I t  cons i s t s  o f  t h ree  o r  four  hemispherical cups mounted on a v e r t i c a l  

shaf t .  For e l e c t r i c a l  t ransmission an AC o r  DC generator  i s  used, which 

converts  t he  number of r evo lu t i ons  (which are p ropo r t i ona l  t o  the  wind v e l o c i t y )  



i n t o  analogous v o l t a g e  va lues.  Th is  t r a n s m i t t e r  can be used i n  t h e  range from 0  

t o  60 m/s and w i t h i n  a  temperature range from -35. t o  +80.C, b u t  t h e  e f f e c t i v e  

range depends on the  mechanical fea tu res  o f  t h e  sensor. A drawback of t h e  

h e a v i e r  t ypes  of cup anemometer i s  i t s  h i g h  s t a r t i n g  speed and low response 

t ime.  

4 )  For temporary use and when t h e r e  i s  no p r e c i p i t a t i o n ,  h o t  w i r e  

anemome'ters can be employed. Th is  i ns t rument  i s  based on t h e  p r i n c i p l e  t h a t  if 

a s u i t a b l e  sensing element i s  heated e l e c t r i c a l l y  a t  a  f i x e d  r a t e ,  and exposed 

t o  an a i r  stream, t h e  temperature d i f f e r e n c e  between t h e  a i r '  stream and the  

sens ing element i s  a  f u n c t i o n  o f  i t s  v e l o c i t y .  I n  t h e  h o t  w i r e  anemometer a  

r e s i s t a n c e  t h e n o m e t e r  i s  used as t h e  sens ing element. I t s  main advantages a r e  

h i g h  frequency response and h i g h  s e n s i t i v i t y ,  which makes t h e  h o t  w i r e  

anemometer b e s t  f i t  f o r  l ow v e l o c i t i e s .  The d isadvantages a r e  t h a t  i t  i s  an 

expensive and s e n s i t i v e  ins t rument  and r e q u i r e s  f requent  c a l i b r a t i o n .  A c o r r e c t  

c a l i b r a t i o n  of t h i s  i ns t rument  r e q u i r e s  c o n s i d e r a t i o n  o f  a i r  h u m i d i t y  and 

p ressure  and o f  a l l  f a c t o r s  t h a t  can a f f e c t  t h e  convec t i ve  hea t  t r a n s f e r  between 

the  a i r  and t h e  sensor. 

5) The p r o p e l l e r  anemometer c o n s i s t s  o f  a  l i g h t  p l a s t i c  p r o p e l l e r  mounted 

on an ax le .  The number o f  r e v o l u t i o n s  per  u n i t  o f  t ime  i s  p r o p o r t i o n a l  t o  the  

wind v e l o c i t y  component p a r a l l e l  t o  t h e  a x l e ;  Three p r o p e l l e r s  can be mounted 

on a x l e s  p e r p e n d i c u l a r  t o  one ano ther  t o  measure a l l  t h r e e  components o f  t h e  

wind v e l o c i t y .  The advantages o f  t h i s  i ns t rument  a re :  t h e  s h o r t  response t i m e  

making i t  p o s s i b l e  t o  measure v e l o c i t y  and l a r g e -  s c a l e  t u r b u l e n c e  i n  t h r e e  

d imensions ( H i c k s  1972), e.g., c l o s e  t o  e x t e r n a l  w a l l s ,  and t h e  r e l a t i v e l y  smal l  

e r r o r .  Th is  i ns t rument  has t h e r e f o r e  become popu la r  i n  m o n i t o r i n g  o f  b u i l d i n g s .  

The d isadvantages a r e  t h e  need f o r  c a l i b r a t i o n  and f requent  maintenance. Th is  

i ns t rument  should n o t  be used i n  s t r o n g  winds (above about 20 m/s).  

Wind d i r e c t i o n  i s  d e f i n e d  as t h e  d i r e c t i o n  from which t h e  wind i s  b lowing.  - 
The w i n d d i r e c t i o n  sensor i s  u s u a l l y  a  wind vane o r  a  "wind f l ag " .  The 

convers ion  o f  wind d i r e c t i o n  i n t o  a  loggab le  va lue  p resen ts  some d i f f i c u l t i e s .  

Sometimes an endless c o i l e d  and 3  t imes  tapped r i n g  po ten t iomete r  i s  s u p p l i e d  

f o r  t h e  t r a n s m i s s i o n  accord ing  t o  t h e  p r i n c i p l e  of t h e  e l e c t r i c a l  ax le .  The 

i n d i c a t i o n  o f  d i r e c t i o n  i s  o f t e n  noncont inuous, s i n c e  i t  i s  g i v e n  by a  maximum 

number o f  8 i n d i c a t o r s  i n  p a r a l l e l  connec t ion  r e q u i r i n g  a u x i l i a r y  D.C. vo l tage .  



Sometimes spec ia l  r i n g  po ten t iomete rs  w i t h  b u i l t - i n  r e l a y s  a r e  - a v a i l a b l e  

f o r  t h e  540' r e c o r d i n g  of wind d i r e c t i o n ;  t h e  o u t p u t  i s  a  d i r e c t  c u r r e n t  o f  0  

t o  4  mA. For  con t inuous  d i r e c t i o n  record ing ,  two se l f -synchronous motors, one 

a t  t h e  t r a n s m i t t e r  vane and t h e  o t h e r  a t  t h e  r e c e i v e r ,  can be used. 

Wind v e l o c i t y  and d i r e c t i o n  a r e  p a r t i c u l a r l y  i n f l u e n c e d  b y  t h e  environment. 

The c o r r e c t  procedure, suggested b y  WHO, would r e q u i r e  t h a t  t h e  ins t ruments  a re  

p laced  i n  an open s i t e ,  where t h e  a i r  stream i s  und is tu rbed  by b u i l d i n g s ,  t rees ,  

etc., and mounted on a  mast 10 m  h igh.  However, i t  w i l l  g e n e r a l l y  be use fu l  t o  

know t h e  wind c o n d i t i o n s  c l o s e  t o  t h e  b u i l d i n g ,  where t h e  s i t e  i s  f r e q u e n t l y  f a r  

from being f r e e  from obs tac les .  As a  genera l  r u l e  t h e  ins t ruments  should be 

mounted h i g h e r  than t h e  t o p  o f  t h e  b u i l d i n g ,  and, i f  p o s s i b l e ,  a t  a  c e r t a i n  

d i s t a n c e  up-stream f rom i t, so . t h a t  t h e r e  i s  l i t t l e  u n c e r t a i n t y  about t h e  

i n d i c a t e d  d i r e c t i o n .  

It i s  g e n e r a l l y  p r e f e r r a b l e  t h a t  a l l  meteoro log ica l  da ta  a r e  c o l l e c t e d  on 

t h e  same t i m e  bas is .  Nonetheless, a  s h o r t e r  sampl ing i n t e r v a l  ( r a n g i n g  from a  

few seconds t o  a  few minutes)  should be used f o r  r a p i d l y  v a r y i n g  q u a n t i t i e s  such 

as wind v e l o c i t y  and d i r e c t i o n .  For  most models d e s c r i b i n g  t h e  energy balance 

o f  t h e  b u i l d i n g ,  t h e  average va lues o v e r  a  p e r i o d  rang ing  f rom a  q u a r t e r  of an 

hour  t o  f o u r  hours (Day 1983). should be s u f f i c i e n t .  For more d e t a i l e d  models 

o f  v e n t i l a t i o n ,  r o o t  mean squared va lues  o r  s t a t i s t i c s  d e s c r i b i n g  t h e  frequency 

o f  occurrence o f  v a r i o u s  wind speeds should be used. Combinat ions o f  wind 

d i r e c t i o n  and v e l o c i t y  a r e  sometimes presented i n  t y p i c a l  p o l a r  graphs c a l l e d  

"wind roses". 

Wherever wind v e l o c i t y  i s  mon i to red  f a r  from t h e  b u i l d i n g  s i t e ,  a  pre-  

e l a b o r a t i o n  o f  da ta  t o  e x t r a p o l a t e  them t o  t h e  b u i l d i n g  s i t e  i s  necessary. The 

f o l l o w i n g  fo rmu la  i s  sometimes used f o r  c a l c u l a t i n g  t h e  wind speed, v  a t  a  

h e i g h t  z  a t  t h e  b u i l d i n g  s i t e :  

v  = vs'(dslZs)Bs*(Zldb)Bb 

where 

index s  s tands f o r  "meteoro log ica l  s t a t i o n "  and b  f o r  " b u i l d i n g "  

d  i s  t h e  boundary l a y e r  t h i c k n e s s  

B  i s  t h e  c h a r a c t e r i s t i c  exponent o f  t h e  l o c a l  boundary l a y e r  

T y p i c a l  va lues of d  and B  can be found i n  Jackman, 1978. 



As has a l ready been po in ted  ou t  i n  ch. Ib ,  t he  a c t i o n  o f  t he  wind i s  

e s p e c i a l l y  important  from the  p o i n t  o f  view o f  na tu ra l  a i r  i n f i l t r a t i o n  through 

t he  b u i l d i n g  enclosure, due t o  t h e  pressure d i f f e rence  es tab l i shed across i t. 

The r e l a t i o n .  between wind pressure, wind ve loc i t y ,  and wind d i r e c t i o n  i s  often 

d i f f i c u l t  t o  p r e d i c t ,  as shown i n  t h e  experimental works by de Gids, Ton and 

Sch i jnde l .  

It may t he re fo re  be usefu l  t o  d i r e c t l y  moni tor  t he  wind pressure over the  

b u i l d i n g  ex te rna l  wa l l s .  Th is  c a n b e  accmpl ished by measuring the  deformation 

o f  a  t h i n  pane o f  g lass by means o f  an es tens imet r i c  transducer (Meert and van 

Ackere). Another technique makes use o f  e l e c t r o n i c  d i f f e r e n t i a l  low pressure 

transducers, which can go down t o  0.1 Pa i n  the  range from 0  t o  100 Pa, and 

which a re  f i x e d  on t he  two s ides o f  the  b u i l d i n g  wal ls .  Instruments f o r  the 

measurement o f  pressure d i f fe rences  are  i n  general q u i t e  expensive. 

- measurement of a i r  enthalpy 

Enthalpy can be def ined as the  " t o t a l  heat", t h a t  i s ,  bo th  the  so c a l l e d  

sens ib le  and l a t e n t  heat ,  possessed by a  thermodynamic system. I n  the  

eva lua t i on  o f  atmospheric a i r  enthalpy i t s  content o f  water vapour, almost 

n e g l i g i b l e  from the  p o i n t  o f  view o f  i t s  percentage weight, t u rns  out t o  be 

q u i t e  Important because of the  h igh amount o f  l a t e n t  heat possessed by i t. 

Uhen measuring a i r  enthalpy i t  i s  necessary t o  measure separate ly  

i )  a i r  temperature and 

i i )  a i r  humidi ty  

the humid i ty  be ing  o f t en  n e g l i g i b l e  i n  t he  heat ing  season, when water vapour 

content  o f  the  outdoor a i r  i s  low. 

i )  measurement o f  temperature 

The measurement of temperature i s  made by us ing  sensors which a re  based on 

t he  same phys ica l  p r i nc i p l es .  A  very wide l i t e r a t u r e  i s  a v a i l a b l e  on t h i s  t o p i c  

(e.9.. Herz fe ld  and Brickwedde 1962, Omega Engineering, 1980). Ue r e f e r  t o  i t  

f o r  f u r t h e r  exDlanations. 



Any dev ice  f o r  measuring temperature i s  a  thermometer. The q u a n t i t y  which 

de tec ts  temperature v a r i a t i o n s  i n  a  sensor i s  c a l l e d  thermometric quan t i t y .  I n  

Table I 1 1  b-1 an overview o f  the  main temperature t ransducers and some of t h e i r  

features i s  given. The sensors more w ide ly  used i n  b u i l d i n g  experiments are 

shown i n  f i g .  Ill b-1. The i r  main advantages and disadv$ntages a re  l i s t e d  i n  

Table I 1 1  b-2. 

A c o r r e c t  s i t i n g  o f  temperature inst ruments i s  very  important ,  due t o  l a rge  

tempera tu re  g rad ien ts  occur ing c l ose  t o  surfaces exposed t o  r ad ia t i on .  These 

grad ien ts  a re  in f luenced by t he  amount o f  so l a r  r a d i a t i o n ,  by re-  emi t ted  

i n f r a r e d  r a d i a t i o n  i n  t h e  n i g h t -  t ime, .  by t h e  r a d i a t i v e  p rope r t i es  o f  t he  

surrounding surfaces, and by l o c a l  a i r  movements. HMO (1971) recommends t h a t  

t he  inst rument  i s  placed 1.25 m above a  sur face covered by grass w i t h  f r e e  

exposure t o  t he  wind. C a l i b r a t i o n  o f  thermometers should always be performed 

before t he  inst rument  i s  used f o r  t he  f i r s t  t ime and then a t  r egu la r  i n t e r v a l s .  

The inst ruments should be c a l i b r a t e d  aga ins t  some more accurate (secondary 

standard) ' c a l i b r a t e d  temperature sensor. 

For almost a l l  purposes hour ly  sampling of outdoor a i r  temperature should 

be su f f , i c ien t ,  s ince a i r  temperature i s  n o t  r a p i d l y  vary ing.  For more accurate 

measurements t he  sampling cou ld  be done every 5 minutes and an average value be 

recorded hour ly .  I n  o ther  cases even d a i l y  o r  weekly averages cou ld  be used, 

bu t  sampling should always be performed a t  l e a s t  every t h i r d  hour. 

I n  b u i l d i n g  experiment; the  most s u i t a b l e  thermometers, cons ider ing  t he  

p o s s i b i l i t y  t o  per form remote measurements, p rec i s i on ,  and cos t  a re  

1) thermocouples 

2) r es i s t ance  thermometers (e.g. P t  100) 

3)  t he rm is to r s  

4) i n t eg ra ted  c i r c u i t  (1C) t ransducers 

1) I n  thermocouples t he  thermometric q u a n t i t y  i s  t he  e.m.f. generated by 

t h e  temperature d i f f e r e n c e  between t he  j unc t i ons  of two d i s s i m i l a r  e l e c t r i c a l  

leads, (Seebeck e f f ec t ) .  If one of t he  j unc t i ons  i s  kept  a t  a  constant  known 

temperature i t  w i l l  poss ib l e  t o  determine t he  temperature a t  the  o ther  junc t ion .  

To measure the  vo l tage  generated by t he  thermocouple, a  h i gh  p r e c i s i o n  vb l tmeter  

w i t h  h igh  impedance, t o  avq id  cu r ren t  f low, has t o  be used. 



TABLE 111 b-1 ' 

General fea tu res  of some temperature sensors (source: ASHRAE, 1977) 

Measurement means 

1) G I  ass-stem thermometers 

mercury-glass 

A1 cohol-g lass 

Jena o r  quar tz  mercury 

n i t r ogen  

2) Thermocouples 

Chranel-alumel ( K )  

I ron-constantan (T)  

Copper-constantan (T) 

Chromel-constantan (E) 

App l i ca t i on  Range, O C  

Temp. o f  gases and -391300 

l i q u i d s  by con tac t  -73178 

-391500 

High temp., rem. read. < 1200 

High temp., rem. read. < 800 

Low temp., rem. read. < 400 

Low temp., rem. read. < 400 

Precis ion,  K 

3)  Resistance thermometers 

Plat inum-resis tance High p rec i s i on ,  rem, 

read. by con tac t  -20011800 < 0.01 t o  3 

N icke l - res is tance  Rem. read. by con tac t  -1001 150 0.2 

4 )  Thermistors Rem. read. by c o n t a c t s <  300 0.05 

5) I n t e g r a t e d - c i r c u i t  Remote reading < 200 

thermometers 

6 )  B i m e t a l l i c  thermometers For approx. temp. 01500 > 0.5 

7)  Pressure-bulb therm.. 

G a s - f i l l e d  bu lb  Remote t e s t i n g  -701 500 1 

Yapou r - f i l l ed  b u l b  Remote t e s t i n g  -101 250 1 

L i q u i d - f i l l e d  bu lb  Remote t e s t i n g .  -5011200 1 

8)  Rad ia t ion  pyrometers For i n t e n s i t y  o f  

t o t .  h igh  temp. any range 

rad. (remote) 



F ig .  111 b- I  Some r e p r e s e n t a t i v e s  o f  temperature  sensors. The sensors 
d e p i c t e d  h e r e  ( i f  i n  en la rged  s c a l e  t h e  a c t u a l  s i z e  i s  
i n d i c a t e d  i n s i d e  a frame) a r e  from L e f t  t o  r i g h t :  
r e s i s t a n c e  thermometers, thermocouples, a t h e r m i s t o r  and 
I C  t empera ture  t ransducers.  



Inst ruments o f  t h i s  type genera l l y  con ta in  an au tomat ica l l y  compensating 

c o l d  j u n c t i o n  r e l i e v i n g  t ne  user from the  need t o  f u rn i sh  a reference 

temperature. Such a compensation w i l l  work on ly  w i t h i n  a l i m i t e d  temperature 

i n t e r v a l .  Therefore t he  inst rument  must be ca l i b ra ted .  This should be done by 

comparison t o  a reference having a constant  temperature. 

Thermocouples a re  ava i l ab le  i n  d i f f e r e n t  s izes.  ' Small thermocouples have a 

f as te r  response than l a rge  ones. Some p r a c t i c a l  precaut ions should be taken 

when using thermocouples, t o  avoid measurement e r ro rs .  Most of them may be 

t raced back t o  one o f  these sources: 

- poor j u n c t i o n  connection 

- d e c a l i b r a t i o n  o f  thermocouple w i re  

- shunt impedance and ga lvan ic  a c t i o n  

- thermal shunt ing 

Two thermocouple wires can beconnec ted  i n  many ways: so lder ing ,  s i l v e r -  

so lder ing ,  welding etc. When t he  thermocouple wires a re  soldered toge ther  a 

t h i r d  metal i s  in t roduced i n t o  t h e i r  c i r c u i t ,  b u t  i f  t he  temperatures on bo th  

s ides of the  thermocouple a re  t he  same, t he  so lder  does no t  in t roduce any e r ro r .  
. . 

Since the so lder  l i m i t s  the' maximal temperature t o  which t he  j u n c t i o n  can be 

subjected, a t  h igh  temperatures i t  i s  convenient t o  weld the  j o i n t s .  A poor 

welding o r  so lder ing  can r e s u l t  i n  an open connection, which can be detected by 

performing an "open thermocouple ,checkv, a common t e s t  f unc t i on  a v a i l a b l e  w i t h  

da ta  loggers. 

Deca l i b ra t i on  i s  the  a l t e r i n g  o f  t he  phys ica l  make- up of .the thermocouple 

w i re  caused by temperature extremes. 

Atmospheric and thermal e f f e c t s  can make t he  i n s u l a t i o n  res is tance  decrease 

t o  t he  p o i n t  t h a t  i t  crea tes  a " v i r t u a l  junc t ion" .  I f  t he  leakage res is tance  i s  

so low t h a t  an a l t e r n a t i v e  c i r c u i t  i s  closed, an improper vo l tage  reading w i l l  

r e s u l t .  Atmospheric ef fects can be minimized by choosing the  proper p r o t e c t i v e  

m e t a l l i c  o r  ceramic sheet. The dyes used i n  some thermocouple i n s u l a t i o n  can 

form an e l e c t r o l y t e  i n  t he  presence o f  water; t h i s  creates a ga lvan ic  ac t ion ,  

w i t h  a r e s u l t a n t  output  hundreds of t imes grea ter  than t he  Seebeck e f f e c t .  

Precautions should be taken t o  s h i e l d  t he  thermocouple wires f r omharsh  

I 
atmospheres and l i q u i d s .  



TABLE 111 b-2 

Advantages and  disadvantages of some thermometers  

' ( a f t e r  H e w l e t t  & P a c k a r d  1980, and o t h e r ' s o u r c e s )  

3 
THERMOCOUPLE 

@ Self-powered 

Simple 

Rugged . Inexpensive 

Wide v a r i e t y  
o f  phys i ca l  
forms 

Wide tempera- 
t u r e  range 

e- Fast 

Non Linear . LON output 

Re fe rence  junc- 
t i o n  requ i red  

Least s tab le  

~ m p l i f i c a t i o n  
requ i red 

RTD 

0 Most s tab le  

nost accurate . Mare Linear 
than therrna- 
couple 

. Elpensive . Slou . Current source 
requ i red 

@ Small r e s i -  
stance change 

Lou absolute 
res is tance 

Se l f -heat inq  

THERMISTOR 

High output 

Fast 

Two-wire dims 
measurement 

Large resistance 
change a t  Lou 
temperatures . Inexpensive 

Accurate 

Non l i n e a r  

L im i ted  tempera- 
t u r e  range . Frag i l e  

Current source 
requ i red  

Setf-heat ing 

I .C. SENSOR 

. Mort l i n e a r  

Highest output . Inexpensive 

T < 2oo0c 
0 Payer supply 

requ i red ' 

0 S L O W  

Se l f -heat ing  . Limi ted  conf i -  
gu ra t i ons  

@ Poor s t a b i l i t y  



Thermal shunt inq  i s  t h e  a l t e r a t i o n  of mea~uremed temperature . due t o  t he  

i n s e r t i o n  o f  a transducer. To avo id  t h i s ,  small thermocouples a re  used, but  

small wi res a re  suscept ib le  t o  contaminatiof l ,  annealing, s t r a i n  and shunt 

impedance. To reduce these e f f ec t s ,  an "extension w i re"  can be used, which i s  

in tended t o  cover long d is tances  between t he  measuring thermocouple and t he  

voltmeter. I t  i s  genera l l y  l a r g e r  i n  s ize,  i t r o n g e r  and cheaper than a small 

thermocouple wire.  

Thermocouples can be arranged i n  ser ies  forming a thermopi le.  Every second 

j u n c t i o n  i s  kept a t  a cmmon temperature. An inst rument  o f  t h i s  t ype  i s  use fu l  

f o r  observ ing small temperature d i f fe rences .  Thermocouples a re  we l l  su i t ed  f o r  

t he  measurement o f  sur face temperatures. An advantage i s  t h a t  thermocouples are 

cheap, a draw-back i s  t h e i r  low s e n s i t i v i t y .  R t y p i c a l  ou tpu t  i s  around 0.04 

mV/K.  

2) I n  t he  thermometric q u a n t i t y  i s  the e l e c t r i c  res is tance  of metal 

wire, u s u a l l y  made of p lat inum, n i cke l  o r  "Balco" (a n i c k e l  a l l o y ) ,  vary ing  w i t h  

temperature. The RTD does not  r equ i re  any reference temperature dur ing  t he  

measurement; i t  r e l i e s ,  however, on a constant  cu r ren t  source. Th is  f a c t  i s  a 

source o f  errors f o r  two main reasons: 

- power i s  d i ss i pa ted  by Jou le  e f f e c t  and hence s e l f -  heat ing occurs. 

- if the  sensor i s  connected t o  t he  measurement system by means of two cables,  

used a l so  f o r  power supply, t he  measured res is tance  i s  t h a t  of t he  sensor 

p l u s  t h a t  of the  connection cables. 

To minimize these problems, i t  i s  necessary: 

- t o  operate w i t h  low cur ren ts  through the  sensor ( around 1 mA f o r  continuous 

e x c i t a t i o n ,  o r  25 mA fo r  pulse measurements). 

- t o  know the  res is tance  o f  the  connecting cables i f  these a re  used f o r  power 

supply and measurement toge ther  ( f i g .  111 b-2a). A s i m i l a r  s o l u t i o n  (3-wires 

arrangement) i s  shown i n  f i g .  111 b-2b. A b e t t e r  s o l u t i o n  i s  t o  use t he  4- 

w i res  arrangement shown i n  f ig .  111 b-Zc, where t he  use o f  a h i gh  impedance 

vol tmeter  avoids the  cur ren t  f l ow  i n  measurement cables. I n  t h i s  way, the  

exact e.m.f. d i f f e rence  across t he  sensor i s  known, and hence i t s ,  res is tance.  

With a cu r ren t  f low o f  1 mA the  t y p i c a l  output  of a Plat inum RTD w i l l  be 

0.385 m V / K ,  about t en  t imes grea ter  than t h a t  of thermocouples. The gree t  

f r a g i l i t y  of t h e  RTD should be taken i n t o  account, toge ther  w i t h  i t s  h i gh  

thermal shunting. Plat inum RTD-s can be used t o  very h igh  temperatures, w h i l e  



RTD 

RTD 

111 b-20 

POWER SUPPLY + MEASUREMENT 

V = t r u e  v o l t a g e  d i f f e r e n c e  
X 

V = measured v o l t a g e  d i f f e r e n c e  m 
R = c a b l e  r e s i s t a n c e  

C 

I = cur ren t  i n t e n s i t y  

V x E V m - R  I 
C 

,,POWER SUPPLY 
MEASUREMENT 

POWER SUPPLY 

I11 b-2c 

I c u r r e n t  i n t e n s i t y  i n  
m 

measurement c i r c u i t  
RTD I : O  

m 
V 3 V  

x rn 

F ig .  111 b-2 Poss ib le  arrangements fo r  measurements w i t h  r e s i s t a n c e  
thermometers ( R T D ' s ) .  From top t o  bottom: 2-wire,  3-uire 
and 4-wire  RTD measurement. 



p la t inum f i l m  thermometers a re  gene ra l l y  used. in t he  range from -50°C t o  150°C. 

They are  very ' l i n e a r  i n  t h i s  range. 

3)  A res is tance  thermometer where the  sensing element cons is ts  o f  a  semi 

conductor compound i s c a l l e d  a  thermis to r .  Compared t o  thermocouples and RTD-s, 

thermis to rs  have some advantages: 

- t h e  temperature c o e f f i c i e n t  i s  about t en  t o  one hundred t imes grea ter  then 

t h a t  o f  RTO-s; t h i s  f a c t  i s  a  warranty fo r  h igh  s e n s i t i v i t y .  

- a  much h igher res is tance  than t h a t  o f  metals  reduces e r r o r s  due t o  wires and 

contac t  res is tance.  

- s ince  thermis to rs  produce a  h igh  output  f o r  a  low cu r ren t  d r i ve ,  they can be 

used .wi th b a t t e r y  equipment. 

- low cos t  o f  t he  sensor 

- small dimensions o f  sensor, and there fo re  low thermal shunting. 

Disadvantages and/or l i m i t a t i o n s  a re :  

- h igh  non- l i n e a r i t y  which requ i res  a  l i n y a r i s a t i o n  apparatus o r  an i n d i v i d u a l  

c a l i b r a t i o n .  

- h i gh  d i spe rs i on  between i n d i v i d u a l  sensors ( 20% ) ,  which requ i res  i nd i v i dua l '  

c a l i b r a t i o n  i f  h igh  accuracy i s  t o  be achieved. A  consequence of t h i s  i s  non- 

i n t e r changeab i l i t y  

- t h e  s t a b i l i t y  o f  c a l i b r a t i o n  i s  good i n  a  narrow range o f  temperature. l n ' t h e  

l i t e r a t u r e  t he  best  s t a b i l i t y  i s  considered t o  be found below 1 1 0 ~ ~ .  

- t o  reduce s e l f -  hea t ing  o f  t he  sensor, t he  e x c i t a t i o n  cu r ren t  has t o  be less  

than 1  mA. 

- the rm is to r s  must be c a r e f u l l y  mounted due t o  t h e i r  f r a g i l i t y ,  which i s  even 

h igher  than f o r  RTD-s. I n  scine cases they need t o  be encapsulated i n  g lass  o r  

otherwise protected,  thus inc reas ing  t h e i r  thermal i n e r t i a .  

4) The I C  temperature t ransducer uses a  fundamental p roper ty  ' o f  s i l i c o n  

t r a n s i s t o r s  t o  produce a  vo l tage  which i s  p ropor t iona l  t o  t he  absolute 

temperature. This vo l tage  can be converted i n t o  a cu r ren t  by means o f  a  low- 

temperature- c o e f f i c i e n t  r e s i s t o r .  Typical  I C  t ransducers are the  Analogue 

Devices A0590 and t he  LM134Z. Un l i ke  the o the r  thermometers discussed above, 

the output  i s  thus e i t h e r  a  cu r ren t  o r  a  voltage, both l i n e a r l y  p ropo r t i ona l  t o  

absolute temperature. Typical  values are 1 A/K and 10 mV/K. I C  temperature 

t ransducers do n o t  need, any reference temperature o r  device f o r  measuring 

res is tance.  They can be constructed t o  have h igh  accuracy and t o  be almost 

l i n e a r  over a  l i m i t e d  temperature range (Timko and S u t t l e r  1978, 0 -Ne i l1  and 



Der r ing ton  1979)'.  ever, they have the  f o l l o w i n g  disadvantages: 

- s e l f -  hea t ing  

- f r a g i l i t y  

- need f o r  ex te rna l  power source. 

A i r  temperature measurement r equ i r es  p a r t i c u l a r  care, due t o  s o l a r  and 

i n f r a r e d  r a d i a t i o n  imp ing ing  on t h e  sensor from the  surroundings.To reduce t h i s  

source of e r r o r  two techniques can be used: 

- s h i e l d i n g  o f  the  sensor < 

- v e n t i l a t i n g  the  sensor 

The s h i e l d i n g  can be performed by surrounding t h e  sensor w i t h  from one up 

t o  th ree  po l i shed  screens. Aluminium, s tee l  o r  wooden screens o f  c y l i n d r i c a l  o r  

sphe r i ca l  shape a re  c m m e r c i a l l y  ava i l ab l e .  

Na tu ra l  a i r i n g  should i n  any case be prov ided.  But, as p rev i ous l y  s ta ted ,  

$ h i s  type o f  p r o t e c t i o n  i s  o f t e n  n o t  s u f f i c i e n t ,  e s p e c i a l l y  when s t rong  

r a d i a t i o n  occurs,  e v e n ' i f  the  whole apparatus i s  accu ra te l y  screened. I n  t h i s  

case t h e  thermometer should be i n s e r t e d  i n  a  p r o t e c t i v e  cas ing  w i t h  e l e c t r i c a l  

v e n t i l a t o r .  The v e n t i l a t i o n  speed a t  the  measuring bu lb  should be a t  l e a s t  3.5 

m/s. I f  such an apparatus i s  se t  up, the  measurement e r r o r  can be reduced t o  

0.1 K a t o O c  when p la t inum res i s t ance  thermometers, accord ing t o  the  DIN 43760 

Standaid, a r e  used. 

i i )  measurement o f  a i r  humid i t y  

A i r  humidyty should be measured o n l y  when i n f o rma t i on  i s  r equ r i ed  about i t s  

e f f e c t  on b u i l d i n g  heat losses,  o r  o n  atmospheric r a d i a t i o n ,  o r  when one i s  

e s p e c i a l l y  i n t e r e s t e d  i n  a i r  c o n d i t i o n i n g  and v e n t i l a t i o n .  Atmospheric 

r a d i a t i o n  can be est imated from t h e  emp i r i ca l  equat ions (see, e.g.. Kond ra t i j e v  

1969 and ch. I b ) ,  r e l a t i n g  i t  t o  a i r  temperature, humid i t y  and c loudiness.  

There a r e  many methods . fo r  measuring the  a i r  r e l a t i v e  humidi ty ;  o n l y  some o f  

them a r e  s u i t a b l e  f o r  remote reading. 

The psychrometer'. o r  Wet and Dry bu l b  thermometer, cons i s t s  o f  two 

temperature sensors, . one w i t h  a  c o t t o n  sock wet ted w i t h  d i s t i l l e d  water. The 

sensor w i t h  t h e  sock w i l l  r e g i s t e r  a  temperature c l ose  t o  t h e  thermodynamic wet 

bu l b  temperature. Knowing t h e  d ry  bu l b  and wet bu l b  temperatures and t h e  

baromet r i c  pressure,  t h e  r e l a t i v e  humid i t y  can be determined. 
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Some o f  the  requirements f o r  psychrometers, as taken from WMO (1971) are:  

- t he  wet and d r y  bulbs should be v e n t i l a t e d  and pro tec ted  from r a d i a t i o n  by a 
minimum of two po l i shed metal sh ie lds .  

- a t  sea- l eve l  a i r  should be drawn across t he  bulbs a t  a r a t e  between 2.5 and 

10 mls. 

- measurements should be performed a t  a he igh t  between 1.25 and 2 meters above 

ground 1 eve1 . 
Psychrometers cannot be used when the  a i r  temperature i s  below O'C. They need 

frequent c lean ing  and replacement o f  t he  co t ton  sock. 

Dew p o i n t  hygrometers measure absolute humidi ty  by means of t he  temperature 

of a cooled po l i shed metal m i r r o r  exposed t o  ex te rna l  a i r .  When t he  sur face  

.begins t o  be covered w i t h  condensated water vapour, t he  temperature reached i s  

t he  so c a l l e d  "dew- p o i n t  temperature". Moisture i s  detected us ing  a l i g h t  

source and a photo- e l e c t r i c  c e l l .  The measuring apparatus i s  r a the r  

complicated and expensive, due a l so  t o  the  necessi ty  of coo l i ng  the  sur face by 

means o f  a thermoe lec t r i c  dev ice  o r  by the  ad iaba t i c  expansion of a compressed 

gas. Dew p o i n t  hygrometers a re  n o t  s u i t a b l e  fo r  measurements a t  low 

temperatures if one does n o t  know whether dew is'composed o f  supercooled water 

o r  i c e  c r y s t a l s .  

Mechanical hygrometers (Lambrecht, 1975) make' use o f  organic f ib rous  

ma te r i a l s  (Pernix  element, o r  human h a i r ) ,  which change t h e i r  dimensions 

according t o  t he  q u a n t i t y  o f  water i n  t he  a i r .  The dimesional v a r i a t i o n  i s  

converted i n t o  t he  analogue v a r i a t i o n  o f  an e l e c t r i c a l  s i gna l  o r  t he  o s c i l l a t i o n  

of a mechanical i nd i ca to r .  This measuring apparatus i s  w ide ly  used,.due t o  i t s  

easy mounting and low cos t ;  i t s  p rec i s i on  i s ,  however, no t  h igh  and i t  'needs 

p e r i o d i c a l  (sometimes even d a i l y )  c a l i b r a t i o n .  Furthermore, t h e  inst rument  i s ,  

extremely u n r e l i a b l e  a t  low temperatures (below -10'~). 

The L i th ium-Ch lor ide  c e l l  hygrometers e x p l o i t  t he  'property  o f  t he  s a l t  

l i t h i u m -  c h l o r i d e  ( L i C l )  t o  become e l e c t r i c a l l y  conduct ive when absor6ing 

moisture from the  a i r .  The sensor, a c e l l  con ta in ing  a l i t h i u m -  c h l o r i d e  

so lu t i on ,  i's. heated by passing an AC between the  e lectrodes.  This reduces t he  

mo is tu re  content  and increases t he  res is tance  of t he  so lu t ion .  An e q u i l i b r i u m  

temperature which i s  measured by a separate sensor, i s  reached. This 

tempera tu re  can be converted i n t o  a dew-point temperature. The L iCl  hygrometer 

i s  a simple and comparat ive ly  cheap instrument. 



- p r e c i p i t a t i o n  

There i s  s t i l l  l i t t l e  knowledge about the  i n f l uence  o f  r a i n f a l l  on the  

b u i l d i n g  energy- r e l a t e d  performances, e s p e c i a l l y  i n  the  long  run. 

An inst rument  f o r  measuring p r e c i p i t a t i o n  i s  c a l l e d  a  p luv iometer ,  o r  r a i n  - 

w. The he igh t  o f  p r e c i p i t a t i o n  i s  t he  he igh t  of l i q u i d  p r e c i p i t a t i o n ,  t h a t  

would cover t he  ground surface. A  w ide l y  used inst rument  f o r  t he  measurement of 

precipitation i s  t h e  Hellman r a i n  gauge, which consists.of a  r ece i v i ng  vessel 

w i t h  known surface, o f  a c o l l e c t i n g  can and of a  measuring cy l inder .  The 

c o l l e c t e d  p r e c i p i t a t i o n  - which may have t o  be mel ted - w i l l  be recorded by an 

observer a t  r egu la r  i n t e r v a l s .  

R a i n f a l l  recorders can a l so  be used; ' they cons i s t  of a  c y l i n d r i c a l  case t o  

which a  r e c e i v i n g  vessel i s  soldered. The ra in-water  e n t e r i n g  t he  rece i v i ng  

vessel i s  l e d  through a  metal p i pe  i n t o  a  c y l i n d r i c a l  vessel.  I n s i d e  the  vessel. 

t he re  i s  a  f l o a t  w i t h  a  v e r t i c a l  ho l low ax le  soldered t o  it. The pen arm 

bAar ing t he  record ing  pen i s  fastened t o  the  axis .  When t he  l e v e l  reaches 10 

m, the water i s  au toma t i ca l l y  discharged by means of a  g lass  siphon i n t o  the  

c o l l e c t i n g  can loca ted  a t  t he  base o f  the  instrument. Th is  type  o f  r a i n f a l l  

recorders can be used f o r  temperatures down t o  -25OC. provided they a re  equipped 

w i t h  heat ing  and w i t h  a  thermal ly  i nsu la ted  double wa l led  casing. E l e c t r i c a l  

t ransmiss ion  o f  r a i n f a l l  i s  f eas ib l e  by means of res is tance  t e l e t r a n s m i t t e r s ,  o r  

impulse t r a n s m i t t e r s  us ing  a  " t i p p i n g  bucket" device.  

Combined wind and r a i n  produce the  so c a l l e d  d r i v i n g  r a i n  t h a t  i s  t he  

ho r i zon ta l  component o f  ra in .  It can lead  t o  moistening o f  w a l l s  and, 

consequently, t o  t he  decrease of t h e i r  i n s u l a t i o n  performance. D r i v i n g  r a i n  on 

facades can be measured w i t h  an inst rument  descr ibed by Lyberg (1979) which 

cons i s t s  o f  a  c o l l a r  of aluminium (d iameter  = 2 0 0  m) as c o l l e c t o r ,  and . a  

t i p p i n g  bucket system, and which i s  mounted on t he  b u i l d i n g  facade. 

I n  t he  absence o f  measuring devices d r i v i n g  r a i n  can he ca l cu la ted  through 

the  wind speed v, t he  te rmina l  v e l o c i t y  of water drops vt ( l i n k e d  t o  t h e i r  

r ad ius )  and t he  v e r t i c a l  i n t e n s i t y  o f  r a i n  I,: Ih=C'v*l,lv,, where Ih i s  the  

d r i v i n g  r a i n  component and C i s  a  constant  
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111 c  Indoor c l ima te  measurements 

- general in fo rmat ion  

When de f i n i ng  indoor c l ima te  i t  can be advantageous t o  make a  d i s t i n c t i o n  

between indoor c l ima te  as a  f ac to r  i n  physical  energy ca l cu la t i ons ,  t he  phys ica l  

indoor  c l imate ,  and as a  f a c t o r  i n  human environment, t he  phys io l og i ca l  &r 
c l imate .  The physical  indoor c l ima te  can almost be reduced t o  indoor  a i r  

temperature. The energy losses due t o  heat conduct ion through ex te rna l  wa l l s  i s  

i n  f i r s t  approximation p ropor t iona l  t o  the  temperature d i f f e rence  between i ndoo r '  

and outdoor a i r .  The energy losses due t o  i n f i l t r a t i o n  and v e n t i l a t i o n  a re  

p ropor t iona l  t o  t h i s  temperature d i f fe rence ' t imes  t he  f l ow  ra te .  

Indoor c l ima te  as a  fac to r  i n  human environment i s  much more complex.,.. Here 
., 

indoor a i r  temperature, i n t e r i o r  surface temperatures, a i r  v e l o c i t y  and humid i ty  

i n t e r a c t  i n  a  c m p l i c a t e d  way t o  determine t h e  thermal comfort of t h e  res ident . .  

However, temperature g rad ien ts ,  temperatures changing w i t h  t ime, and temperature 

d i f f e rences  between e.g. indoor a i r  and f l o o r  a re  a lso  important  fo r  the  

thermal comfort.  S t i l l ,  thermal comfort alone does not  c o n s t i t u t e  t he  indoor 

c l ima te  of the  occupant. Noise and l i g h t n i n g  a re  important components o f  t he  

indoor '  c l imate.  Another f a c t o r  t h a t  must be taken i n t o  account i s  t he  presence 

o f  a i r  contaminants, odour and dust, which can be counteracted by e.g. 

v e n t i l a t i o n .  The a i r  exchange r a t e  i s  t he re fo re  a l so  important  f o r  t he  indoor 

c l imate.  Many o f  these fac to rs  can be d i r e c t l y  experienced by t he  occupant 

through h i s  sense;. Others, l i k e  many a i r  cpntaminants, can no t ,  b u t  may s t i l l  

a f f e c t  t he  hea l t h  and we l l -be ing  o f  the  occupant. 

I t  i s  t he  combined,effect o f  a l l  these f a c t o r s  t h a t  w i l l  determine t he  

phys io l og i ca l  comfort o f  t he  occupant. 

I n  the  sect ions o f  t h i s  chapter  the  measurement o f  indoor c l ima te  i s  

discussed. With a  few exceptions on ly  inst ruments t h a t  permi t  remote 
measurements w i l l  be described. These sec t ions  descr ibe measurement o f  indoor 

a i r ,  sur face and r e s u l t i n g  rad ian t  temperature, measurement of a i r ' v e l o c i t y ,  

measurement o f  humidi ty ,  measurement o f  a i r  contaminants, measurement o f  

l i g h t i n g  and measurement o f  thermal comfort.  The grea tes t  a t t e n t i o n  i s  g iven t o  

the  measurement o f  temperature. Th is  sec t i on  i s  the  on ly  one where t h e  



quest ions of sensor p o s i t i o n i n g  i s  discussed i n  some d e t a i l .  For a d iscuss ion  

on e r r o r  eva lua t i on  see App. 111, For a f u l l e r  t reatment  o f  t he  t o p i c s  

concerning indoor  c l i m t e  we r e f e r  t o  Givoni  (1976) and van Straaten (1967). who 

however ma in ly  d iscuss indoor  c l ima te  i n  ho t  and mediterranean c l imates ,  

McIn ty re  (1980) and Fanger - Va lb ja rn  (1978). For t o p i c s  concerning inst ruments 

f o r  t he  measurement o f  indoor c l ima te  we r e f e r  t o  ASHRAE Fundamentals (1981), 

Doebelin (1966) .  Neubert (1977) and Mc ln ty re  (1980) and t he  proposed IS0 

standard (1980). 

- measurement o f  indoor  a i r  and sur face  temperature 

i )  temperature d i s t r i b u t i o n  i n  a dwe l l i ng  

The thermal environment i n  a room i s  asymnetr ic w i t h  respect  t o  thermal 

r a d i a t i o n  and a i r  temperature. A t y p i c a l  room has one o r  two e x t e r i o r  wa l l s  

through which most o f  t he  heat l oss  occurs i n  the  w in te r  time. This may be 

nea r l y  a l l  if the  room i s  a t  an in te rmed ia te  f l o o r  o f  a m u l t i -  s to rey  bu i l d i ng .  

The e f f e c t  o f  t h i s  heat l o s s  i s  t o  produce l a r g e  c o l d  Surface areas, which 

r a d i a t e  l e s s  t o  t he  occupant than do the  i n t e r i o r  p a r t i t i o n s ,  and a major 

movement o f  c o l d  a i r  towards the  f l o o r  a long the  f u l l  l eng th  o f  t he  e x t e r i o r  

wa l l s .  This down draught a t  t he  e x t e r i o r  wa l l  surfaces produces a v e r t i c a l  a i r  

temperature q r a d i e n t  from f l o o r  t o  c e i l i n g  and a ho r i zon ta l  a i r  temperature 

g rad ien t  from the  c o l d  wa l l  t o  the  warn p a r t i t i o n  unless t he  heat ing  system 

e f f e c t i v i l y  counteracts t h i s  e f f e c t .  I n  f ac t ,  the  major performance requirement 

o f  the  heat t e rm ina l s  i s  t o  canpensate f o r  t h i s  asyrmnetrical a i r  and r a d i a n t  

temperature p a t t e r n  i n  a room i n  a r e s i d e n t i a l  b u i l d i n g  (Eberhard 1969) . 
I n  f i g .  I 1 1  c-1 some q u a l i t a t i v e  examples are g iven o f  what t h e  v e r t i c a l  

temperature s t r a t i f i c a t i o n  might  look l i k e  f o r  d i f f e r e n t  heat ing systems. I n  

f i g .  I 1 1  c-2 some examples of t he  temperature d i s t r i b u t i o n  on i n t e r i o r  sur faces 

a re  given. 

The a s y n e t r y  o f  t he  thermal environment i s  even grea ter  under s u n e r  

cond i t i ons  where a i r  c o n d i t i o n i n g  i s  contemplated. This unbalanced environment 

i s  caused by ne o r  more e x t e r i o r  wa l l s  exposed t o  outdoor cond i t i ons ,  t o  
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F i g .  Ill c-I Examples o f  t h e  v e r t i c a l  temperature '  s t r a t i f i c a t i o n  
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h e a t i n g .  

I 



El Exterior wall 

Partition wall Exterior wall with window 
joining exterior wall . 

F i g .  111 c-2  Examples of i s o t h e r m s  on p a r t i t i o n  u a l l s  and 

e x t e r i o r  u a l l s  i n  a  room. 



The temperature i s  o f t e n  n o t  t h e  same i n  d i f f e r e n t  p a r t s  o f  t h e  l i v i n g  area 

of a  f l a t  o r  a  house. C lose ts  and bathrooms may n o t  be equipped w i t h  h e a t i n g  

f a c i l i t i e s .  Roams where t h e  occupants spend much t i m e  can have a h i g h e r  

temperature than  o t h e r  rooms, due t o  t h e  presence of t h e  occupants, and t h e  use . 
o f  e l e c t r i c  appl iances.  The temperature o f  t h e  c e l l a r  and t h e  a t t i c  i n  a  house 

i s  o f ten  d i f f e r e n t  from t h a t  o f  t h e  l i v i n g  area. I n  a  r e s i d e n t i a l  b u i l d i n g  w i t h  

many f l a t s  t h e r e  w i l l  o f t e n  be a temperature d i f f e r e n c e  between t h e  bot tam f l o o r  

and t h e  t o p  f l o o r  if t h e  h e a t i n g  system i s  n o t  ve ry  e f f i c i e n t .  F l a t s  a t  t h e  

gable o f t e n  have a lower  tempera tu re  t h a n  o t h e r  f l a t s .  The temperature can r i s e  

i n  rooms hav ing  windows on a facade exposed t o  s o l a r  r a d i a t i o n .  

The l o c a l  a i r  o r  s u r f a c e  temperature w i l l  a l s o  f l u c t u a t e  w i t h  t i m e  even i n -  

a  room where t h e  temperature i s  c o n t r o l l e d  by a thermostat .  It i s  therefor 'e  

c l e a r  t h a t  " t h e "  i n d o o r  a i r  o r  sur face temperature does n o t  e x i s t  even f o r  a  

s i n g l e  room. .' 

For c a l c u l a t i o n s  i n s i d e  t h e  framework o f  a  model i t  i s  i n  genera l  necessary 

t o  d e f i n e  a space-averaged temperature (and a l s o  t ime-averaged if t h e  model i s  a  

s t a t i c  one). Th is  can be done i f  i t  i s  p o s s i b l e  t o  p l a c e  temperature sensors a t  

i e v e r a l  l o c a t i o n s  i n s i d e  t h e d w e l l i n g .  But due t o  th'b e x i s t e n c e  o f  temperature 

g r a d i e n t s ,  and t o  t h e  f a c t  t h a t  t h e  number o f  sensors i s  always l i m i t e d ,  t h e  

c a l c u l a t e d  average temperature w i l l  a1 ways d i f f e r  from t h e  " t r u e "  space- 

averaged temperature.  

For  p r a c t i c a l  reasons i t  i s  o f t e n  p o s s i b l e  t o  p l a c e  o n l y  one sensor i n  each 

room. The read ing  from t h i s  one sensor must then  rep resen t  t h e  average 

temperature of t h e  room. It i s  then  obv ious t h a t  t h e  p l a c i n g  o f  t h i s  sensor 

must be c a r e f u l l y  considered. 

The v a r i a t i o n  o f  t h e  i n d o o r  a i r  temperature and t h e  v a r i a t i o n  o f  t h e  

s u r f a c e  temperature o f  a  p a r t i t i o n  w a l l  o r  e x t e r i o r  w a l l  i n  a  room b o t h ' a r e  

t y p i c a l l y  a t  l e a s t  2-4 K. If t h e  measurement of one o f  these  e n t i t i e s  i s '  

performed a t  o n l y  one p o i n t ,  and t h i s  p o i n t  i s  bad ly  chosen, t h e  measured 

temperature w i l l  d i f f e r  f rom t h e  average temperature by 1-2 K. 

Taking a t ime-average o f  t h e  temperature w i l l  o f t e n  i n t r o d u c e  a s m a l l e r  

e r r o r  than t h e  space-av&raging procedure because i t  i s  g e n e r a l l y  p o s s i b l e  t o  , 

read t h e  temperature f r e q u e n t l y .  These ques t ions  w i l l  be ,d i scussed  i n  more 

d e t a i l  below. 



i i )  temperature measurements i n  uninhabi ted rooms 

When measurements a re  performed i n  an uninhabi ted room,. sensors f o r  the  

measurement of a i r  temperature can be placed openly. A v e n t i l a t e d  sensor i s  

requ i red  f o r  an accurate de termina t ion  o f  t he  a i r  temperature. I f  i t  i s  not  

poss ib l e  t o  use a v e n t i l a t e d  sensor, t he  sensor should a t  l e a s t  be sh ie lded  from 

heat  r a d i a t i o n ,  which should be done i n  such a way t h a t  a i r  movement i s  not  

hindered. 

The v e r t i c a l  ' temperature s t r a t i f i c a t i o n  o f  the  a i r  i s  o f t e n ,  s t ronger  i n  

uninhabi ted rooms than i n  i nhab i t ed  ones. It i s  t he re fo re  customary t o  p lace  

several se?sors above each o the r  t o  get a good es t imate  of t he  average 

temperature. How many sensors are needed w i l l  depend on how the temperature 

g rad ien t  ' changes i n  t he  v e r t i c a l  d i r e c t i o n .  This should t he re fo re  be 

' i nves t i ga ted  before dec id i ng  the  requ i red  number o f  sensors. Often one uses 

t h ree  sensors placed, e.g., 0.1 - 0.2 m above t he  f l oo r ,  a t  medium he igh t  o f  the  

room, and, 0.1 - 0.2 m below the  c e i l i n g ,  o r  f o u r  sensors placed, e.g., 0.1, 0.8, 

1.5, and 1.8 m above t he  f l o o r .  To get  a good es t imate  o f  t he  average room 

temperature the  l a t e r a l  temperature g rad ien t  a l so  must be taken i n t o  account. 

The magnitude o f  t h i s  g rad ien t  w i l l  be determined by the  presence o f  windows, 

r a d i a t o r s  annd c o l d  o r  hot  wa l l s .  I n  f i g .  111 c-3 we g i ve  a few examples qf 

,the requ i red  minimum number o f  measuring po in t s  t o  get a good es t imate  o f  the  

average temperature. At a l l  these l a t e r a l l y  d i s t r i b u t e d  po in ts ,  the  temperature 

should be measured a t  more than one height .  ' T h i s  arrangement o f  the  sensors 

w i l l  i n  most cases g i ve  a good es t imate  of t he  average temperature, provid,ed the  

r a t e  o f  a i r  change i s  no t  t oo  h i gh  (i.e. not  s u b s t a n t i a l l y  l a r g e r  than 1 a i r  

change per  hour). . 

When measuring sur face temperatures, t he re  should be good contac t  between 

the  sensor and t he  surface i n  question. The sensor should have t he  same 

r a d i a t i v e  p rope r t i es  as the  surface o f  the  wa l l .  One way t o  do t h i s  i s  t o  cover 

t he  sensor by a sheet of t h i n  metal f o i l  which i s  then painted i n  the  same 

co lou r  as t he  surface. 

The temperature d i s t r i b u t i o n  on t h e  surface should be i nves t i ga ted  be fo re  

i t  i s  decided how many sensors should be used and where these should be 

pos i t ioned.  Th is  can be done by us ing e.g. thermographic methods. However, i t  

must be kept  in ,  mind t h a t  t h i s  temperature d i s t r i b u t i o n  i s  no t  a s t a t i c  one. 

There are, e.g., o f ten  s t rong  d i u r n a l  v a r i a t i o n s  o f  t he  surface - temperatures, 

s p e c i a l l y  i f  t he re  i s  a s t r ong  s o l a r  r a d i a t i o n  du r i ng  the  day and c o l d  c loud less  



Fig. 111 c-3a Examples of p o s i t i o n i n g  of sensors f o r  the  measurement 
of room a i r  temperature i n  d i f f e r e n t  k i n d  o f  rooms. A t  
every p o s i t i o n  the  measurement should be performed a t  
more than one he igh t .  



n igh ts .  

The measurement o f  sur face temperatures o f  windows i s  d i f f i c u l t .  I f  t h e  

sensor i s  placed i n  con tac t  w i t h  a  window pane, i t  i s  i n  general no t  poss ib l e  t o  

s h i e l d  t h e  sensor from r a d i a t i o n  which i n  most cases w i l l  cause a  d e v i a t i o n  of 

the  measured temperature from the  actual  surface temperature of a t  l e a s t  a  few 

degrees K. 

I f  t he  window surface temperature i s  measured using r a d i a t i v e  methods, the  -- 
reading w i l l  be a f fec ted  by the  r a d i a t i o n  penet ra t ing  t he  window and t h i s  w i l l  

cause a  dev ia t i on  from the  actual  value. I n  t h i s  case a  simultaneous 

measurement of t h e  incoming ' r a d i a t i o n  and knowledge of t he  t ransmi t tance  

p rope r t i es  of the  window would make i t  poss ib le  t o  c a l c u l a t e  t he  sur face 

temperature . o f  t he  window. I n  p rac t i ce ,  however, t h i s  method g ives ra the r  

uncer ta in  r e s u l t s  (see ch. I 11  f ) .  

i i i )  temperature measurements i n  inhab i ted  ropms 

The measurement o f  the  temperature i n  an i nhab i t ed  room poses more problems 

i n  add i t i on  t o  t h o s e  encountered i n  measurements i n  an uninhabi ted room. The 

occupant w i l l  no t  be l i k e l y  t o  accept more than a  few sensors i n  h i s  l i v i n g  

area. This creates problems espec ia l l y  f o r  the  measurement o f  indoor  a i r  

temperature as i t  w i l l  not  be p r a c t i c a l  t o  have a  sensor pos i t ioned anywhere but  

at tached t o  a  p a r t i t i o n  wa l l .  I n  t h i s  case con tac t  between t he  sensor and the  

wa l l  must be prevented by p lac ing  an i n s u l a t i n g  mater ia l  between t he  p a r t i t i o n  

wa l l  and t he  sensor. The sensor should a lso  be shie lded aga ins t  heat r a d i a t i o n  

from surfaces, bu t  t h i s  poses a  more d i f f i c u l t  problem as t he  a i r  movement i n  

t he  v i c i n i t y  of t he  sensor must n o t  be prevented. The sensor should be p laced 

on a  p a r t i t i o n . w a l 1  fa r  from r a d i a t o r s  o r  any o the r  sur faces w i t h  a  temperature 

t h a t  i s  no t i ceab l y  d i f f e r e n t  from the  a i r  temperature. Nor should t he  sensor be 

pos i t ioned i n  such a  way t h a t  i t  faces a  window o r  a  r a d i a t o r  d i r e c t l y .  

Because o f  t he  v e r t i c a l  temperature s t r a t i f i c a t i o n ,  t he  sensor should no t  

be pos i t ioned c lose  t o  the  f l o o r  o r  t he  c e i l i n g ,  bu t  p re fe rab ly  a t  medium 

he igh t .  Because o f  t he  i n s u l a t i o n  between t h e  sensor and t he  surface, 

inst ruments where s e l f -  hea t lng  may be a  problem are n o t  w e l l  suiked f o r  t h i s  

k i n d  o f  measurements. For t he  measurement o f  sur face temperatures t he re  a re  no 

specia l  problems connected w i t h  measurements i n  i nhab i t ed  rooms compared t o  

uninhabi ted ones. 



The l o c a l  mean radiant temperature a t  a  p o i n t  i n  a  room can be c a l c u l a t e d  

if t h e  su r face  temperatures a r e  known. An e a s i e r  way i s  a  d i r e c t  measurement of 

t h e  mean r a d i a n t  tempera tu re  us ing ,  e.g.. a  g l o b e  thermometer. A measurement o f  

t h i s  k i n d  i s  o f  i n t e r e s t  when c o n s i d e r i n g  human comfor t  c r i t e r i a .  I t  can a l s o  

be used f o r  energy ba lance c a l c u l a t i o n s  (Lebrun - H a r r e t  1975).  I n  t h i s  case i t  

w i l l  n o t  be necessary t o  measure t h e  a i r  tempera tu re  and t h e  su r fasce  

temperature. For  human comfor t  a p p l i c a t i o n s  measurements must be performed a t  

l e a s t  a t  t w o  p o i n t s ,  e.g., near  t h e  c e n t r e  o f  t h e  room and i n  f r o n t  o f  t h e  

window. 

i v )  tempera tu re  measurements i n  b u i l d i n g s  

I n  t h i s  case t h e  p o s s i b i l i t y  t h a t  a l l  t h e  rooms o f  t h e  l i v i n g  area do n o t  

have t h e  same average tempera tu re  must be taken  i n t o  account.  I f  t h e  

tempera tu re  i s . n o t  measured i n  every  room, t h e  sensors should be p laced  so t h a t  

a  r e p r e s e n t a t i v e  average tempera tu re  o f  t h e  f l a t  can be obta ined.  I n  a  

m u l t i - s t o r e y  b u i l d i n g  t h e  temperature shou ld  be measured a t  l e a s t  a t  one 

p o s i t i o n  on each s t o r e y .  

I n  model c a l c u l a t i o n s  o f  a  house, i t  i s  o f t e n  necessary t o  t r e a t  t h e  l i v i n g  

area, t h e  c e l l a r ,  and t h e  a t t i c  as separate components of t h e  house. Therefore 

t h e  tempera tu re  o f  t h e  c e l l a r  and t h e  a t t i c  should be measured s e p a r a t e l y  (see 

ch. I b ) .  

For  a  l a r g e  r e s i d e n t i a l  b u i l d i n g  w i t h  many f l a t s ,  i t  w i l l  i n  genera l  be 

p r a c t i c a l  t o  measure t h e  i n d o o r  temperature o n l y  a t  one p o s i t i o n  i n  a  l i m i t e d  

number o f  f l a t s .  The p o s i t i o n i n g  o f  t h i s  s i n g l e  sensor  i n  a  f l a t  must of course 

be cons ide red  w i t h  t h e  same c a r e  as d iscussed above. The c h o i c e  o f  the  f l a t s  

where a sensor i s  t o  be i n s t a l l e d  should be determined by s t a t i s t i c a l  means i f  

one wants t o  o b t a i n  a  r e p r e s e n t a t i v e  i n d o o r  a i r  temperature. 

Suppose one i s  i n t e r e s t e d  i n  d e t e r m i n i n g  t h e  average temperature o f  a  

r e s i d e n t i a l  b u i l d i n g  w l t h  ma'ny f l a t s .  I f  one suspects t h a t  some f l a t s ,  e.g., 

t hose  a t  t h e  t o p  f l o o r ,  o r  a t  t h e  gable,  o f  a  l o n g  p a r a l l e l  ep iped  shaped 

b u i l d i n g  have an a i r  o r  i n t e r i o r  s u r f a c e  temperature d i f f e r e n t  from t h e  r e s t  o f  

t h e  f l a t s ,  t h e  f l a t s  can be d i v i d e d  i n t e  two o r  more g r a b s ,  (see App. 111). 



v) sensors f o r  indoor temperature measurements 

Thermometers o f  d i f f e r e n t  c o n s t r u c t i o n c a n  be used t o  measure the  indoor 

a i r  and surface temperatures. However, t h e i r  p rope r t i es  depend upon 

cons t ruc t i on  and some are more su i t ed  than o thers  f o r  a g iven measurement. An 

instrument of a c e r t a i n  k i nd  i s  o f ten  a v a i l a b l e  i n  many d i f f e r e n t  designs. It 

i s  t he re fo re  o f t e n  poss ib l e  t o  ob ta i n  an inst rument  t h a t  i s  we l l  su i t ed  f o r  

e x a c t l y  t he  k i nd  of measurements one wants t o  perform. 

The sensors used f o r  indoor temperature measurements are most o f t en  

thermocouples, res is tance  thermometers, o r  i n t eg ra ted  c i r c u i t  t ransducers,  

( IC- t ransducers) .  For a d e s c r i p t i o n  o f  these sensors see ch. 111 b and I 1 1  g. 

I n  phys io l og i ca l  app l i ca t i ons  i t  1 s  o f t e n  o f  i n t e r e s t  t o  determine the  heat 

balance of t he  human body a t  a p o i n t  i n  a dwe' l l ing. I t  i s  then conunon t o  use 

inst ruments which measure a combination of a i r  temperature and t he  mean rad ian t  

temperature a t  one po in t .  One such instrument i s  the  g lobe thermometer. It 

u s u a l l y  cons i s t s  o f  a th in -wa l led  sphere painted b l ack  w i t h  a temperature sensor 

a t  the  cen t re  o f  the sphere. The globe thermometer i s  suspended a t  the  t e s t  

p o i n t  and al lowed t o  come t o  thermal e q u i l i b r i u m  w i t h  i t s  surrounding. Over a 

l i m i t e d  tempecature i n t e r v a l ,  the  g lobe thermometer can be considered t o  measure 

a l i n e a r  combination o f  the  l o c a l  a i r  and mean rad ian t  temperature. 

The in f luence o f  the  l o c a l  a i r  temperature on t he  reading w i l l  depend on 

a i r  f low past  the  sphere. I f  the  a i r  temperature i s  measured separate ly ,  i t  i s  

then poss ib l e  t o  c a l c u l a t e  the  l o c a l  mean rad ian t  temperature. The globe ' 

thermometer i s  a simple inst rument ,  b u t  t he  c a l i b r a t i o n  i s  d i f f i c u l t  e s p e c i a l l y  

if i t  i s  necessary t o  c o r r e c t  f o r  a i r  f low. The t ime necessary t o  reach thermal 
? 

e q u i l i b r i u m  w i t h  the  surroundings can vary from 5 t o  20 minutes f o r  d i f f e r e n t  

globe thermometers. The performance o f  several g lobe thermometers has been 

i nves t i ga ted  b y  Graves (1974). The performance o f  a g lobe thermometer can be 

improved by enc los ing  t he  globe i n  a polyethylene enielope. Such an instrument 

has been 'described (McIn ty re  1976). 



- measurement o f  a i r  v e l o c i t y  

The measurement o f  a i r  f l ow  i n  a  dwe l l i ng  i s  i n  general d i f f i c u l t  because 

t he  f low p a t t e r n  i s  seldom s tab le  and the  a i r  v e l o c i t y  i s  r e l a t i v e l y  small .  The 

v e l o c i t y  f l u c t u a t i o n s  a re  o f ten  o f  t he  same magnitude as t he  speed o f  t he  a i r .  

Th is  makes i t  very d i f f i c u l t  t o  per form measurements w i t h  v i sua l  reading o f  the  

instrument. 

The thermal comfort o f  an occupant exposed t o  "draught"  w i l l  depend no t  - 
only on the  average speed o f  the  a i r ,  bu t  a l so  on t he  magnitude and frequency o f  

the  f l u c t u a t i o n s  i n  a i r  v e l o c i t y .  I t  i s  t he re fo re  i n  general not  s u f f i c i e n t  t o  

measure on l y  the  average a i r  speed i f  the  aim o f  t he  measurement i s  t o  determine 

t he  thermal comfort (Olesen- Thorshauge 1978 and Lebrun- Marret  1978). To 

o b t a i n  a  s tab le  average value o f  the  a i r  speed, i t  i s  i n  general necessary t o  

extend t he  measurement over a  t ime o f  a t  l e a s t  several  minutes and then perform 

the  averaging over t h i s  t ime i n t e r v a l .  

The magnitude o f  t he  a i r  speed f o r  which complaints about draught a re  

l i k e l y  t o  be made by the  occupants depends on t he  indoor a i r  and surface 

temperatures (see ch. I c ) .  However, f o r  a i r  speeds smal ler  than 0.1 - 0.2 mls 

t he re  a re  seldom any complaints a t  a  normal room temperature. Some t y p i c a l  

s i t u a t i o n s  when t he  a i r  speed can exceed 0.15 mls are i l l u s t r a t e d  i n  f ig .  

I I I c - 4  (Er iksson- Lo fs ted t -  Valb jBrn 1979). 

Before measurements o f  the  a i r  v e l o c i t y  i n  a  dwe l l i ng  a re  performed, i t  i s  

important  t o  get  a  p i c t u r e  o f  where i n  t he  dwe l l i ng  l a r g e  a i r  v e l o c i t i e s  are 

f requent .  This can be done ra the r  q u i c k l y  us ing  a  smokepuffer o r  a  smoke-stick. 

(see a lso  ch. 111 e) .  

For measurements o f  a i r  speed i n  a  dwe l l i ng  i t  may seem advantageous t o  use 

a  non -d i r ec t i ona l  anemometer (an anemometer t h a t  can measure only the  speed o f  

t he  a i r  stream, not  the  d i r e c t i o n ) ,  s ince  the  a i r  f l ow  i n  a  room i s  u s u a l l y  

n e i t h e r  v i s i b l e  nor  constant. The inst ruments t h a t  can be used i n  p r a c t i c e  a re  

however e i t h e r  completely d i r e c t i o n a l  ( t he  response of t h e  sensor depends on t he  

d i r e c t i o n  o f  t he  a i r  f low) ,  l i k e  the  hot  w i re  anemometer, o r  d i f f i c u l t  t o  make 

non -d i r ec t i ona l .  An inst rument  w i t h  on ly  a  small d i r e c t i o n a l  dependence has 

been d i s c r i b e d  by JBrgensen (1979). One there fo re  has t o  determine the  main 

d i r e c t i o n  o f  t he  a i r  stream be fo re  the  inst rument  i s  used. Th is  can be done 

e.g. us ing a  s imple hand-held smoke- puffer. 
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F i g .  I11 c-4 Examples of  a s i t u a t i o n  when t h e  a i r  v e l o c i t v  may exceed 

0.15 m/s. ( A f t e r  Er ikson-  L a f s t e d t -  Va lb jgrn  1979) 



The sensor  o f  a  h o t  w i r e  anemometer c o n s i s t s  o f  a  t h i n  me ta l  w i r e  h a v i n g  a  . 
l e n g t h  o f  1-2 mm. The w i i e  i s  e i t h e r  k e p t  a t  a  c o n s t a n t  temperature,  o r  e l s e  

t h e  e l e c t r i c  c u r r e n t  t h r o u g h  t h e  w i r e  i s  kep t  cons tan t .  I n  e i t h e r  case t h e  

v o l t a g e  d r o p  ac ross  t h e  w i r e  w i l l  be a  f u n c t i o n  o f  , t h e  a i r  v e l o c i t y  ove r  t h e  

w i r e  and t h e  angle ,between t h e  w i r e  and t h e  a i r  stream. The h o t  w i r e  anemometer, 

has a  ve ry  h i g h  accuracy and can measure ve ry  r a p i d  v e l o c i t y  f l u c t u a t i o n s .  It 

i s  t h e  b a s i c  r e s e a r c h  t o o l  used i n  w ind - tunne l  s tud ies .  It i s ,  however, a  

c o s t l y  i n s t r u m e n t .  

O the r  anemometers use t h e  r a t e  o f  c o o l i n g  o f  a  heated body as t h e  sens ing  

head. I f  t h e  heated body i s  s p h e r i c a l  i n  shape such an anemometer would i n  

~ r i n c i p l e  be n o n - d i r e c t i o n a l .  However, i n  p r a c t i c e  most i n s t r u m e n t s  o f  t h i s  

t y p e  a r e  more o r ,  l e s s  d i r e c t i o n a l .  Often t h e  heated body i s  o f  a  shape o t h e r  

t h a n  s p h e r i c a l .  The response t o  a  change o f  a i r  speed i s  O f t e n  slow. 

The heated thermocouple  anemometer i s  c a l i b r a t e d  t o  g i v e  v e l o c i t y  i n  terms 

of  t h e  d i f f e r e n c e  i n  e l e c t r o m o t i v e  f o r c e  between t h e  two t h e r m o j u n c t i o n s  o f  a  

thermocouple  exposed t o  an a i r  stream. T h i s  anemometer has a  r a t h e r  s low 

response t o  r a p i d  v e l o c i t y  f l u c t u a t i o n s ,  and i s  r a t h e r  i n s e n s i t i v e  f o r  sma l l  a i r  

v e l o c i t i e s .  There fo re ,  t h i s  t y p e  o f  i n s t r u m e n t  shou ld  o n l y  be used f o r  

s t e a d y - s t a t e  measurements and f o r  a i r  v e l o c i t i e s  g r e a t e r  than  5 cm/s. The 

heated thermocouple  anemometer i s  a  c o m p a r a t i v e l y  cheap ins t rumen t .  

I n  a  t h e r m i s t o r  anemometer a  t h e r m i s t o r  i s  coupled i n  s e r i e s  w i t h  a  f i x e d  

r e s i s t a n c e .  The supp ly  v o l t a g e  i s  k e p t  cons tan t .  When an a i r  s t ream passes t h e  

heated t h e r m i s t o r ,  i t s  tempera tu re  and t h u s  i t s  r e s i s t a n c e  w i l l  change. The 

v o l t a g e  across t h e  t h e r m i s t o r  i s  a  measure o f  t h e  v e l o c i t y .  The t h e r m i s t o r  used 

as sensor i s  o f t e n  g i v e n  an e l i i p s o i d a l  shape. If t h e r e  i s  no tempera tu re  ' 

compensat ion, t h e  a i r  t empera tu re  must be measured separa te l y .  T h e r m i s t o r  

anemometers can be des igned t o  be r a t h e r  i n s e n s i t i v e  t o  h e a t  r a d i a t i o n  and t o  

have a  sma l l  t i m e  c o n s t a n t  (~Hrdeman 1974). Severa l  t h e r m i s t o r  anemometers have 

been c r i t i c a l l y  rev iewed  by  F i n k e l s t e i n  e t  a l .  (1973).  

A s imu l taneous  d e t e r m i n a t i o n  o f  a i r  speed and d i r e c t i o n  can be performed if 

d i r e c t i o n a l  sensors, e.g. h o t  w i r e  anemometers, a r e  used. B u t  t h i s  w i l l  

r e q u i r e  t h e  use o f  s i x  sensors  and t h e  d a t a  must be n u m e r i c a l l y  processed. 

D e t e r m i n a t i o n  o f  t h e  a i r  f l o w  i n  t h i s  way i s  t h e r e f o r e  seldom performed i n  

p r a c t i c e .  



When t h e  i n s t r u m e n t s  d i scussed  above a r e  c a l i b r a t e d ,  one must t a k e  i n t o  

account  t h e  temperature,  h u m i d i t y ,  and atmospher ic  pressure.  They r e q u i r e  

a c c u r a t e  c a l i b r a t i o n s  a t  r e g u l a r  i n t e r v a l s .  These c a l i b r a t i o n s  s h o u l d  a lways be 

c a r r i e d  o u t  i n  a  m i n i a t u r e  wind t u n n e l ,  o r  some o t h e r  s u i t a b l e  dev ice ,  a t  t h e  

r e l e v a n t  temperature.  

Measurements o f  a i r  f l o w  v e l o c i t i e s  a r e  l i k e l y  t o  be r a t h e r  r a r e , .  and t h e  

i n d o o r  a i r f l o w  i s  o f  i n t e r e s t  f o r  t h e  comfor t ,  b u t  o n l y  i n d i r e c t l y  th rough  t h e  

i n f l u e n c e  on t h e  behav iou r  o f  occupants, f o r  t h e  energy consumption. General  

i n f o r m a t i o n  about  t h e  measurement o f  a i r  v e l o c i t i e s  can be found i n  Ower - 
Pankhurs t  (1977) .  

- . i n d o o r  h u m i d i t y  measurements 

The h u m i d i t y  i n s i d e  a  d w e l l i n g  i s  n o t  even ly  d i s t r i b u t e d .  Of ten t h e  

h u m i d i t y  i s  s u b s t a n t i a l l y  h i g h e r  i n  t h e  bathroom,and somewhat h i g h e r  i n  t h e  

k i t c h e n '  t han  i n  o t h e r  rooms. O f ten  i n s t r u m e n t s  t h a t  a r e  used f o r  t h e  

measurement o f  ou tdoor  h u m i d i t y  can be used a l s o  f o r  t h e  measurement o f  i n d o o r  

h u m i d i t y .  Th is  i n c l u d e s  t h e  psychrometer ,  t h e  l i t h i u m - c h l o r i d e  c e l l ,  t h e  

mechanica l  and t h e  dewpo in t  hygrometer. ,  For a  d e t a i l e d  d e s c r i p t i o n  o f  these 

i n s t r u m e n t s  see ch. 111 b. 

H u m i d i t y  va lues i n  a  d w e l l i n g  a r e  n o t  very  i m p o r t a n t  f rom t h e  energy 

consumpt ion p o i n t  o f  view, e x c e p t '  p o s s i b l y  when .ce r ta in  heat-exchangers a r e  

used. H u m i d i t y  i s  i m p o r t a n t  m o s t l y  w i t h  respec t  t o  human comfo r t ,  and o n l y  if 

some upper o r  l ower  c o n c e n t r a t i o n  l i m i t s  a re  exceeded. 

Indoor  h u m i d i t y  can l e a d  t o  condensat ion on p a r t s  o f  t h e  b u i l d i n g  s t r u c t u r e  

which i n  t u r n  can damage t h e  h u i l d i n g  m a t e r i a l .  There i s  a  r i s k  t h a t  t h e  

occurence o f  such damages w i l l  i n c r e a s e  when a  b u i l d i n g  becomes b e t t e r  i n s u l a t e d  

a f t e r  a  r e t r o f i t .  I t  i s  t h e r e f o r e  i m p o r t a n t  t h a t  a  r e t r o f i t  i s  performed i n  

such a  way t h a t  t h e  r i s k  o f  condensa t ion  i s  min imized.  



I 1 1  c-16 

- measurement o f  a i r  contaminants 

As measurements o f  a i r  contaminant concent ra t ions  a re  o f  i n t e r e s t  on ly  t o  

determine i f  some abso lu te  l i m i t  o f  concent ra t ion ,  unacceptable f o r  human 

we l lbe ing  and hea l th ,  has been exceeded, t h i s  sub jec t  w i l l  on l y  .be discussed 

here b r i e f l y .  - 
The i d e n t i t y  and concent ra t ion  o f  gaseous contaminants can be determined 

through a n a l y t i c a l  methods. The a n a l y t i c a l  da ta  are o f t e n  obta ined by 

accumulat ion i n  c o l l e c t o r s  con ta in ing  organic polymer absorbents. The sample 

c o l l e c t e d  i n  s i t u  can then be analyzed i n  a  l abo ra to r y  us ing gas-chromatography 

o r  mass spectroscopy (see e.g. Dravnieks, W h i t f i e l d  and Shah 1979). For f i e l d  

meaurements simple inst ruments are' a v a i l a b l e  which use the  property  o f  gases t o  

absorb i n f r a r e d  l i g h t .  But these inst ruments can on l y  be c a l i b r a t e d  t o  measure 

the  concent ra t ion  o f  one gas a t  a  t ime. 

The f i r s t  method descr ibed above f o r  t he  de termina t ion  o f  gaseous 

contaminants .can a l so  be app l i ed  f o r  the  i d e n t i f i c a t i o n  o f ' o d o u r o u s  

contanimants. However, even i f  t he  i d e n t i t y  and concent ra t ion  o f  the  odour i s  

known, t h i s  does no t  adequately character ize '  the  r e s u l t i n g  odour and the  human - 
response t o  the  p a r t i c u l a r  odour. Instead one has t o  r e l y  on a  sensory 

eva lua t ion  i n  order  t o  q u a n t i f y  the  odour e f f ec t s  i n  indoor a i r .  

A  sub jec t i ve  de termina t ion  can be obta ined by us ing a  'scentometer. The use 

o f  the  nose i s  required.  The method cons i s t s  o f  making an odour comparison w i t h  

c lean  a i r  as reference. The c lean a i r  i s  obta ined by f i l t e r i n g .  The observer 

makes t he  comparison by s n i f f i n g  a l t e r n a t e l y  and es t imat ing  an odour l e v e l .  I f  

an experienced panel 1s used, the  method g ives good r e s u l t s  f o r  the  

de termina t ion  o f  odour threshold.  

For t he  de termina t ion  o f  odour supra th reshb ld  i n t e n s i t i e s ,  t he re  e x i s t  

s tandardized methods (ASTM 1978) using a  reference odour ins tead o f  f resh a i r  as 

a  reference. For a  d iscuss ion  o f  the  above t o p i c s  see Dravnieks (1978). 

Nuclear r a d i a t i o n  can be instantaneously detected using i o n i z a t i o n  type  

counters o r  s c i n t i l l a t i o n  counters. The i o n i z a t i o n  type  ~ e i g e r - M u l l e r  counter  

(G-M-counter) meaures r a d i a t i o n  from beta o r  gamma sources. The G.M. counter  

i s  s e n s i t i v e  and inexpensive. The e l e c t r i c a l  Output i s  high. 

- ~ 



When i o n i z i n g  p a r t i c l e s  pass th rough  c e r t a i n  c r y s t a l s ,  e.g., a  gamma-photon 

th rough  a  NaJ ' c r y s t a l  doped by t a l l i u m ,  a  s c i n t i l l a t i o n  d e t e c t o r  can sense 

f l a s h e s  o f  l i g h t  produced i n  t h e  c r y s t a l .  If a p h o t o m u l t i p l i c a t o r  i s  o p t i c a l l y  

coupled t o  t h e  c r y s t a l ,  t h e  l i g h t  i s  ampl i f i ,ed and conver ted  t o  an e l e c t r i c  

s i g n a l ,  which can g i v e  i n f o m a t i o n  about t h e  number o f  photons and t h e i r  energy. 

S c i n t i l l a t i o n  i ns t rumen ts  a r e  more e f f e c t i v e  t h a n  G.M. coun te rs  f o r  g a m a  

coun t ing .  They a r e  expens ive  and r e q u i r e  f r e q u e n t  ~nain tenance.  Other  d e t e c t o r s  

use pho tog raph ic  emuls ions t o  d e t e c t  a l f a  p a r t i c l e s .  These d e t e c t o r s  p r o v i d e  a  

permanent r e c o r d  b u t  r e q u i r e  exposure o v e r  a  pro longed pe r iod .  

The number o f  p a r t i c l e s  o f  t h e  i n d o o r  a i r  can be determined a f t e r  a  

c o l l e c t i o n  o f  such p a r t i c l e s .  The p a r t i c l e s  a r e  g e n e r a l l y  c o l l e c t e d  by  l e t t i n g  

an a i r  s t ream pass th rough  a  f i l t e r .  The amount o f  p a r t i c l e s  can then  be 

determined by o p t i c a l  methods, c o u n t i n g  p a r t i c l e s  by  t h e  use o f  a  microscope,  o r  

by we igh ing  t h e  f i l t e r  b e f o r e  and a f t e r  t h e  c o l l e c t i o n  o f  p a r t i c l e s .  

- l i g h t i n g  measurements 

L i g h t i n g  measurement t r a d i t i o n a l l y  means'measuring t h e  i l l u m i n a n c e  i n  l u x .  

There a r e  s imp le  and more s o p h i s t i c a t e d  lux -mete rs  a v a i l a b l e  w i t h  a  p h o t o c e l l  

designed t o  have t h e  salne s p e c t r a l  s e n s i t i v i t y  as t h e  eye and a l s o  ar ranged t o  

have t h e  expected v a r i a t i o n  i n  s e n s i t i v i t y  w i t h  t h e  ang le  of i nc idence ,  t h e  so 

c a l l e d  c o s i n e - c o r r e c t i o n .  

For  more e l a b o r a t e  measurements o f  t h e  v i s u a l  env i ronment  one shou ld  a l s o  

measure t h e  luminance o f  t h e  room sur faces.  There a r e  f a i r l y  feu 

luminancemeters on t h e  market.  

Measurement o f  t h e  d a y l i g h t  f a c t o r  i s  more Complex as i t  i n v o l v e s  a  

s imu l taneous  measurement o f  d a y l i g h t  i l l u m i n a n c e  i n d o o r s  and o u t d o o r s  from an 

u n o b s t r u i t e d  o v e r c a s t  sky. I t  i s  i m p o r t a n t  t h a t  t h e  measurements a r e  made a t  

t h e  same t i m e  as t h e  d a y l i g h t  v a r i e s  r a p i d l y  even when i t  a p p e a r s t o b e  

cons tan t .  ' I n  many c o u n t r i e s  t h e r e  a re  s tandards o r  recommendations f o r  d a y l i g h t  

i n  d w e l l i n g s .  I n  some cases a  c e r t a i n  a v a i l a b i l i t y  o f  sunshine i s  a l s o  

I requested.  The s tandards a r e  expressed i n  d i f f e r e n t  ways i n  d i f f e r e n t  



F i g .  111 c - 5  Examples o f  r e f e r e n c e  p o i n t s  f o r  d e f i n i t i o n  o f  

t h e  d a y l i g h t  f a c t o r .  B i s  t h e  darkes t  p o i n t .  C g i v e s  

g i v e s  more o f  a  mean va lue  w i t h  some guarantee 

t h a t  t h e  d a y l i g h t  i s  not  t o o  uneven. D i s  r i g h t  i n  

i n  f r o n t  o f  the  window and t h e r e  i s  a r i s k  o f  ve ry  

dark p a r t s  o f  t h e  room. 



A t h e o r e t i c a l  d a y l i g h t  f ac to r  i s  genera l l y  ca l cu ld ted  based on the  design 

o f  t he  b u i l d i n g .  The windows are .assumed c lean  and no shadings l i k e  cu r t a i ns ,  

b l i n d s  o r  po t ted  p l a n t s  are supposed t o  reduce t he  day l i gh t  penet ra t ion .  When 

measuring the  d a y l i g h t  i n  an occupied dwe l l ing ,  i t  i s  of ten d i f f i c u l t  t o  remove 

a l l  shadings. A con t ro l  i s  t he re fo re  best .done by c a l c u l a t i o n  o f  the  d a y l i g h t  

f ac to r  a f t e r ,  the r e t r o f i t .  What d a y l i g h t  l eve l  the  occupants have i n  r e a l i t y  

then depends on i n d i v i d u a l  hab i ts ,  i n t e r i o r  decorat ions etc. 

The f a c t o r s  i n f l u e n c i n g  the  change i n  t h e  t h e o r e t i c a l  d a y l i g h t  fac to r  a re  

ma in ly  the t ransmission fac to r  of the g lass,  f i x e d  shading devices ou ts ide  the  

windows, and the  g lass  area. 

Which method o f  c a l c u l a t i o n  t o  use i s  gene ra l l y  s ta ted  i n  the  standard. If 

no method i s  given, the  - 8RS  Day l igh t  P r o t r a c t o r s - '  (Longmore 1968) are 

suggested. For v e r t i c a l  double glazed windows a  corresponding method has been 

presented (F r i t ze l l - L6 fbe rg  1970). 

- measurement of thermal comfort 

Observations o f  behaviour and of energy consumption' i n  t h e  home ga in  

immensely i n  value i f  they form p a r t  o f  a  f i e l d  experiment r a the r  than a  passive 

survey of e x i s t i n g  cond i t ions .  I n  the  l a t t e r  case, secondary and o f ten  q u i t e  

unexpected l inkages between f a c t o r s  can negate t he  value o f  the  observat ions o r  

even g i ve  r i s e  t o  i n c o r r e c t  i n t e r p r e t a t i o n .  A p roper ly  designed f i e l d  

experiment, i n  which one o r  moie f a c t o r s  a re  va r i ed  w i thou t  regard t o  o ther ,  

poss ib l y  more i n f l u e n t i a l  fac to rs ,  t h e i r  l i n kage  broken by proper randomization 

techniques, y i e l d s  c l e a r -  cu t  comparisons and an unequivocal i n t e r p r e t a t i o n .  

There need be no dichotomy between the  f i e l d  and the  labora to ry ,  merely a  

g radat ion  of rea l i sm fo r  the  pa r t i c i pan t s .  The home can be more o r  less  

converted i n t o  a  labora to ry ,  o r  p a r t i c i p a n t s  can be made t o  feel more o r  less  a t  

home i n  a  labora to ry .  The choice i s  usua l l y  governed by t he  p r a c t i c a l  

d i f f i c u l t i e s  encountered i n  ga in ing  the  requ i red  degree o f  con t ro l  over t he  

fac to rs  t o  be studied,  o r  i n  achiev ing t he  requ i red  degree of real ism. The aim 

should always be t o  p rov ide  t he  maximum amount o f  rea l i sm f o r  the  p a r t i c i p a n t s  

w h i l e  achiev ing t he  necessary degree o f  con t ro l  and measurement. The bes t  

features o f  labora to ry  experiments can o f t e n  be incorpora ted  i n t z  f i e l d  

experiments. 



F i e l d  measurements o f  human comfort.  Thermal comfort can be de f ined  i n  a  

v a r i e t y  o f  ways. I t  i s  usua l l y  de f ined  as the  absence o f  discomfort.  This 

negat ive  d e f i n i t i o n  def ines a  no- complaints zone t h a t  permi ts  a  c e r t a i n  

l a t i t u d e  f o r  v a r i a t i o n s  i n  the  thermal c l ima te  even f o r  an i n d i v i d u a l .  However, 

thermal comfort i s  sometimes def ined as the  s t a t e  where a  sub jec t  cannot decide 

whether he would l i k e  t he  temperature ra i sed  o r  lowered even i f  pressed. This 

p o i n t  can be found f a i r l y  exac t l y  by experiment. Unfor tuna te ly  i t  d i f f e r s  

g r e a t l y  between i n d i v i d u a l s  even i f they are  a l l  under t he  same cond i t ions .  The 

comfor t  zone i s  then de f ined  as the  region where a  c e r t a i n ,  q u i t e  a r b i t r a r y  

p ropo r t i on  o f  people a re  i n  exact thermal comfort. This provides very l i t t l e  

i n f o rma t i on  about the  consequences, f o r  an i n d i v i d u a l  r a t h e r  than a  l a r g e  group 

o f  people, o f  dev ia t i ons  from the  i dea l .  

Complaints o f  thermal d iscomfor t  a re  caused i n  t he  f i r s t  p lace  by an 

unsu i t ab le  combination u f  the  s i x  fac to rs  determining the  heat balance o f  the  

human body: temperature, thermal r ad ia t i on ,  a i r  v e l o c i t y ,  humid i ty ,  c l o t h i n g  

and metabo l i c  r a te .  They are  a lso  caused by a n i s m a t c h  between what the 

occupant i s  t r y i n g  t o  do, and what he would have t o  do t o  be thermal ly  

comfor table-  undress, s top work o r  sweat if i t  i s  hot ,  dress up, work harder o r  

sh iver  i f  i t  i s  cold.  Any study o f  thermal comfort must take  account o f  what 

the  sub jec t  i s  doing and would l i k e  t o  be doing. Thermal comfort cannot be 

measured as if i t  was some i n e v i t a b l e  product  o f  environmental fac to rs  alone. 

Occupants must be g iven an idea  of the  a c t i v i t y  f o r  which the  environment i s  

supposed t o  be comfor table . 

Thermal comfort responses can be obta ined by means o f  ques t ionna i res  w i t h  

l a b e l l e d  ca tegor ies  o f  response. The 7 -po in t  scale below i s  used almost 

u n i v e r s a l l y  

7  Much t oo  hot  , 

6 Too ho t  

5 Comfortably warm 

4  I d e a l l y  comfor table 

3  Comfortably cool 

2 Too c o l d  

1 Much too  co ld  

if poss ib le ,  t he  r e p l i e s  should be obta ined by a  verbal sequence o f  

quest ions,  s t a r t i n g  by asking whether t he  temperature i s  comfor table.  This 

'p laces the  response unequivocal ly  i n  t he  345 "comfort zone" o r  ou t s i de  i t .  If 

-~ 



t h e  a n a l y s i s  l a t e r  c a l l s  f o r  an assessment o f  t h e  p r o p o r t i o n  " t o o  h o t "  o r  " t o o  

c o l d ' ' ,  t h e r e  i s  t h e n  no doub t  abou t  where t o  draw t h e  l i n e :  t h e  s u b j e c t s  

t hemse lves  have done so. 

, . 
Mean s k i n  t e m p e r a t u r e  i s  c l o s e l y  r e l a t e d  t o  t he rma l  c o m f o r t  i n  t h e  c o l d ,  

b u t  h a r d l y  i t  a l l  i n  t h e  h e a t ,  where sk in -we t tedness  i s  t h e  b e s t  p r e d i c t o r .  

T h i s  i s  v e r y  d i f f i c u l t  t o  measure. I n  most ene rgy  c o n s e r v a t i o n  w o r k '  i t  i s  a  

good i d e a  m e r e l y  t o  o b t a i n  a  measure o f  hand o r  f i n g e r  s u r f a c e  tempera tu re .  

T h i s  p r o v i d e s  good i n f o r m a t i o n  abou t  t h e  t he rma l  s t a t e  o f  t h e  body i n  t h e  r e g i o n  

where v a s o d i l a t a t i o n  and v a s o c o n s t r i c t i o n  a r e  s u f f i c i e n t  t o  r e g u l a t e  t h e  h e a t  

b a l a n c e  o f  t h e  body. F i n g e r  t e m p e r a t u r e  i s  i t s e l f  o f  i n t e r e s t  because o f  i t s  

i n f l u e n c e  on f i n g e r -  t i p  s e n s i t i v i t y  and manual d e x t e r i t y ,  u s u a l l y  i m p o r t a n t  i n  

d w e l l i n g s  as  w e l l  as  wo rkp laces ,  whereas hand tempera tu re  i s  p r o b a b l y  a  b e t t e r  

p r e d i c t o r  o f  g r i p  s t r e n g t h .  

S t u d i e s  u s i n g  s k i n  t empera tu re  as a  c r i t e r i o n  can i n v o l v e  repea ted  measures 

w i t h  no l i m i t a t i o n .  Use fu l  d a t a  can i n  t h i s  case b e  o b t a i n e d  from a  mere 5-10 

s u b j e c t s .  I f  the rma l  c o m f o r t  responses a r e  t o  be s t u d i e d ,  i t  i s  unw ise  t o  ask 

' f o r  t o o  f r e q u e n t  assesslnents,  and o f t e n  b e t t e r  t o  use an i ndependen t  measures 

d e s i g n  t o  a v o i d  r o u t i n e  answers o r  boredom. I n  t h i s  case, 10-20 s u b j e c t s  w i l l  

be r e q u i r e d  t o  d i s t i n g u i s h  r e l i a b l y  between c o n d i t i o n s  d i f f e r i n g  by  a  few 

degrees K, i.e. 10-20 s u b j e c t s  t o  e x p e r i e n c e  each c o n d i t i o n  once o n l y .  ,Th is  

number i s  a l s o  a p p r o p r i a t e  f o r  i ndependen t  compar isons o f  s k i n  t empera tu re  

measurements. I f  b e h a v i o u r a l  measures, f o r  example o f  work per formance,  a r e  t o  

be o b t a i n e d ,  i t  i s  n o t  a d v i s a b l e  t o  use repea ted  measures because o f  t h e  

l e a r n i n g  t h a t  t a k e s  p l a c e  between repea ted  exposures.  Independent  measures 

d e s i g n s  i n v o l v i n g  work . per formance u s u a i l y  requi , re 20-30 s u b j e c t s  unde r  each 

c o n d i t i o n  i f  s i g n i f i c a n t  d i f f e r e n c e s  a r e  t o  be shown, even between c o n d i t i o n s  

t h a t  c l e a r l y  d i f f e r  s u b j e c t i v e l y .  

It i s  u s u a l l y  a l s o  w o r t h  supp lemen t i ng  t h e  i n f o r m a t i o n  o b t a i n e d  by  a  

t h e r m a l  q u e s t i o n n a i r e  b y  a s k i n g  f o r  a  s i m p l e  3 - c a t e g o r y  ( t o o  l o w  /OK/ t o o  h i g h )  

assessment o f  t he rma l  r a d i a t i o n ,  a i r  v e l o c i t y ,  h u m i d i t y  and f l o o r  t empera tu re ,  

i f  a p p r o p r i a t e ,  f o r  d i a g n o s t i c  purposes and remed ia l  act . ion.  

An assessment o f  a i r  q u a l i t y  ( s t u f f y  /normal / f r e s h )  i s  a l s o  i n f o r m a t i v e  

and easy t o  o b t a i n  a t  t h e  same t i m e .  



Human beings i n  c o n t r o l l e d  l a b o r a t o r y  experiments. The usual j u s t i f i c a t i o n  

f o r  t h i s  approach i s  t h a t  extraneous fac to rs  w i l l  be absent o r  under c o n t r o l ,  

b u t  i t  i s  o f t e n  so t h a t  the measurement techniques o r  procedures t o  which t h e  

p a r t i c i p a n t s  a re  t o  be subjected a re  so i n t r u s i v e  t h a t  the  experiments migh t  as 

we l l ,  f o r  convenience, be performed i n  t h e  l abo ra to r y ,  i.e. r ea l i sm  f o r  t h e  

p a r t i c i p a n t  would be low. even i n  the  f i e l d .  One way o f  dea l i ng  w i t h  t h i s  

problem i s  t o  d e l i b e r a t e l y  mis lead t h e  p a r t i c i p a n t s  as t o  t h e  purpose . o f  t h e  

experiment, perhaps p resen t ing  a  second f ac to r ,  such as noise, as the  

independent va r i ab l e  of i n t e r e s t  w h i l e  i n  f a c t  s tudy ing  responses t o  temperature 

o r  humidi ty .  I n  t h i s  way t h e  sub jec ts -  r eac t i ons  t o  the  concealed, t r u e  f a c t o r s  

may be more na ive  and t h e r e f o r e  approximate b e t t e r  t o  the  r eac t i ons  occu r r i ng  i n  

r e a l  l i f e  ou t s i de  the  labora to ry .  E t h i c a l  committees r e q u i r i n g  f u l l  and 

in formed consent can make i t  very d i f f i c u l t  t o  employ t h i s  method except by 

us ing  s u b t l y  d i f f e r e n t  emphasis on t h e  t r u e  and -decoy- f a c t o r s  o f  the  

experiment. 

The measures taken i n  l abo ra to r y  experiments on human requi rements o f  t h e  

environment f a l l  under t h ree  headings: p h y s i o l o l o g i c a l ,  s u b j e c t i v e  and 

behavioura l .  These r e f e r  t o  the  t h ree  1eve l s . o f  t h e  system h i e ra r chy  compr is ing 

body systems, man as a  u n i t ,  and the  con tex t  i n w h i c h  he ac t s  as a  component. 

The c r i t e r i o n  measures should be so de f i ned  t h a t  they are r e l evan t  t o  t h e  system 

o b j e c t i v e  a t  each l e v e l ,  and are if poss ib l e  measures of t h e  degree t o  which the  

o b j e c t i v e  hasbeen a t ta ined .  Thus as the  lowes t  l e v e l ,  body systems, t h e  goal 

i s  continued; undamaged e f f i c i e n t  func t ion ing .  Environmental f a c t o r s  are 

assessed a t  t h i s  l e v e l  i n  terms o f  the  impairment o f  func t ion  they  i n t r oduce  t o  

body systems - the  damage done t o  ears by noise,  t o  eyes by l i g h t ,  t o  c e n t r a l  

nervous f unc t i ons  by chemicals o r  by heat. A t  t h e  nex t  l e v e l ,  man h imse i f .  the  

goal may be comfort and we l l -be ing  o r  i t  may be performance desp i t e  d iscomfor t .  

Th is  must be determined o r  s e t  by t h e  cond i t i ons  of t h e  experiment. The 

s u b j e c t i v e  assessments ob ta ined  verba l l y .  o r  otherwise from the  sub jec t  can be 

designed t o  p rov i de  i n f o rma t i on  r e l evan t  t o  t h e  achievement o f  these aims. 

,Whereas phys i o l og i ca l  measures can be made on an i n t e r v a l  o r  r a t i o  scale.  

s u b j e c t i v e  assessments should u s u a l l y  be t r e a t e d  as o r d i n a l ,  o r  even as nominal 

if category sca l i ng  i s  used. Sub jec t i ve  assessments a re  u s u a l l y  as 

s t r e s s - s p e c i f i c  as phys i o l og i ca l  measures - i t  i s  d i f i i c u l t  f o r  sub jec ts  t o  make 

cross-modal comparisons, f o r  example t o  compare heat d iscomfor t  w i t h  no ise  

d iscomfor t .  



Behavioural measures r e f e r  t o  t he  func t ion ing  of man as a  u n i t  i n  context ,  

i n t e r a c t i n g  w i t h  h i s  environment, w i t h  equipment, w i t h  o ther  people. Such 

experimental measures demand a  h igher degree of rea l i sm o f  the  experiment. 

Phys io log ica l  measures can and of ten a re  made oh prone, naked sub jec ts  

i n s t r k t e d  not  t omove  o r  t a l k ,  sub jec t i ve  assessments ,can and o f t e n  are 

obta ined from bewildered sub jec ts  s i t t i n g  i n  a  bare room and w a i t i n g  f o r  

someth,ing, anyth ing,  t o  happen. Behavioural measures i nvo l ve  observ ing what a  

sub jec t  does i n  a  de f ined  context .  This may o f t en  inc lude  measuring h i s  

performance o f  a  g iven task. The task should be chosen from o r  modelled on a  

task r e a l l y  performed i n  the  environment i n  quest ion.  This i s  obv ious ly  the  

case i n  workplace s tud ies ,  where t he  task p rov ides  the  - r a i son  d -e t re -  f o r  t h e  

workplace.   ow ever, numerous we l l -de f ined  a c t i v i t i e s  a re  performed i n  the  home 

- housework, study, reading, watching t e l e v i s i o n ,  conversat ion,  r es t i ng ,  

s leeping.  Measures of how we l l  these a c t i v i t i e s  can be performed are re levant  

c r i t e r i a  f o r  energy consumption. They have the  advantage over p h y s i o l o g i ~ a l  and 

sub jec t i ve  measures t h a t  they a re  no t  s t r ess -spec i f i c .  bu t  a re  a f fec ted  by a l l  

manner o f  environmental var iables.  They are  a lso  i n  many cases considerably 

more s e n s i t i v e  t o  sub-optimal environmental cond i t ions .  

S imu la t ion  w i t h  dummies. Phys io l og i ca l ,  sub jec t i ve  and behavioural  

measures must obv ious ly  be obta ined from rea l  people. Not so phys ica l  measures. 

Dummies s imu la t ing  people have a  p lace i n  energy conservat ion research. They 

can s imu la te  the  thermal and acoust ic  impact o f  people on the  environment o f  a  

room. Care should be taken i n  s imu la t ing  t he  thermal c o n t r i b u t i o n  o f  a  human t o  

a  room. A l l  t oo  o f t en  a  heat source of the  requ i red  wattage i s  used w i thou t  

regard t o  i t s  s ize,  shape and sur face temperature. Small, ho t  sources lead t o  

q u i t e  d i f f e r e n t  convect ive and . r a d i a t i o n  exchange cond i t i ons  i n  a  room even 

though t h e i r  t o t a l  heat c o n t r i b u t i o n  may be co r rec t .  

Physical  measurements of the  heat l oss  from heated mannequins have been 

ex tens i ve l y  used t o  measure the  t o t a l  i n s u l a t i o n  value o f  c l o th i ng .  Such 

mannequins must f i t  the  c l o t h i n g  and should a l so  have r e a l i s t i c  s k i n  temperature 

d i s t r i b u t i o n s .  More d e t a i l e d  measurement o f  heat l oss  from d i f f e r e n t  pa r t s  of 

t he  body i n  response t o  c l o th i ng ,  draughts, asymmetric r ad ia t i on ,  etc. w i l l  

r equ i r e  more soph is t i ca ted  mannequins w i t h  p h y s i o l o g i c a l l y  cor rec t .  s k i n  

temperature d i s t r i b u t i o n s  even under sub-optimal thermal cond i t ions .  The 

in f luence o f  posture on heat balance can s u i t a b l y  be assessed us ing  a  thermal 

mannequin. I n  the  near f u tu re  thermal mannequins w i t h  the  a b i l i t y  t o  sweat and 

t o  move r e a l i s t i c a l l y  w i l l  be developed f o r  more soph is t i ca ted  assessment o f  

c l o t h i n g  assemblies and ' t h e i r  importance f o r  energy conservation. 
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I 1 1  d  Thermal per formance o f  b u i l d i n g s  

- genera l  i n f o r m a t i o n  

The the rma l  performance o f  a  b u i l d i n g  appears as a  s e t  o f  p r o p e r t i e s  

d e f i n i n g  t h e  a b i l i t y  t o  m a i n t a i n  a  p leasan t  i n d o o r  c l i m a t e  th roughou t  t h e  year .  

It i s ,  t h e r e f o r e ,  t h e  t e c h n i c a l  answer t o  t h e  u s e r - s  requ i rements .  

From a  p h y s i c a l  p o i n t  o f  view, as t h e r e  e x i s t s  a  temperature d i f f e r e n c e  

between t h e  outs i 'de and t h e  i n s i d e ,  energy f l ows  w i l l .  c r o s s  t h e  envelope o f  t h e  

b u i l d i n g .  These energy f l o w s  w i l l  depend on: 

- t h e  compos i t i on  o f  components (window, w a l l ,  r o o f ,  basement ) o f  t h e  envelope 

- t h e  o r d e r  i n  which t h e  c o n s t i t u t i v e  l a y e r s  o f  t h e  w a l l  a r e  ar ranged 

- t h e  m a t e r i a l  used f o r  each l a y e r .  

A s h o r t  r e v i e w  o f  c o n d u c t i v e  hea t  t r a n s f e r  problems i s  g i v e n  i n  ch. I b. 

The measurement o f  t he rma l  p r o p e r t i e s  o f  m a t e r i a l s  i s  f i r s t  desc r ibed .  

I n  t h e  s t e a d y - s t a t e  regime t h e  m a t e r i a l  cons ide red  i s  c h a r a c t e r i z e d  by  i t s  

the rma l  c o n d u c t i v i t y  A ' . A d e s c r i p t i o n  ;ill be g i v e n  o f  t h e  d i f f e r e n t  

measurements a l l o w i n g  t h e  d e t e r m i n a t i o n  o f  t h i s  q u a n t i t y ,  e i t h e r  i n  t h e  

l a b o r a t o r y ,  o r  i n  s i t u .  

I n  t h e  t r a n s i e n t - s t a t e  regime a  m a t e r i a l  i s  c h a r a c t e r i z e d  by  i t s  the rma l  

d i f f u s i v i t y a ( s e e  ch. I b ) .  The measurement o f  t h i s  p h y s i c a l  q u a n t i t y  can be 

per formed d i r e c t l y  o r  i n d i r e c t l y  (i.e., f o l l o w i n g  t h e  methodology adopted f o r  

t h e  d e t e r m i n a t i o n  o f  c o n d u c t i v i t y ) .  

I n  t h e  f i e l d ,  t h e  prob lem i s  g e n e r a l l y  n o t  t o  f i n d  t h e  r e l e v a n t  the rma l  

p r o p e r t i e s  o f  a  g i v e n  m a t e r i a l ,  b u t  r a t h e r  t o  handle  a  m u l t i l a y e r  w a l l ,  a l l  

l a y e r s  b e i n g  d i f f e r e n t .  Here aga in  one has t o  d i s t i n g u i s h  between s teady -  s t a t e  

and t r a n s i e n t -  s t a t e  c o n d i t i o n s .  I 

I n  s t e a d y - s t a t e  c o n d i t i o n s  t h e  the rma l  per formance o f  a  m u l t i l a y e r  w a l l  can  

be d e s c r i b e d  by means o f  a  s i n g l e  parameter:  t h e  the rma l  t r a n s m i t t a n c e  

(U-va lue)  o f  t h e  w a l l .  The equipment t o  measure t h i s  q u a n t i t y  i n  t h e  f l e l d  w i l l  



be described. Some i n fo rma t i on  w i l l  a l s o  be g iven about t he  measurement o f  

sur face  heat t r a n s f e r  c o e f f i c i e n t s  and o f  t he  U-value o f  windows. 

For t r a n s i e n t - s t a t e  cond i t i ons ,  i t  i s  genera l l y  impossib le t o  measure 

d i r e c t l y  t he  parameters in t roduced by t he  d i f f e r e n t  mathematical methods such as 

f i n i t e d i f f e r e n c e  and response fac to rs .  An i n d i r e c t  v a l i d a t i o n  can be obta ined 

measuring t he  sur face temperatures, i n t r oduc ing  them i n  t he  a l go r i t hm  t o  be 

t es ted  and f i n a l l y  comparing t he  ca l cu la ted  heat f luxes  w i t h  t he  measured 

values. 

When t h e  Four ie r  t ransformmethod i s  used (see ch. I b ) ,  which solves t he  

heat t r a n s f e r  problem i n  t h e  s imp ler  case of pe r i od i c  heat f luxes,  t he  so-ca l led  

"Four ie r  c o e f f i c i e n t s "  can be measured i n  t he  labora to ry .  Regarding t he  

b u i l d i n g  a s  a  whole,, i t s -  behaviour i n  t r a n s i e n t -  s t a t e  cond i t i ons  can be 

s y n t h e t i c a l l y ,  even though unprec ise ly ,  descr ibed by i t s  equ iva len t  thermal 

parameters (ETP-s) (see ch. I b).  

The l a s t  sec t ion  o f  t h i s  chapter  analyzes t he  methods f o r  measuring 

emit tance,  r e f l ec tance  and t ransmi t tance  o f  b u i l d i n g  mater ia ls .  An a p p l i c a t i o n  

o f  growing importance i n  t he  f i e l d  o f  b u i l d i n g  science, namely thermography, i s  

described. 

- thermal p rope r t i es  o f  ma te r i a l  

I t  i s  impossib le,  except i n  t he  case o f  gases a t  low temperatures, t o  

p r e d i c t  t h e  value o f  thermal conduc t i v i t y ,  a ,  (see ch. I b)  t h e o r e t i c a l l y .  

Therefore, a l l  a v a i l a b l e  i n f o rma t i on  about t he  thermal c o n d u c t i v i t y  i s  based on 

measurements. 

I n  general .  1 va r i es  w i t h  temperature, bu t ,  a t  l e a s t  f o r  b u i l d i n g  

ma te r i a l s  t he  change i s  so small t h a t ,  i n  most s i t u a t i o n s ,  thermal c o n d u c t i v i t y  

can be assumed constant.. I n  a  s i m i l a r  manner, t he  pressure dependence of 

thermal c o n d u c t i v i t y  may be ignored. 

Nevertheless, a  f a c t o r  which s t r o n g l y  a f f e c t s  thermal c o n d u c t i v i t y  i s  t he  

moisture content  of the  ma te r i a l .    his i s  e s p e c i a l l y  so f o r  porous ma te r i a l s ,  

i.e. m a t e r i a l s  c o n s i s t i n g  o f  s o l i d  mat te r  w i t h  small voids. This category 

inc ludes  most of the  i n s u l a t i n g  ma te r i a l s .  Therefore, one should always be 



consc ious o f  t h i s  f a c t  when a p p l y i n g  va lues  from s tandard  t a b l e s  o f  t he rma l  

c o n d u c t i v i t y  o f  b u i l d i n g  m a t e r i a l s ,  These va lues  g e n e r a l l y  t a k e  i n t o  account  a  

c e r t a i n  m o i s t u r e  c o n t e n t  o f  t h e  m a t e r i a l  and t h e r e f o r e  g i v e  h i g h e r  va lues  than  

t h o s e  measured i n  t h e  l a b o r a t o r y  on d r y  samples. 

The two s tandard methods used i n  t h e  l a b o r a t o r y  f o r  t h e  measurement o f  

thermal  c o n d u c t i v i t y  i n  t h e  s t e a d y - s t a t e  and f o r  an oven-dry sample, w i l l  he re  

be d e s c r i b e d  t o  s t r e s s  t h e  d i f f i c u l t i e s  i n v o l v e d .  

The guarded h o t  p l a t e  method ( d e s c r i b e d  by ASTM C177). i s  used f o r  t h e  

d e t e r m i n a t i o n  of t h e  e x i s t i n g  the rma l  c o n d u c t i v i t y  o f  d r y  homogeneous specimens 

o f  b u i l d i n g  m a t e r i a l s .  I n  i t s  s i m p l e s t  Form, t h e  apparatus used i n  t h i s  method 

c o n s i s t s  o f  an e l e c t r i c a l l y  heated p l a t e  and two l i q u i d - c o o l e d  p l a t e s ,  as 

i n d i c a t e d  i n  f i g .  I 1 1  d-1. 

Two s i m i l a r  s l a b s  a r e  mounted on each s i d e  of t h e  h o t  p l a t e .  A  c o l d  p l a t e  

i s  t h e n  pressed a g a i n s t  t h e  o u t s i d e  o f  each specimen by  a  clamp screw. The 

heated p l a t e  i s  d i v i d e d  i n t o  two p o r t i o n s :  t h e  c e n t r a l  o r  measur ing s e c t i o n ,  

and t h e  o u t e r  o r  guard sec t ion .  D u r i n g  t e s t i n g ,  t h e  two s e c t i o n s  a r e  m a i n t a i n e d  

a t  t h e  same temperature,  t h e  guard s e c t i o n  m i n i m i z i n g  e r r o r s  due t o  e d g e  

e f fec ts .  The e l e c t r i c  energy r e q u i r e d  t o  hea t  t h e  measuring s e c t i o n  i s  

c a r e f u l l y  mon i to red .  The the rma l  c o n d u c t i v i t y  o f  t h e  m a t e r i a l  can be c a l c u l a t e d  

knowing t h e  energy requ i red ,  t h e  a rea  o f  t h e  s e c t i o n ,  t h e  tempera tu re  g r a d i e n t ,  

and t h e  s ~ e c i m e n  th i ckness .  

The quarded  h o t  box method ( d e s c r i b e d  i n  ASTM C236), i s  des igned f o r  

measurements o f  non-homogeneous panels ,  e.g., components such as w a l l s ,  r o o f s  

and f l o o r s  o f  b u i l d i n g s .  The h o t  box apparatus,  as shown i n  f i g .  I I I d - 2 ,  i s  a  

device. by  which a  c o n s t a n t  tempera tu re  d i f f e r e n c e  can be e s t a b l i s h e d  ac ross  a  

t e s t  panel f o r  t h e  t i m e  necessary t o  ensure c o n s t a n t  hea t  f l u x ,  and tempera tu re  

d i s t r i b u t i o n ,  across t h e  panel .  The apparatus c o n s i s t s  o f  t h r e e  f i v e - s i d e d  

boxes: a  c o l d  box c o o l e d  by  a  r e f r i g e r a t i n g  machine; a  h o t  box, e l e c t r i c a l l y  

heated; and a  m e t e r i n g  box, enc losed i n  t h e  h o t  box, e l e c t r i c a l l y  heated as 

we1 1. 

The h o t  box i s  k e p t  a t  t h e  same tempera tu re  as t h e  m e t e r i n g  box t o  m i n i m i z e  

hea t  exchanges t o  o r  f rom it.   here fore, t h e  heat  s u p p l i e d  t o  t h e  m e t e r i n g  box 

i s  equal t o  t h e  hea t  f l u x  across t h e  panel.  Knowledge o f  t h e  e l e c t r i c a l  energy 

supply ,  t h e  tempera tu re  d i f f e r e n c e ,  and t h e  specimen area a f f o r d s  t h e  

c a l c u l a t i o n  o f  t h e  the rma l  c o n d u c t i v i t y  o r  conductance of t h e  t e s t  panel .  
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Guard=d h o t  p l a t e  appara tus  

A- c e n t r a l  h e a t e r  c e n t r a l  s e c t i o n  
8- c e n t r a l  s u r f a c e  p l a t e s  o f  h e a t i n g  u n i t  

C- gua rd  h e a t e r  guard  s e c t i o n  
D- gua rd  s u r f a c e  p l a t e s  o f  h e a t i n g  u n i t  

E- c o o l i n g  u n i t s  
ES- c o o l i n g  u n i t  s b r f a c e  p l a t e s  
F- d i f f e r e n t i a l  thermocouples 
G- h e a t i n g  u n i t  s u r f a c e  thermocouples 
H- c o o l i n g  u n i t  sur face thermocouples 
I- t e s t  specimens 

+guard a rea  

- m e t e r i n g  a rea  

F i g .  I11 d-2 Guarded h o t  box appara tus  



Unfor tunate ly ,  the  two methods presented above cannot be app l ied  t o  

determine thermal c o n d u c t i v i t y  o f  wet1 mater ia ls ,  which a re  the  ones used i n  

r e a l i t y .  The reason f o r  t h i s  i s  t h a t  t h e  establ ishment o f  steady s t a t e  

cond i t ions ,  requ i red  f o r  t he  t es t s ,  mod i f ies  t h e  humid i ty  content  of the  

mater ia ls .  

I n  o rder  t o  per form measurements o f  thermal c o n d u c t i v i t y  o f  m a t e r i a l s  i n  

t he  t r ans ien t - s ta te ,  i t  i s  no t  necessary t o  develop new experimental devices:  

the  "guarded h o t  p l a t e "  apparatus may be used (Fuet et, al., 1979, D-Eustachio 

and Schreiner, 1952, Hooper and Lepper, 1950). I n  f ac t ,  the  thermal 

c o n d u c t i v i t y  o f  t he  sample i s  obta ined by analyz ing t he  temperature r e a c t i o n  on 

t he  face o f  the  sample a f f ec ted  by an imposed f l u x .  Such an ana lys is  i s  made 

poss ib l e  thanks t o  t he  var ious so lu t i ons  o f  the  heat  equat ion under s p e c i f i c  

boundary cond i t i ons  (see.. e.g., Carslaw and Jaeger, 1959). The use o f  the  - 
guarded ho t  p l a t e  i n  t he  t r a n s i e n t - s t a t e  reduces cons iderab ly  the  d u r a t i o n  o f  

t he  measurements and thus makes i t  poss ib l e  t o  deal w i t h  wet ma te r i a l s .  

However, t h i s  requ i res  an apparatus t h a t  .can produce c y c l i c  boundary cond i t ions ,  

and t he  determined value of the  c o n d u c t i v i t y  w i l l  be v a l i d  on l y  f o r  t he  c y c l i c  

frequency o f  t h e  boundary cond i t ions .  

Another t r a n s i e n t - s t a t e  method, named " the  heated w i re  method" has been 

developed by T.N.O. (Hol land)  and i s  based on t he  theory o f  c y l i n d r i c a l  

temperature f i e l d s .  A constant  heat f l u x  i s  sent i n t o  t h e  mater ia l  through a 

w i re  embedded i n  it. Then, the  temperature g rad ien t  i n  the  area around t he  w i re  

(a f unc t i on  of the  thermal p rope r t i es  o f  the  ma te r i a l  as we l l  as of t ime .and 

p o s i t i o n )  i s  measured. As t he  temperature a t  t h a t  p o i n t  var ies  l i n e a r l y  w i t h  

the  logar i thm o f  t ime, one can c a l c u l a t e  t he  conduc t iv i t y .  

The main advantage of t h i s  method i s  t h a t  i t  i s  the on l y  one which has lead 

t o  the development o f  a dev ice  which can be used f o r  i n  s i t u  measurements. This 

dev ice  i s  c a l l e d  the " -probeu (Erkelen, 1960, Hooper and Chang, 1953). I t  i s  

a needle-shaped inst rument  t h a t  can be i nse r t ed  i n t o  a small ho le  d r i l l e d  f o r  

t h i s  purpose through the  wa l l .  This instrument makes i t  poss ib l e  t o  moni tor  the 

temperature a t  d i f f e r e n t  depths i n  the  wa l l .  One can then perform measurements 

i n  a non- d e s t r u c t i v e  manner, whereas, former ly ,  samples had t o  be ex t rac ted  

from the  wa l l .  

A w i r e  heater i s  dwe'lled, toge ther  w i t h  a temperature t ransducer,  i n  t he  

ma te r i a l  under t e s t .  Temperature measured near a constant  heat source a f t e r  a 

c e r t a i n  t ime i s  used t o  ca l cu la te  thermal c o n d u c t i v i t y  o f  the  mater ia l .  F ig.  
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I I I d - 3 a  shows the  X -probe. The heater  i s  a  double-folded constantan w i re  0.3, 

mm th i ck .  \Glued t o  t h i s  w i re  are constantan- manganine thermocouples (0.1 mm 
wi re )  i n  the  lengthwise d i r e c t i o n .  I n  order  t o  save space, each se t  of 

thermojunct ions has a  common constantan w i re  (see f i g .  I l I d - 3 b ) .  The whole i s  

then incorpora ted  i n  a  small g lass tube w i t h  an e i t e r n a l  diameter o f  2.8 mm. 

- wa l l s :  s teady-state parameters 

This sec t i on  i s  devoted t o  f i e l d  meahrements of the . thermal  performance of 

wa l l s .  I n  s teady-s ta te  cond i t ions ,  t h e  parameters which cha rac te r i ze  t he  

thermal behaviour of a  wa l l  a re  i t s  thermal conductance and i t s  o v e r a l l  heat  

t r a n s f e r  c o e f f i c i e n t ,  a l so  c a l l e d  m. They are  de f ined  i n  Ch. Ib. 

A  method o f  determining t he  U-value o f  a  b u i l d i n g  component i s  t o  t e s t .  a  

r ep resen ta t i ve  sec t ion  i n  a  guarded hot  box: t he  measured and ca l cu la ted  values 

a re  genera l l y  i n  good agreement when t he re  are no a i r  c a v i t i e s  w i t h i n  t he  

cons t ruc t ion .  When t he re  i s  no t  s u f f i c i e n t  in fo rmat ion  about t he  composit ion o f  

the  wa l l ,  i t  i s ,  however, b e t t e r  t o  perform on -s i t e  measurements. 

i )  U-value o f  wa l l s  ' 

The most canmon method f o r  the  measurement o f  the  U-value of wa l l s  makes 

use o f  spec ia l  devices c a l l e d  Heat Flow Meters (HFM) (ASTM C518, Gier  and 

Uunkle, 1954): the' bas i c  p r i n c i p l e  of t h i s  apparatus cons is ts  i n  de tec t i ng  and 

ampl i f y ing  t he  temperature g rad ien t  o f  an a u x i l i a r y  l a y e r  i nse r t ed  i n  the  

thermal c i r c u i t .  

Most HFM-s cons i s t  o f  a  t h i n ,  thermal ly  and e l e c t r i c a l l y  i n s u l a t i n g  l a y e r  

which ac ts  as a  support t o  a  (e.g. copper-constantan) t he rmoe lec t r i ca l  c i r c u i t .  

The so lder ings  o f  t he  two metals are placed a l t e r n a t i v e l y  on t he  h o t  s i de  and on 

the  co ld  s ide of t h i s  sheet. These thermocouples, t he rma l l y  i n .  p a r a l l e l  and 

e l e c t r i c a l l y  i n  ser ies ,  de tec t  and amp l i f y  the  temperature d i f fe rence between 

the  two faces o f  the  l a y e r  when i t  i s  crossed by a  thermal f l u x .  The whole 

probe i s  genera l l y  covered by an aluminium l a y e r  t o  improve t he  homogeneity of 

t he  thermal f low. 



The heat  f l ow  meter must be c a l i b r a t e d  (e.g., by means o f  a guarded h o t  

p l a t e )  t o  make i t  ready f o r  on -s i t e  measurements: the  ou tpu t  vo l tage  i s  

genera l l y  a  l i n e a r  f unc t i on  of the  heat  f low. While (Devisme and Marechal, 

1979) t he  thermal r es i s t ance  of t he  heat  f l o w  meter i s  respons ib le  f o r  t he  

temperature d i f fe rence between i t s  two faces, i t s  thermal capac i ty  i s  

respons ib le  f o r  the  d i f fe rence between t he  i n -  and out-  going heat f luxes. 

Therefore, a  ma te r i a l  has t o  be chosen having bo th  a  s u f f i c i e n t l y  h i gh  thermal 

res is tance  and a  low thermal capaci ty .  

The d e f i n i t i o n  o f  the  U-value r e f e r s  t o  s teady-state cond i t ions ,  and 

t he re fo re  i s  no t  d i r e c t l y  app l i cab le  t o  f i e l d  measurements, where steady-state 

cond i t i ons  can never be achieved. However, i f  t he  energy f low ing  across t h e  

w a l l ,  4, i s  recorded f o r  a  t ime long enough, t he  amount of energy s to red  i n  the  

wa l l  can be.neglected. Outdoor r a d i a t i o n  has a lso  t o  be taken i n t o  accou?t. An 

approximate way o f  doing t h i s  i s  t o  i d e n t i f y  t he  outdoor temperature w i t h  the  

s o l -  a i r  temperature. Leaving t h e e x a c t  d e f i n i t i o n  o f  t he  temperatures t i l l  a  

l a t e r  stage (see below), we have: 

U =I": d t / ~ ~ ?  (Ti - To) d t  (111 d-1) 
0 

where 

Ti = indoor temperature 

To = outdoor temperature 

4 = heat f l ow  across t he  u n j t  area 

Measurements cannot a c t u a l l y  be c a r r i e d  on f o r  an i n f i n i t e  time. One has 

there fo re  t o  study t h c e r r o r s  which may occur because of t he  f i n i t e  t ime  used 

f o r  t h e  i n teg ra t i on .  These e r r o r s  depend on t he  w a l l  cons t ruc t i on  and weight as 

w e l l  as on the  ampl i tude of t he  temperature d i f fe rence du r i ng  t he  measurement. 

The i n t e g r a t i o n  t ime ( i n  eq. I I I d - 1 )  t o  achieve a  10% p r e c i s i o n  ranges from a  

few hours up t o  almost t e n  days depending on t he  considered wa l l  (see f i g .  

I I I d - 4 ) .  

Three q u a n t i t i e s  have t o  be measured i n  order  t o  ob ta i n  t h e  U-value: 

- i n s i d e  (sur face)  temperature 

- ou t s i de  (sur face)  temperature 

- i n s i d e  heat  f l u x  
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Fig .  I 1 1  d-4 The development o f  t h e  r a t i o  UIUo i n  t i m e  d u r i n g  
a measurement o f  t h e  U-value o f  a w a l l  u i t h  a hea t  
f l o w  meter .  U i s  t h e  measured U-va lue and Uo i s  t h e  
c o r r e c t  U-va lue ( a f t e r  EMPA 1981).  

Table Ill d - 1  

U-value and s p e c i f i c  mass o f  w a l l s  examined i n  F i g u r e  I I I d - 4 .  

~ 

N Type o f  w a l l  U  ( w / ~ " c )  Massfarea (kg/m31 

1 B r i c k  w a l l  1 . i 0  407 

2 B r i c k  w a l l  0.90 , 505 

3  Two-shel l  b r i c k  w a l l  0.40 367 

4  Sandwich w a l l  0.40 8  

5  Concrete w a l l  w i t h  i n s i d e  i n s .  0.60 387 

6  Concrete w a l l  w i t h  o u t s i d e  ins .  0.60 387 



The measurement of the  q u a n t i t i e s  i n  parantheses y i e l d s  the  value of 

thermal conductance. I n  theory t h e  heat  f l u x  cou ld  be measured ou t s i de  as we l l  

as i ns i de ,  because t he  two i n t e g r a l s  o f  heat f l u x  should co inc i de  i n  t he  long  

run. However, t h i s  i s  very of ten no t  t r ue ,  espec ia l l y  when t he  wa l l  inc ludes an 

a i r  l aye r ;  moreover, the  s t rong  outdoor r a d i a t i o n  f i e l d  would emphasize t he  

d i f f e r e n c e  between the  HFM r a d i a t i v e  p rope r t i es  and those of t he  wa l l  on which 

t he  HFM i s  inser ted .  

Since t he  wa l l  cons t ruc t i on  i s  no t  homogeneous,. temperatures and heat  

f l uxes  w i l l  no t  be constant  over i t s  surface. I n  t h i s  case, an i n f r a r e d  scanner 

can be extremely use fu l  t o  assess t he  thermal s t a t e  o f  the  wa l l  and choose t he  

po in t s  where t he  measurements should be c a r r i e d  ou t  (Roberts and Reinke, 1982). 

P a r t i c u l a r  care shou,d be taken. when i n s t a l l f n g  t he  sensors: f o r  U-value 

measurements, a  w a l l  shaded from d i r e c t  s o l a r  r a d i a t i o n  should be chosen. 

Otherwise, s o l - a i r  temperature, def ined i n  Ch. Ib ,  s h o u l d  be chosen as t he  

rep resen ta t i ve  outdoor temperature; t h i s ,  o f  course, cannot be d i r e c t l y  

measured. 

For conductance measurements, where t he  surface temperatures a re  r e q u i r e d ,  

the  temperature sensors should be as small as poss ib l e  and should be embedded 

i n t o  the  wa l l ,  under a  t h i n  l a y e r  o f  p l as te r .  I n  t h i s  way t he  shor t - te rm 

temperature f l uc tua t i ons ,  due t o  t he  tu rbu lence i n  t h e  boundary l aye r ,  adjacent  

t o  the  wa l l  surface, a re  au toma t i ca l l y  averaged, and t he  problems r e l a t e d  t o  the  

r e p r e s e n t a t i v i t y  of the  sensor p o s i t i o n  are diminished. 

The use o f  heat f l ow  meters invo lves  some s p e c i f i c  problems, such as: 

- a d d i t i o n a l  thermal res is tance  o f  the  sensor i t s e l f ;  

- a l t e r a t i o n  o f  the  wa l l  thermal f i e l d ;  

- unsteady-state cond i t i ons  occur r ing  du r i ng  t he  measurements, wh i le  t he  HFM 

has been c a l i b r a t e d  i n  s teady-state cond i t i ons ;  

- difference between r a d i a t i v e  p rope r t i es  o f  t he  HFM and t he  wa l l .  

; c a l i b r a t i o n  depends on t he  p rope r t i es  o f  t he  wa l l  the  HFM i s  on 

A way o f  m in imiz ing  t h e  second e f f e c t  l i s t e d  above i s  t o  surround t he  HFM 

w i t h  a m a t e r i a l  having the  same th ickness  and thermal c o n d u c t i v i t y  as t he  sensor 

ma te r i a l .  The t h i r d  drawback can be by-passed i f  a  low-capacity m a t e r i a l  i s  

employed f o r  t h e  HFM, thus min imiz ing  the  heat  s to red  by i t. The f o u r t h  problem 

can be p a r t i a l l y  avoided i f the  HFM i s  embedded i n t o  t he  p l a s t e r  and coated w i t h  

the  same p a i n t i n g  as the  wa l l .  For f u r t h e r  i n f o rma t i on  on these t o p i c s  see e.g. 



Lau and Norberg (1979), Flanders and Marshal l  (1982). 

i i )  sur face heat t r ans fe r  c o e f f i c i e n t s  

Surface heat t r a n s f e r  coe f f i c i en t s ,  h ,  (SHTC) can be '  measured using t he  

same experimental setup as f o r  o f  U-values. The measured q u a n t i t i e s  are:  

- i n s i d e  ( o r  ou ts ide)  a i r  tempera tu re ,  Ta 

- i n s i d e  ( o r  ou ts ide)  surface temperature, TS 

- i n s i d e  ( o r  ou ts ide)  heat f l ux ,  4 
The ( r a d i a t i v e  + convect ive)  SHTC i s  g iven by: 

Since t he  boundary l a y e r  has no thermal capac i ty ,  the  SHTC can be 

determined instantaneously.  On the  o ther  hand, . the SHTC i s  not ,  as 

Counductance, a  constant  p roper ty  o f  a  wa l l ,  because i t  depends on va r i ab le  

boundary cond i t i ons  such as a i r  temperature, a i r  v e l o c i t y ,  s o l a r  and atmospheric 

r a d i a t i o n ,  etc... Moreover, as experience shows, t he  SHTC has 1  i t t l e  phys ica l  

meaning, s ince i t  r e f e r s  on ly  t o  the  a i r  and surface temperatures, wh i l e  sur face  

heat t r a n s f e r  i s  in f luenced a l so  by o ther  q u a n t i t i e s ,  p a r t i c u l a r l y  r a d i a t i o n  

from the  surroundings. 

The accuracy w i t h  which "h" can be determined depends main ly  on how c l ose  

t he  r a d i a t i v e  p rope r t i es  o f  t he  HFM are t o  those of t he  wa l l .  The need f o r  

p rec i se  sensors i s  even st ronger,here. than f o r  U-value measurements, s ince  t he  

temperature d i f f e r e n c e  i n  eq. 111 d-2 i s  very small. 

i i i )  U-value o f  windows 

The on -s i t e  measurement o f  U-values of windows i s  no t  a  procedure t o  be - 
recanmended, main ly  because of t he  d is turbance int roduced by r a d i a t i v e  

exchanges. Mireover, the  U-value o f  windows depends g r e a t l y  (and, f o r  

s ingle-panel  g laz ings ,  e x c l u s i v e l y )  on t he  sur face heat  t r a n s f e r  c o e f f i c i e n t s ,  

which are a f f ec ted  by meteorological  fac to rs ,  vary ing,  i n  t h e i r t u r n ,  w i t h  time. 

For these reasons, the  procedure presented above  can lead t o  l a r g e  e r ro r s ,  

e s p e c i a l l y  when t he  window i s  d i r e c t l y  f looded by the  sun l i gh t .  I n  t h i s  case, 

the  HFM w i l l  never be ab le  t o  reproduce t he  r a d i a t i v e  p rooe r t i es  o f  the  g l a z i n g  

i t s e l f ,  e s p e c i a l l y  n o t  i t s  t r ansm iss i v i t y .  



It i s  t h u s a d v i s a b l e  t o  make use o f  data from l abo ra to r y  measurements o r  a  

t h e o r e t i c a l  ana lys is .  A  mobi le apparatus f o r  d i r e c t  measurement o f  t h e  energy 

performance of f enes t ra t i on  systems has been recen t l y  developed by K l m s  and 

Se lkowi tz  (1981). The so-ca l led  Mowit t  ( a f t e r  Mobile Window Thermal Test) 

provides a  number of c a p a b i l i t i e s ,  e.g.: 

- f u l l - s c a l e  t e s t i n g  o f  windows o f  var ious s izes  and types; 

- dynamic performance measurements us ing  rea l  weather cond i t i ons ,  i n c l u d i n g  

s o l a r  gain; 

- f l e x i b i l i t y  i n  s imu la t ing  i n t e r i o r  b u i l d i n g  environments o f  d i f f e r e n t  weight, 

i n s u l a t i o n .  and leakiness.  

On t he  o the r  hand, i t  should be st ressed t h a t  t he  MOWITT does no t  .perform - 
f i e l d  measurements, b u t  r a t h e r  operates upon f u l l  , sca le  t e s t  samples. An 

i n t e r e s t i n g  f ea tu re  o f  t h i s  apparatus, based o n t h e  p r i n c i p l e  o f  t he  guarded 

ca lo r imeter ,  i s  t h a t  i t  makes use o f  p a r t i c u l a r  large-area,  h i g h - s e n s i t i v i t y  

heat- f low sensors (Klems and D i  Bartolomeo, 1982). This k i n d  of heat-f low 

sensor i s  based on a l t e r n a t e  cu r ren t  res is tance  thermometry. The f i r s t  

prototypes,  having s i ze  of 0.09 m2,  showed l i n e a r  response, a  s e n s i t i v i t y  o f  
2  about 35-40mV/(W m- ) ,  w i t h  a  minimal de tec tab le  f l u x  o f  0.08 W/m2. 

The procedure adopted by Caluwaerts and Verougstraete (1979) f o r  l abo ra to r y  

measurements i s  a l so  presented. The experimental apparatus i s  of t he  

"guarded-hot box" k i n d  and has been used t o  t e s t  a  number o f  windows, having 

d i f f e r e n t  number o f  g laz ings  and d i f f e r e n t  frames, i n  d i f f e r e n t  environmental 

cond i t i ons .  The f o l l o w i n g  q u a l i t a t i v e  conclus ions can be drawn: 

- t he  U-value i s  in f luenced by outdoor cond i t ions ,  e s p e c i a l l y  by temperature 

and a i r  v e l o c i t y ;  

- t he  U-value i s  s l i g h t l y  af fected by t he  heat ing  system, except i n  t he  case 

when f l o o r  heat ing i s  used, where a  re levant  decrease.has be in  no t i ced .  

- the  U-value i s  s t r ong l y  a f fec ted ,  beyond the  number o f  g laz ings ,  by t he  

type  of frame; PVC, wood and aluminium show respec t i ve l y  growing U-values. 

- t he  window p o s i t i o n  i n  t h e  wa l l  opening seems t o  be i r r e l e v a n t .  

A  iupplementary heat res is tance  i s  provided by c u r t a i n s  (0.03 m2/W) and 

ou t s i de  r o l l e r  b l i n d s  (about 0.25 m2/w). When t he re  i s  a  r a d i a t o r  under t he  

window, one has observed t he  e f f e c t  (oubbeld 1978) t h a t ,  compared t o  a  s i ng le -  

g lazed window w i t h  window s i l l ,  t he  U-value of t he  window increases w i t h  15% if 

the  s i l l  i s  removed, decreases by 21% if the re  a re  c u r t a i n s  above t h e  r a d i a t o r  



O r  the  s i l l ,  and increases by 8% i f  t he re  i s  a long  c u r t a i n  i n , f r o n t  of t he  

rad ia to r .  

- wa l l s :  unsteady-state parameters 

The ana lys is  of time-dependent thermal response of b u i l d i n g  wa l l s  i s  a 
useful t o o l  t o  determine t h e i r  behaviour under actual  t r a n s i e n t - s t a t e  heat 

loads. Two d i f f e r e n t  approaches can be adopted, bo th  making reference t o  some 

t h e o r e t i c a l  method y i e l d i ' ng  t he  f l u x  response of a wa l l  once t he  p rope r t i es  o f  

each l a y e r  a re  known: 

- determine the  unsteady-state parameters o f  the  wa l l .  

- v a l i d a t e  exper imenta l l y  t he  r e s u l t s o f  t he  method by comparing t he  measured 

f l u x  and the  ca l cu la ted  one. 

Not a l l  methods are  s u i t a b l e  f o r  t he  f i r s t  approach; f o r  example, t he  

response f a c t o r  method makes. use of t oo  l a r g e  a number o f  independent 

parameters, compared w i t h  the.accuracy w i t h  which f l uxes  and temperatures a re  

known. On t he  o ther  hand, t he  second approach can always be appl ied,  b u t  y i e l d s  

only i n d i r e c t  in fo rmat ion  on t he  wa l l  thermal performance. The determinat ion,  

i n  t h e  labora to ry ,  o f  t he  parameters o f  t he  Fou r i e r  transform analys is ,  and t he  

"Envelope Thermal Test U n i t "  method belong t o  t he  f i r s t  category. 

i )  de te rmina t ion  of t he  parameters of t he  Fou r i e r  t ransform ana lys is  

The Four ie r  t ransform m t h o d  provides four complex c o e f f i c i e n t s  A", &, CY, 

and D,,  (de f ined  by Eq. I b - 8 )  fa r  every frequency considered i n  t he  thermal , 
o s c i l l a t i o n s .  These c o e f f i c i e n t s  depend on Ti, and To,, t he  indoor and outdoor 

a i r  temperature,. and on {iv and {,,, the  indoor and outdoor heat f luxes. The 

measurement o f  these c o e f f i c i e n t s  can be performed i n  t he  labora to ry ,  according 

t o  t he  procedure developed by Codegone, Fer ro  and Sacchi (1966) and b r i e f l y  

o u t l i n e d  here. 

For t he  measurement o f  parameter 4, two i d e n t i c a l  wa l l  elements a re  placed 

c lose  t o  each o ther  so t ha t ,  e.g., the  ou ts ide  surfaces a re  i n  c lose  contact ,  

and equal temperature s inuso ida l  o s c i l l a t i o n s  a re  imposed on t he  i n s i d e  surface 

of t he  wal ls .   h here fore, since qo, = 0, t he  c o e f f i c i e n t  A, i s  g iven by 

qt'Ti,/Tov. 



For the  measurement of parameter B,, us lng  the  same experimental set-up as 

be fore ,  a t h i n  l a y e r  o f  known thermal capac i ty  and h i gh  d i f f u s i v i t y  i s  i n s e r t e d  

between the two symmetrical wa l l  elements i n  c l ose  con tac t  w i t h  the  outs ides.  

By imposing equal temperature o s c i l l a t i o n s  on t he  i n s i d e  surfaces and record ing  

the  surface temperatures, one gets: 

The two wa l l  e l e m e n t s a r e  reversed so t h a t  the  i n s i d e  surfaces a re  i n  

con tac t .  I n  t h i s  case, s ince  iiv '0, t he  c o e f f i c i e n t  D, i s ,g iven  by D,=ToJTiv. 

The l a s t  c o e f f i c i e n t ,  C,, i s  c a l c u l a t e d  from the  r e l a t i o n  Av+D, - B,*C,=l ( see 

ch. I b ) ,  o r  by i n s e r t i n g  a  t h i n  l a y e r  between t he  wa l l s ,  i n  t h i s  case i n  

con tac t  w i t h  t h e  ins ides .  

i i )  t he  Envelope Thermal Test U n i t  Method 

The Envelope Thermal Test U n i t  (ETTU) i s  a  po r t ab le  mod i f i ca t i on  of t he  

"quarded ho t  box" (Condon, C a r r o l l  and Sonderegger 1980). It can be used bo th  

f o r  f i e l d  and l abo ra to r y  measurements. I t  prov ides  the  dynamic thermal 

p rope r t i es  o f  wa l l s ,  w i t h  reference e i t h e r  t o  a  dynamic s i m p l i f i e d  model us i ng  a  

set  o f  Equivalent  Thermal Parameters (ETP-s) (Sherman, Sonderegger and 'Adams, 

1982). o r  t o  t h e  Four ie r  transform method descr ibed above. 

The bas ic  p r i n c i p l e  on which ETTU i s  based i s  t h a t  a  regu la ted  heat  f l u x  i s  

app l i ed  on one o r  bo th  s ides of t he  wa l l s ,  and t h e  r e s u l t i n g  surface 

temperatures a re  measured. The ETTU cons i s t s  o f  two i d e n t i c a l  "b lanke ts "  which 

a re  p laced i n  c lose  thermal con tac t  w i t h  the  w a l l  t o  be tested. Each b lanke t  i s  

made of a  p a i r  of e l e c t r i c  heaters separated by an i n s u l a t i n g  l a y e r  of low 

thermal capaci ty .  Temperature t ransducers a re  p laced i n  each heater  l aye r .  

Heat i s  p rov ided t o  t he  i nne r  (p r imary )  heaters,  w h i l e  t h e  ou ter  (secondary) 

heaters ac t  as guards. 

A  mic roprocessor -con t ro l led  data acqu i s t i on  system i s  used t o  d r i v e  t he  

system and record  t he  system temperature responses. The ana lys is  i s  r e s t r i c t e d  

t o  t he  c e n t r a l  reg ion  of t he  b lanke t  t o  reduce the  e f f ec t  o f  t ransverse  heat  

flow. The secondary heaters a re  d r i v e n  by a  servo-cont ro l  which d r i v e s  t h e i r  

temperature towards the  pr imary heaters temperature, thus min imiz ing  t he  heat  

provided by t he  b lanke t  which i s  no t  c o n t r i b u t i n g  t o  d r i v i n g  t he  wa l l .  



Using t he  response f ac to r s  method, the  i n t e r n a l  sur face heat f l u x  i s  g iven 

by eq. Ib-9. T h e  unknowns are t he  sets o f  coe f f i c i en t s  c, b, d; a l l  o ther  

q u a n t i t i e s  can be measured using t he  procedure ou t l i ned  f o r  t he  measurement. o f  

t he  U-value. 

There a re  several numerical methods t o  solve t he  equations above, bu t  i t  

should be st ressed t h a t  t he  system may be ill- condi t ioned,  thus y i e l d i n g  very, 

d i f f e r e n t  r e s u l t s  f o r  small v a r i a t i o n s  o f  t he  coe f f i c i en t s .  A  b e t t e r  approach 

( C l i  e t  a l . ,  1979) cons is ts  o f  two steps: 

- the c, b, d  c o e f f i c i e n t s  a re  computed according t o  the  procedure o u t l i n e d  by 

M i t a l as  and Arseneault (1967) o r  us ing the  p re-ca lcu la ted  values repor ted  i n  

t he  ASHKAE Handbook of Fundamentals (1981); 

- t he  heat f l u x  convo lu t ion ,  ca l cu la ted  using t he  measured temperatures i n  eq. 

I b- 9,  i s  compared t o  t he  heat  f l u x  values, measured by t he  HFM technique 

p rev ious l y  described. 

- measurement o f  r a d i a t i v e  p rope r t i es  

i )  r a d i a t i v e  p rope r t i es  of b u i l d i n g  ma te r i a l s  

The r a d i a t i v e  p rope r t i es  o f  b u i l d i n g  ma te r i a l s ,  de f ined  i n  Ch. Ib ,  do no t  

d i f f e r  s i g n i f i c a n t l y  from one ma te r i a l  t o  the  other ;  moreover, the values 

provided i n  the  l i t e r a t u r e  may o f t e n  be con f i den t l y  appl ied. I n  some spec ia l  

cases i t  may, however, be use fu l  t o  determine exper imenta l l y  t he  r a d i a t i v e  

p rope r t i es  of b u i l d i n g  mater ia ls .  I n  t h i s  case, d i f f e r e n t  approaches and 

inst ruments must be used whether one i s  dea l i ng  w i t h  shortwave o r  longwave 

rad ia t i on .  

The t ransmi t tance  o f  shortwave ( s o l a r )  r a d i a t i o n  (0-4 pm) can be measured 

using t he  same instruments as those presented i n  ch. I I I b  f o r  so la r  r a d i a t i o n  

measurements. With two so la r imeters  (pyranometers) placed on the  two s ides o f  a  

g laz ing ,  and p a r a l l e l  t o  i t ,  one can measure the  incoming g loba l  s o l a r  r a d i a t i o n  

f l u x  ou ts ide  I, and i n s i d e  li the  window. Th? r a t i o  li/Io c a n b e  de f ined  as 

t h e  shortwave t ransmi t tance ,  . rS ,  o f  the  g laz ing .  



Ill d - 1 6  

Re f lec tance  can be measured, as before,  u s i n g  two s o l a r i m e t e r s ,  one f a c i n g  

t h e  w a l l ,  and t h e  o t h e r  f a c i n g  t h e  o p p o s i t e  d i r e c t i o n .  I f  I, i s  t h e  shor twave 1 
( s o l a r )  r a d i a t i o n  r e f l e c t e d  by t h e  w a l l  and lo t h e  one i m p i n g i n g  on t h e  w a l l ,  

we have p s = I r / l o  

The t h i r d  r a d i a t i o n  c o e f f i c i e n t ,  as (absorp tance) ,  can be e a s i l y  deduced 

f rom t h e  r e l a t i o n  pstastr ,=l  (see ch. I b ) .  

The v a l u e  o f  t h e  shortwave r a d i a t i o n  c o e f f i c i e n t s  w i l l  depend on t h e  

i n c i d e n c e  a n g l e  o f  d i r e c t  s o l a r  r a d i a t i o n ,  and t h e r e f o r e  on t h e  r a t i o  o f  d i r e c t  

t o  ( d i f f u s e  t r e f l e c t e d )  s o l a r  r a d i a t i o n .  

The t r a n s m i t t a n c e  of  longwave r a d i a t i o n  ( 4  - 100 um), r e  , i s  g e n e r a l l y  

assumed t o  be n e g l i g i b l e  b o t h  f o r  g l a z i n g s  and opaque w a l l s :  The longwave 

r e f l e c t a n c e ,  ~ e .  i s  de f ined  ana logous ly  t o  s h o r t -  wave r e f l e c t a n c e .  However, an 

i n s t r u m e n t  f o r  longwave r a d i a t i o n  measurement (pyrgeometer )  f a c i n g  t h e  w a l l  w i l l  

read n o t  o n l y  t h e  r e f l e c t e d  component, b u t  a l s o  t h e  emitted r a d i a t i o n ,  Ie : 

Ie = E %*T 
4 

where 

E = t h e  e m i s s i v i t y  o f  t h e  s u r f a c e  

0 = t h e  Stefan-Boltzmann c o n s t a n t  

If le+, i s  t h e  v a l u e  g i v e n  by t h i s  i n s t r u m e n t ,  and i f  1, i s  known f rom a 

measurement per formed w i t h  t h e  same t y p e  of  i ns t rumen t ,  we have p, = ( I e + r - I e ) / I o  

and p,=(~~+,-Eo T~)/I,, Bnd, s . incepe + o e t r t = l  and c  = at (see ,~h. ~ b ) ,  we 

ge t  

4  4  
pe = ( I e + r  - o'T ) /  (I, - a'T ) 

As before,  a p p l y i n g  pi t at t re = 1 .  absorptance can be immed ia te l y  found. 



i i )  thermography 

The term termography i s .  used t o  charac te r ize  t he  process which makes 

v i s i b l e  and q u a n t i f i e s  t h e  thermal s t a t e  o f  a  g iven object. The basic physical  

p r i n c i p l e  on which i t  i s  based i s  t he  r e l a t i o n  e x i s t i n g  between t he  surface 

temperature o f  a  body and t he  i n f r a r e d  r a d i a t i o n  i t  emits. 

The inst rument  employed i s  the  i n f r a r e d  scanner which, genera l l y ,  records 

t he  r a d i a t i o n  o f  wavelengths between 2 and 5.6pm, o r  between 8  and 14,um. 

These two i n t e r v a l s  have been chosen because they correspond t o  two 

I atmospherical "windows' where t he  t ransmission o f  i n f r a r e d  r a d i a t i o n  i s  near ly  

independent of the  humid i ty  content  o f  t he  atmosphere. 

Once t he  r a d i a t i o n  emi t ted  by the  ob jec t  under observat ion has crossed t he  

atmosphere, i t  i s  l o c a l i z e d  w i t h  the  he lp  o f  s u i t a b l e  ob jec t i ves  ( j u s t  l i k e  i n  

photography, i t  i s  t h e  o b j e c t i v e  which determines no t  on ly  t he  s i ze  o f  t he  image 

f i e l d ,  bu t  a l so  i t s  spa t i a l  r eso lu t i on ) .  The ob jec t i ves  must be made of 

ma te r i a l s  t ransparen t  t o  i n f r a r e d  r a d i a t i o n  (e.g. s i l i c i u m  o r  germanium) and 

are  o p t i c a l l y  t r ea ted  i n  o rder  t o  increase t h e i r  t ransmiss ive  power. 

Once loca l i zed ,  the  emi t ted  r a d i a t i o n  i s  p ro jec ted  on t o  t he  i n f r a r e d  

de tec to r  by means o f  a  scanning mechanism ( 2  s i l i c i u m  prisms o p t i c a l l y  t r ea ted  

and d r i v e n  by 2 synchronous motors i n  t he  AGA camera). 

The de tec to r  i s  a  semi-conducting mater ia l  ( ind ium antimonide I n  Sb f o r  

systems working i n  t h e  range from 2 t o  5.6 pm o r  mercury cadmium t e l l u r i u m  Hg Cd 

Te f o r  those working i n  the  range from 8  t o  14 urn), which has the  p roper ty  o f  

conver t ing  t he  incoming i n f r a r e d  r a d i a t i o n  i n t o  an e l e c t r i c a l  s i gna l ,  the  

i n t e n s i t y  o f  which var ies  w i t h  t he  energy o f  the  i n c i d e n t  s igna l .  I n  o rder  t o  

guarantee a  h igh  thermal r e s o l u t i o n  (e.g. 0.1 K a t  a  temperature of 3 0 ' ~  f o r  

t he  AGA 780 camera) such de tec to rs  a re  placed i n  a  Dewar vessel and cooled w i t h  

l i q u i d  n i t rogen.  .Next ,  the e l e c t r i c a l  s i gna l  emi t ted  by de tec to r  i s  

e l e c t r o n i c a l l y  t rea ted ,  i n  order t o  obta in,  o n t h e  screen o f  an osci l loscope,  

the  thermal image o f  the  ob jec t  under considerat ion.  This thermal image can be 

photographed w i t h  an o rd inary  camera, thus ob ta i n i ng  a  thermogram. 

Ce r ta i n  types o f  scanners reproduce t he  temperature d i s t r i b u t i o n  bo th  on a  

grey sca le  ( ranging from black t o  wh i te )  and on a  colourscale.  I n t h e  

b lack-and-whi te thermal image, por t ions ,  which are da'rker i n  t he  grey scale, 



represent  sur faces of a  lower temperature than po r t i ons  o f  a  l i g h t e r  grey 

colour .  I n  a  colour-thermogram, each shade o f  co lou r  corresponds t o  a  c e r t a i n  

temperature i n t e r v a l .  A c l e a r  p i c t u r e  o f  t he  d i s t r i b u t i o n  of tempera tu reover  

t he  surface i s  obtained. 

The bas ic  d i f f e rence  between a  thermal image and a  photographic one i s  t h a t  

t he  l a t t e r  reproduces t he  r e f l e c t e d  r a d i a t i o n  w i t h i n  t he  v i s i b l e  range, wh i l e  

t he  thermal image reprod"ces both p a r t  of the  r e f l e c t e d  r a d i a t i o n  and p a r t  o f  

the emi t ted  r a d i a t i o n .  

A thermal image o f t en  has a  coarser  s t r u c t u r e  and t he  contours a re  more 

d i f f use  than those o f  a  photographic image. This i s  p r i m a r i l y  due t o  t he  

d i f f e r e n c e  i n  r eso lu t i on ,  bu t  a l so  t o  t he  f a c t  t h a t  t h e  boundaries o f  t he  

sur face are sometimes l e s s  d e f i n i t e  because o f  thermal conduction. 

It i s  ev ident  from the  working process o f  the  i n f r a r e d  scanner t h a t  on ly  - 
r e l a t i v e  temperature d i f fe rences  i n  t he  image f i e l d  can be determined. I f  the  

ac tua l  temperature o f  t he  sur face i s  t o  be determined, i t  i s  necessary t o  know 

the  ac tua l  temperature o f  a  reference p o i n t  on t he  sur face  under t e s t ;  t he  

e m i s s i v i t y  o f  t he  reference sur face and o f  t he  e n t i r e  ob jec t ,  and f i n a l l y ,  t he  

temperature f unc t i on  and c a l i b r a t i o n  curves o f  t he  camera. 

A c o r r e c t i o n  due t o  t he  a t t enua t i on  of thermal r a d i a t i o n  i n  a i r  ( p r i m a r i l y  

caused by t he  absorp t ion  which occurs i n  t h e  molecules o f  gas, and by the  

absorp t ion  and d i spe rs i on  which occurs i n  p a r t i c l e s )  should be necessary 

whenever measurement; are made over d is tances  grea ter  than 10-20 m (see f ig .  

1 I I d -5 ) .  Thus, f o r  t he  measurements made over  t he  d is tances common i n  

thermography indoors,  t he  i n f l uence  due t o  t he  d is tance  i s  n e g l i g i b l e .  

According t o  i n v e s t i g a t i o n s  made i n  Sweden (Pet tersson and A x h '  1980). t he  

probable e r r o r  i n  determining d i f fe rences  i n  sur face  temperatures w i t h  an I R  

scanner i n  t he  range o f  room temperatures can, by 'assessing the  e r r o r s .  i n  t he  

components a long t he  cha in  o f  measurements, be est imated t o  10% of the  measured 

temperature d i f f e rence ,  bu t  no t  b e t t e r  than 0.5 K. 

F i n a l l y ,  i n  o rder  t o  c o r r e c t  a  mis lead ing  i n t e r p r e t a t i o n ,  we want t o  s t r ess  

t h a t  thermography does no t  d i r e c t l y  g i v e  the  thermal res is tance  o r  a i r t i g h t n e s s  

of t he  cons t ruc t ion .  I n  cases where t he  thermal res is tance  o r  a i r t i g h t n e s s  a re  

t o  be quan t i f i ed ,  a d d i t i o n a l  measurements, as those i nd i ca ted  i n  t he  p r e c e d i n g  

sect ions,  must be made. 



F ig .  111 d-5 T r a n s m i s s i v i t y  ( r )  f o r  i n f r a r e d  r a d i a t i o n  iri a i r  as 

a  f u n c t i o n  o f  t h e  d i s t a n c e  (d) .  T y p i c a l  curve. 



The al ready mentioned p u b l i c a t i o n  (Pet tersson and AxCn 1980) developes a  

complete ana lys is  o f  the  requirements which must be s a t i s f i e d  when b u i l d i n g s  are 

subjected t o  thermography. Moreover, t h i s  p u b l i c a t i o n  a l so  g ives t he  r u l e s  f o r  

the  i n t e r p r e t a t i o n  o f  thermograms and the  use o f  comparative thermograms. It 

dea ls  a l so  w i t h  the  problem o f  co r rec t  camera s e t t i n g  fo r  the  qua1 i t y  o f  the  

thermal image, and w i t h  the  r e l i a b i l i t y  o f  t h i s  method, i.e. the  p o s s i b i l i t y  of 

l o c a t i n g  and determining w i t h  s a t i s f a c t o r y  accuracy de fec t s  i n  the  i n s u l a t i o n  

and a i r t i g h t n e s s  o f  a  bu i l d i ng .  Therefore we need on ly  r epo r t  the  main 

recanmendations f o r  t he  use of thermography. 

Thennography i s  t o  be c a r r i e d  out  i n  such a  way t ha t  t he  l e a s t  poss ib l e  

i n t e r f e r e n c e  occurs due t o  ex te rna l  c l i m a t i c  factors.  Measurements should 

t he re fo re  take  p lace  indoors. Outdoor thermography i s  t o  be app l ied  on l y  f o r  

p r e l i m i n a r y  measurements over l a r g e  w a l l  areas. I n  c e r t a i n  cases, f o r  ins tance 

when thermal i n s u l a t i o n  i s  very bad o r  when the  pressure indoors i s  h igher  than 

t h a t  outdoors, these measurements outdoors can prov ide  va luab le  in format ion.  

The f o l l ow ing  cond i t i ons  should be s a t i s f i e d :  

1) For a t  l e a s t  a  24- hour per iod  before s t a r t i n g  thermography, and w h i l e  i t  i s  

i n  progress, t he  d i f f e rence  i n  a i r  temperature across t he  b u i l d i n g  element 

must be a t  l e a s t  10 K. At  the  same t ime, the  d i f f e r e n c e  between the  indoor  

and outdoor temperature should no t  vary by more t l ian 30%. When thermography 

i s  i n  progress, t he  a i r . tempera tu re  indoor should no t  vary by more than 2 K: 

2) For a t  l e a s t  12 hours be fo re  s t a r t i n g  thermography, and as long as t h i s  i s  

i n  progress, t he  b u i l d i n g  element i n  ques t ion  sha l l  not  be exposed t o  sun- - - - 
shine t o  such an ex ten t  t h a t  i t  can i n f l uence  t he  resu l t s .  - 

3) The pressure drop across the  cons t ruc t i on  s h a l l  be 5 Pa. 

O f  course, these r u l e s  regarding cond i t i ons  dur ing  measurement l i m i t  t he  

pe r i od  wnen thermography can be c a r r i e d  out .  
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111 e  A i r  i n f i l t r a t i o n  

- impor tance o f  a i r  i n f i l t r a t i o n  t o  r e t r o f i t s  

By a i r  i n f i l t r a t i o n  we w i l l  h e r e  mean t h e  u n c o n t r o l l e d  leakage o f  a i r .  i n t o  

a  b u i l d i n g  th rough  openings i n  t h e  b u i l d i n g  envelope such as c r a c k s  and 

i n t e r s t i c e s ,  and th rough  c e i l i n g s ,  f l o o r s  and w a l l s .  E x f i l t r a t i o n  i s  t h e  

u n c o n t r o l l e d  a i r  movement o u t  o f  t h e  b u i l d i n g .  G e n e r a l l y  a i r  i n f i l t r a t i o n  i s  

a p p l i e d  t o  b o t h  inward and outward u n c o n t r o l l e d  a i r  movement. 

By v e n t i l a t i o n  i s  he re  meant t h e  process o f  s u p p l y i n g  and removing. a i r  by 

n a t u r a l  o r  mechanical  means t o  and from any space. Such a i r  may o r  may n o t  be 

c o n d i t i o n e d .  

I n  many cases one has t o  c o n s i d e r  a l s o  a i r  f l ows  i n  t h e  i n t e r i o r  o f  t h e  

b u i l d i n g  th rough  bypasses. By t h i s  i s  meant t h e  u n i n t e n t i o n a l  openings w i t h i n  

t h e  b u i l d i n g  t h a t  a l l o w  a i r  t o  move from one space t o  another .  Examples i n c l u d e  

openings around p lumbing and exhaust  s tacks  t h a t  p r o v i d e  a  pa th  f o r  l i n i n g  space 

a i r  t o  e n t e r  t h e  a t t i c .  Such openings a r e  o f t e n  a  main a i r  i n f i l t r a t i o n  

component. 

I 

Rev iewing t h e  s t u d i e s  o f  i n f i l t r a t i o n  i n  Europe and N o r t h  America, energy 

l o s s e s  due t o  a i r  i n f i l t r a t i o n  and v e n t i l a t i o n  i n  e x i s t i n g  hous ing  i s  g e n e r a l l y  

s t a t e d  t o  amount t o  between 20 and 40% o f  t h e  energy used f o r  space hea t ing .  

~ n f i l t r e t i o n  r a t e s  i n  t h e  hous ing vary  f rom approx ima te l y  0.1 ACH f o r  t h e  

t i g h t e s t  o f  new hous ing t o  seve ra l  ACH f o r  l e a k y ,  o l d e r  d w e l l i n g s .  Recent da ta  

( G r o t  1979) c o l l e c t e d  i n  seve ra l  hundred low income, o l d e r  r e s i d e n t i a l  houses 

l o c a t e d  i n  t h e  Un i ted  S t a t e s  i n d i c a t e  an a i r  exchange r a t e  ve ry  c l o s e  t o  dne a i r  

change p e r  hour  (ACH), t h e  va lue  used i n  many ASHRAE c a l c u l a t i o n s .  However, t h e  

a i r  i n f i l t r a t i o n  l e v e l  can v a r y  s i g n i f i c a n t l y  f rom house- t o -  house and 

l o c a t i o n -  t o -  l o c a t i o n .  N o r m a l i z i n g  f o r  leakage area, f i g .  111 e-1 i l l u s t r a t e s  

t h e  v a r i a t i o n s  across t h e  U n i t e d  S t a t e s  due t o  w e a t h e r l l o c a t i o n  f a c t o r s .  

The a i r  i n f i l t r a t i o n  component o f  hea t  l o s s  i s  o f t e n  t h e  most c o s t -  

e f f e c t i v e  t o  c o r r e c t  i n  an o v e r a l l  r e t r o f i t  s t r a t e g y ,  p r o v i d e d  p roper  d e t e c t i o n  

methods a r e  used (such  as i n f r a r e d  scanning combined w i t h  d e p r e s s u r i z a t i o n ) .  

S imple measures may o f t e n  be t a k e n  t o  reduce a i r  i n f i l t r a t i o n  l e v e l s  t o  those  

I 



Fig. 111 e-1 Heat ing season average i n f i l t r a t i o n  f o r  t he  Un i ted  
States (48 o f  50) ex ressed as a i r  f low per equ iva len t  5 Leakage area, ELA (m I h,cm2). Data from the  contour 
may be t r a n s l a t e d  t o  ACH f o r  an i n d i v i d u a l  house by 
m u l t i p l y i n g  by the  ELA and d i v i d i n g  by the  house volume, 
e.g. 0.30 t r a n s l a t e s  t o  0.83 ACH f o r  a  360 m3 (150 m2) 
house w i t h  a 1000 cm2 ELA. 



a s s o c i a t e d  w i t h  reasonable  energy l o s s  and t h e  maintenance of  d e s i r a b l e  , i n d o o r  

a i r  q u a l i t y .  

A i r  i n f i l t r a t i o n  o f t e n  takes  p l a c e  t h r o u g h  c r a c k s  and h o l e s  t h a t  a r e  

p r e s e n t  because of poor  b u i l d i n g  components and p r a c t i c e s ,  and t h e  s e t t l i n g  o f  

t h e  b u i l d i n g s  as t h e y  age. T r a d i t i o n a l l y ,  windows and doors  have been 

cons ide red  t h e  most i m p o r t a n t  s i t e s  o f  such a i r  i n f i l t r a t i o n .  However, t e s t i n g ,  

by severa l  groups (Tamura 1975, Caf fey 1979, C o l l i n s  1979, H a r r j e  e t  a l .  1979) 

has revea led  t h a t ,  a l t h o u g h  impor tan t ,  leakage i n  frame c o n s t r u c t i o n  assoc ia ted  

w i t h  these  components t e n d s  t o  c o n s t i t u t e  a  f o u r t h  o r  l e s s  o f  t h e  o v e r a l l  

e q u i v a l e n t  leakage area (an area t h a t  would p r o v i d e  e q u i v a l e n t  f l ow  th rough  an 

o t h e r w i s e  t i g h t  enve lope) .  C o n s t r u c t i o n  u s i n g  p l a s t i c  vapor b a r r i e r s  and 

e x t r e m e l y .  t i g h t  masonry c o n s t r u c t i o n  would t e n d  t o  a l t e r  t h i s  breakdown and 

p l a c e  more emphasis on door  and window leakage. 

C o n s t r u c t i o n  f e a t u r e s  t h a t  a r e  a s s o c i a t e d  w i t h  t h e  way i n  wh ich  w a l l s ,  

c e i l i n g s  and f l o o r s  j o i n  each o t h e r ,  and how e l e c t r i c a l  and p lumbing components 

pass through t h e  envelope, have been proven t o  be even more impor tan t .  Two 

q u e s t i o n s  need t o  be reso lved :  

1 )  where a r e  t h e  s p e c i f i c  leakage s i t e s  i n  each hous ing s t y l e  w i t h i n  a  c o u n t r y ?  

2) how can t h e  undes i red  a i r  leakage be reduced t o  an accep tab le  l e v e l  t h rough  

an economical and s t r u c t u r a l l y  sound r e t r o f i t  p rocedure? 

Wi thout  such r e t r o f i t t i n g  t h e  a i r  i n f i l t r a t i o n  i n  t h e  homes w i l l  remain 

v e r y  s u s c e p t i b l e  t o  changing weather  c o n d i t i o n s  as shown i n  f i g .  1 1 1  e-2. 

The i d e n t i f i c a t i o n '  and r e l a t i v e  magni tude o f  t h e  leakage s i t e s  have been 

i n v e s t i g a t e d  i n  a  number o f  new and o l d  American houses (Tamura 1975 and Ca f fey  

1979) as shown i n  t a b l e s  I11 e - 1  and 2. Here t h e  leakage of  t h e  f l o o r  - w a l l  

j o i n t  i s  ve ry  e v i d e n t  as a r e  t h e  problems a s s o c i a t e d  w i t h  e l e c t r i c a l  o u t l e t s  and 

d u c t  systems. (The e l e c t r i c  o u t l e t  leakage seems u n n a t u r a l l y  h i g h ,  b u t  t h e  

t a b l e  i s  used t o  i l l u s t r a t e  t h a t  many components can p r o v i d e  a i r  leakage. These 

components c o u l d  a l s o  b e  grouped d i f f e r e n t l y  s i n c e  openings where i n t e r i o r  w a l l s  

meet c e i l i n g  a r e  no ted  as s o l e p l a t e  and e l e c t r i c a l  o u t l e t  leakage,  f o r  example). 

These d a t a  a r e  shown as an i . l l u s t r a t i o n  t h a t  leakage may r e s u l t  from a 

v a r i e t y  o f  s i t e s  i n c l u d i n g  doors  and windows. C o n t r o l  o f  such leakage must be 

ach ieved if t h e  t r i p l e  g o a l s  o f  l o w  energy use, s u i t a b l e  c o m f o r t  and a h e a l t h y  

i n d o o r  env i ronmet  a r e  t o  be a t t a i n e d .  
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Fig.  I11 e-2 Wind (v)  and temperature (AT) induced i n f i l t r a t i o n  

recorded on automated monitoring equipment. 



TABLE 111 e - 1  

I n f i l t r a t i o n  t e s t  r e s u l t s  ( a f t e r  Ca f fey  1979) 

L o c a t i o n  o f  Leak 

- -  - 

S o l e p l a t e  

E l e c t r i c a l  w a l l .  

o u t l e t s  

AIC d u c t  sys tem 

E x t e r i o r  window 

F i r e p l a c e  

Range Vent 

Leakage p e r  i t e m  Number o f  T o t a l  

(m3 /h ,un i t )  u n i t s  l e a k a g e  

- 
20.2lm c r a c k  53 m c r a c k  1070 

13 .61ou t l e t  65 o u t l e t s  883 

587 l sys tem 1 system 587 

39.5lwindow 13 windows 513 

2 3 9 l f i r e p l a c e  1 f i r e p l a c e  239 

226/range v e n t  1 range v e n t  226 

Pe rcen t  Cummula t ive  

o f  t o t a l  - 
24.6 24.6 

20.3 44.9 

Recessed s p o t  l i g h t  5 6 l l i g h t  4 l i g h t s  200 5.2 86.1 

E x t e r i o r  d o o r  66 .7 ldoo r  3 d o o r s  122 4.6 90.7 

D r y e r  v e n t  1 2 2 I d r y e r  ven t  1 d r y e r  v e n t  122 2.8 93.5 

S l i d i n g  g l a s s  d o o r  74ldOOr 1 doo r  74 - 1 . 7  95.2 

B a t h  v e n t  5 6 l b a t h  v e n t  1 b a t h  v e n t  56 1.3 96.3 

O the r  152 3.5 100.0 

T o t a l  4348 m./h 

TABLE I 1 1  e-2  

T o t a l  l eakage  r a t e s  o f  t y p i c a l  houses ( a f t e r  Tamura 1975) 

House t y p e l E x t e r i o r  

f i n i s h  o f  house 

One s t o r y  s t u c c o  

One s t o r y  s t u c c o  

One s t o r y  b r i c k  

One s t o r y  b r i c k  

Two s t o r y  b r i c k  

Two s t o r y  b r i c k  

T o t a l  Leakage 

(m3Ih)  

C e i l i n g  

(%) - 
65 

57 

16 

34 

8 

11 

Outer  w a l l s  

(%) 

16 

21 

65 

42 

7 7 

66 



The p l o t  i n  f ig .  I 1 1  e-1 i s  i n d i c a t i v e  o f  v a r i a t i o n s  p red ic ted  f o r  hea t ing  

season average a i r  i n f i l t r a t i o n .  Where d e t a i l e d  a i r  i n f i l t r a t i o n  measurements 

have been conducted bo th  du r i ng  t he  heat ing and coo l i ng  seasons, i t  i s  ev ident  

t h a t  summer a i r  i n f i l t r a t i o n  ra tes  tend t o  be s u b s t a n t i a l l y  l ess  (o rder  o f  h a l f  

the  w i n t e r  ra tes) .  This i s  because the  i n s i d e  -ou ts ide  temperature d i f f e rences  

are  reduced as w e l l  as t he  average wind i n  many instances.  Under m i l d  weather 

condi t ions.housing o f  on l y  average t i gh tness  can experience very  low a i r  

i n f i l t r a t i o n  rates.  This poses the  v i t a l  ques t ion :  can such va r i ab le  a i r  

i n f i l t r a t i o n  l eve l s ,  h i g h l y  dependent on weather, p rov ide  the  necessary 

v e n t i l a t i o n  and proper indoor  a i r  q u a l i t y  throughout a  t y p i c a l  year? 

The documentation o f  t o t a l  a i r  change r a t e  i nc l ud ing  a i r  i n f i l t r a t i o n  and 

v e n t i l a t i o n  through the  f u l l  heat ing (and coo l i ng )  season i s  almost nonexistant ,  

apar t  from a  few s tud ies  (Owen Corning and de Gids 1977). 

The r o l e  o f  the  occupant o f  the  b u i l d i n g  on the  a i r  exchange r a t e  cannot be 

overlooked as an energy f low item. Occupant a t t e n t i o n  t o  those house i tems 

c o n t r o l l i n g  v e n t i l a t i o n  i s  c r i t i c a l  here. Quest ions a r i s e :  Are windows and 

doors c losed p rope r l y ,  making f u l l  use o f  l a t c h i n g  mechanisms? Are vents 

p e r i o d i c a l l y  checked f o r  proper c losure?  What are t he  use pa t te rns  o f  vent fans 

i n  bath, k i t c h e n  and window areas? I s  a i r i n g  excessive o r  unnecessary? Thus, 

the  house has a  va r i ab le  leakage r a t e  from the  occupant- r e l a t e d  a c t i v i t i e s  (see 

ch. 11 e, I V  c  and Socolow e t  a l .  1980). 

A  major  concern o f  those who have s tud ied  a i r  i n f i l t r a t i o n  i s  whether 

t i g h t e n i n g  the  envelope o f  e x i s t i n g  s t r uc tu res  o r  improving the  t i gh tness  of new ; 
b u i l d i n g s  w i l l  r e s u l t  i n  indoor  a i r  q u a l i t y  proble!ns. Excessive increases i n  

humid i ty  may be a  warning s i gn  t h a t  v e n t i l a t i o n ,  whether na tu ra l  o r  forced, i s  

inadequate. When mois tu re  l e v e l s  sa tu ra te  b u i l d i n g  ma te r i a l s ,  a d d i t i o n a l  

problems r e s u l t ,  e.g., l o ss  of i n s u l a t i o n s  p rope r t i es ,  r o t t i n g  o f  wood 

s t r uc tu re ,  mold and odour problems, e tc .  For a  f u r t h e r  d iscuss ion  on a i r  

q u a l i t y  problems see ch. Ic .  



- t r a c e r  gas measurements 

i )  p r o p e r t i e s  o f  t r a c e r  gas 

The use of  t r a c e r  gas, as t h e  name i m p l i e s ,  p r o v i d e s  a  method by which t h e  

a i r  i n  t h e  b u i l d i n g ' c a n  be i d e n t i f i e d  so  t h a t  an accoun t ing  can b e  made as t o  

how much o u t s l d e  a i r  rep laces  i t .  T h i s  method i s  then  used t o  measure t h e  

v e n t i l a t i o n  r a t e  i n  b u i l d i n g s  o r  p a r t s  o f  a  b u i l d i n g .  A wide c h o i c e  o f  t r a c e r  

gases i s  a v a i l a b l e ,  b u t  t h e  c h o i c e  i s  s t r o n g l y  reduced when t h e  agreement w i t h  

t h e  f o l l o w i n g  c r i t e r i a  (Bar%yetz i  1977. Honma 1975) i s  checked: 

- t h e  gas c o n c e n t r a t i o n  must be measurable w i t h  good accuracy,  even when h i g h l y  

d i l u t e d  

- t h e  gases p resen t  i n  t h e  i n d o o r  a i r  should  n o t  a f f e c t  t h e  t r a c e r . g a s  a n a l y s i s  

- t h e  gas shou ld  be cheap and e a s i l y  a v a i l a b l e  

- t h e  gas shou ld  n o t  be hazardous when b rea thed  i n  t h e  c o n c e n t r a t i o n s  used f o r  

measurements 

- t h e  gas must n o t  be flammable o r  e x p l o s i v e  

- t h e  gas d e n s i t y  should  be as  c l o s e  as p o s s i b l e  t o  t h a t  o f  t h e  a i r  ( u n l e s s  one 

can demonst ra te  t h a t  t h e  achievment o f  u n i f o r m  m i x i n g  i s  n o t  a  prob lem) 

- t h e  gas shou ld  n o t  be n o r m a l l y  p resen t  i n  t h e  ambient a i r  

The most common cho ices ;  acco rd ing  t o  t h e  p r e v i o u s l y  l i s t e d  c r i t e r i a ,  a r e  

s u l p h u r  h e x a f l u o r i d e  (SF6) and n i t r o u s  o x i d e  ( N p ) ,  a l s o  known as l a u g h i n g  gas. 

i i )  t r i c e r  gas techn iques  

The genera l  e q u a t i o n  o f  c o n c e n t r a t i o n  versus t i m e  o f  a  gas d i l u t e d  i n  t h e  

a i r  o f  a  l i m i t e d  sDace i s :  

C ( t )  = C b +  Ft ( l -exp(-n ' t ) ) / (n 'V)  + Co'exp(-n't) ( I l l e - 1 )  

where 

C ( t )  = c o n c e n t r a t i o n ,  f u n c t i o n  o f  t ime  t ( i n  hours )  

Cb = background c o n c e n t r a t i o n  o f  t r a c e r  gas i n  ambient a i r  
3 F = t r a c e r  gas f l ow ,  m / h  

n  = r a t e  o f  v e n t i l a t i o n ,  a i r  changesfh 

V = volume o f  t h e  space, m 3 

Cg = i n i t i a l  c o n c e n t r a t i o n  o f  t r a c e r  gas 



The r a t e  o f  v e n t i l a t i o n  i s  the  unknown o f  eq. I I I e - 1 ,  which can be solved a f t e r  

i t  has been s i m p l i f i e d  us ing  t h ree  d i f f e r e n t  experimental procedures: 

1) decay technique 

2) constant  f l ow  technique 

3) constant  concent ra t ion  technique 

1) When t he  decay technique i s  appl ied,  a  small q u a n t i t y  o f  t r a c e r  gas i s  

added and mixed w i t h  the  a i r  i n  t he  b u i l d i n g ,  c i r c u l a t i n g  t he  a i r  by waving a  

f i b r e  board sheet, us ing  one o r  more f l o o r  fans, us ing t h e  warm a i r  system i n  

the  home, e t c .  A f t e r  seeding, the  concent ra t ion  decay i s  observed over time. 

If Cb = 0  and s ince F  = 0  dur ing  t he  measurements, eq. 111 e-1 y i e l d s :  

n  = ( I n  C o  - I n  C ( t ) ) / t  (111 e-2) 

The r a t e  of v e n t i l a t i o n  n  represents the  slope of a  s t r a i g h t  l i n e  when I n  C ( t )  

i s  p l o t t e d  aga ins t  t ime.  However, i t  has been demonstrated t h a t  a  more accurate 

way o f  determining t h e  a i r  i n f i l t r a t i o n  r a t e  i s  t o  use the  expression obta ined 

by i n t e g r a t i n g  the  (exponent iated)  eq. 111 e-2 (Sandberg 1982): 

t 
n  = (Co - C ( t ) ) / I o  C ( t ) d t  

where 
t 
lo C ( t ) d t  i s  t he  area below the  concent ra t ion  curve i n  a  ( t ,  C ( t )  ) p l o t .  

The use o f  t r a c e r  gas techniques can i nvo l ve  any th ing  from a  sho r t  term 

check o f  an hour o r  so, t o  long  term mon i to r ing  o f  a  week o r  even a  year o r  

more. For the  shor t  term tes t s ,  t he  de tec to r  can be brought  t o  t he  s i t e  and 

( a f t e r  seeding w i t h  the  appropr ia te  amount o f  t r ace r  gas) t he  concent ra t ion  

decay monitored over a  per iod  o f  two hours. 

Another approach i s  t o  seed and then gather  samples o f  t he  b u i l d i n g  a i r ,  i n  -_ o r  b o t t l e s .  Sampling be fo re  and a f t e r  r e t r o f i t s  can be done i n  t h i s  

manner. These conta iners  a re  then analyzed "back a t  t he  lab" .  Th is  approach 

a l lows sampling a t  a  number of f i e l d  l oca t i ons  (over  t he  same t ime and weather 

pe r i od  i f  des i red)  w i t h  one l abo ra to r y  mainta ined de tec to r .  Add i t iona l  d e t a i l s  

a re  provided on t h i s  technique because o f  i t s  s i m p l i c i t y  i n  the eva lua t i on  o f  

b u i l d i n g  r e t r o f i t s .  The method used i n  t he  case o f  b o t t l e  sampling i s  almost 

i d e n t i c a l  t o  t h a t  used w i t h  t he  bag samples. The step- by step process used i n  

the Nat ional  Bureau o f  Standard study (Grot ,  1979) i s  shown i n  f i g .  111 e-3. 

One v a r i a t i o n  i s  t h a t  t he  t r a c e r  gas, SF6 i n  t h i s  case, may be a l so  provided i n  
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b o t t l e  form together  w i t h  empty sample b o t t l e s .  

One can proceed as fo l lows:  loosening the.cap on t he  SF6 b o t t l e  one'  need 

on l y  walk around t he  house squeezing t he  b o t t l e  t o  achieve seeding of the  SF.. 

Per iods when wind speed tends t o  be low are normal ly  chosen f o r  the  tes t .  

Outside and i n s i d e  temperatures are recorded as we l l  as wind speed. With a  warm 

a i r  system one can use the  furnace blower t o  f i n i s h - t h e  mix ing  process. I f  the  

duc t i ng  system does no t  couple w i t h  t he  ou ts ide  a i r ,  t he  furnace blower may be 

used throughout the  t e s t  per iod.  I f  such coup l ing  i s  suspected, a  measurement 

w i t h  furnace blower on ,  i n t e r m i t t e n t l y ,  o r  on over t he  t e s t  per iod ,  w i l l  

immediately reveal such coup l ing  by r e g i s t e r i n g  an e leva ted  a i r  i n f i l t r a t i o n  

rate.  The n o r m a l  on cyc les  (e.g., 20 minutes ou t  o f  the  hour) o f  the  furnace 

have proven t o  be more than adequate t o  ma in ta in  reasonably un i fo rm gas 

concent ra t ions  i n  the  house. One o r  more f l o o r  fans may be necessary w i t h  

hydronic a r  e l e c t r i c  baseboard heating. 

Fo l low ing  t he  i n i t i a l  m ix ing  per iod ,  b o t t l e s  a re  f i l l e d  every h a l f  hour 

w i t h  r ep resen ta t i ve .a i r  samples ( s i x  numbered b o t t l e s  over 112 hours w i t h  t imes 

noted). Squeezing t he  b o t t l e s  f i r s t  from one s i de  and then 90' away, f o r  t en  

squeezes, f i l l s  the  b o t t l e s  w i t h  room a i r .  One cen t ra l  l o c a t i o n  i n  the  house 

has usua l l y  proven adequate. Return ing the  b o t t l e s  t o  t he  lab ,  by ma i l  i f  

necessary, one i s  ready f o r  ana lys is  us ing the  equipment as shown i n  f i g .  111 

e-4. Each o f  the  b o t t l e s  has a  na tu ra l  rubber gasket and t he  p l a s t i c  cap has 

been d r i l l e d  so t h a t  the  SF6 de tec to r  probe, which i s  adapted t o  a  hypodermic 

needle, can be i nse r t ed  i n t o  t he  b o t t l e  ( t he  gasket ac ts  as a  septum w i t h  many 

reuses poss ib l e ) .  As a i r  i s  withdrawn from the  b o t t l e  a t  a  c o n t r o l l e d  r a t e  (as 

measured by a  s e n s i t i v e  f l ow  meter),  pressure must be exer ted on a  b o t t l e .  t o  

avo id  i n j e s t i o n  o f ,  room a i r .  This i s  achieved by a  weighted clamp. SF6 

concent ra t ions  a re  recorded f o r  each o f  the  s i x  sample b o t t l e s  (double o r  t r i p l e  

readings can a l so  be taken as a  check on poss ib l e  e r r o r )  toge ther  w i t h  the 

noted t ime  and temperature data. A  simple hand- he ld  c a l c u l a t o r  

program prov ides  the  a i r  exchange ra tes  over the  f i v e  per iods.  

Automated mon i to r ing  requ i res  more complex equipment. Such equipment, i f  

i t  uses d i s c r e t e  sampling t o  observe t h e  t r a c e r  gas concent ra t ion  decay, 

requ i res  t h a t  p e r i o d i c a l l y  new t r a c e r  gas must be i n j e c t e d  and t h a t  t he  readings 

must be recorded on a  regu la r  basis. An example of such an automated system 

t h a t  has been developed f o r  a  v a r i e t y  o f  a i r  i n f i l t r a t i o n  measurement 

app l i ca t i ons  i s  shown i n  f ig .  111 e-5 ( H a r r j e  e t  a l .  1975 and 1977) .  The most 

recent  developmet i n  t h i s  type  of equipment uses a  micro-computer t o  c o n t r o l  



Fig. I11 e-4 Equipment f o r  b o t t l e  sample ana l ys i s  f o r  a i r  i n f i l t r a t i o n .  

B o t t l e  squeezer, f l o u  meter, SF6 de tec to r .  
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sampling from a  v a r i e t y , o f  b u i l d i n g  l o c a t i o n s  ( G r o t  e t  a l ,  1980). 

The main advantage of t h e  decay techn ique  i s  i t s  s i m p l i c i t y  b o t h  i n  t h e  

ease of p r e p a r a t i o n  o f  t h e  t e s t  and i n  t h e  a n a l y s i s  o f  t h e  r e s u l t s .  To p r o v i d e  

accura te  r e s u l t s ,  however, un i fo rm m i x i n g  o f  t h e  t r a c e r  gas w i t h  a i r  i n  t h e  t e s t  

volume must be prov ided.  However, t h i s  i s  t r u e  f o r -  a l l  t h r e e  techniques.  

2 )  Another approach u s i n g  t r a c e r  gas u t i l i z e s  a  c o n s t a n t  f l o w  techn ique  

(see  H a r r j e ,  e t  al . ,  1977). Th is  means t h e  t r a c e r  gas i s  s t e a d i l y  i n j e c t e d ,  

the reby  m i n i m i z i n g  m i x i n g  problems between t r a c e r  gas and t h e  house volume under 

measurement. Since t h e  c o n c e n t r a t i o n  i s  n o t  cons tan t ,  a  volume term w i l l  be 

p resen t  and t h e  eq. I 1 1  e-1  becomes: 

c ( t )  = F*(1 - exp(-n't) )/(n'V) 

which y i e l d s :  

n  = F/(C*V) - exp(-n* t ) / (C*V)  

The t i m e  r a t e  o f  t r a c e r  gas c o n c e n t r a t i o n  i s  recorded u s i n g  an a p p r o p r i a t e  

d e t e c t o r .  That p o r t i o n  o f  t h e  record  where t h e  c o n c e n t r a t i o n  changes a r e  smal l  

r e p r e s e n t s  t h e  c o n d i t i o n  where t h e  second te rm i n  eq. I 1 1  e-3 rep resen ts  a  

sma l l  c o r r e c t i o n .  The system can r u n  f o r  days a n d  thus  g i v e  con t inuous  

i n f i l t r a t i o n  measurements. One d isadvantage o f  t h e  system i s  t h a t  l a r g e  changes 

o f  t h e  a i r  i n f i l t r a t i o n  r a t e  w i l l  d r i v e  t h e  gas ana lyze r  o f f  s c a l e  thus  l o o s i n g  

t h e  d a t a  (Sherman e t  a l .  1480). 

As p r e v i o u s l y  d iscussed,  l o n g  term - a v e r a g i n g  o f  a i r  i n f i l t r a t i o n  i s  

necessary f o r  p roper  accoun t ing  o f  assoc ia ted  energy l o s s .  A  s i m p l e r ,  l ow-cos t  

v e r s i o n  o f  t h e  c o n s t a n t  f l o w  system i s ' b e i n g  used t o  meet t h i s  need (Sherman e t  

a l .  1980). The system makes use o f  two sampl ing pumps. One s l o w l y  pumps a  bag 

o f  t r a c e r  gas (SF6) i n t o  t h e  home over  a  p e r i o d  days; ano ther  pump s l o w l y  f i l l s  

a  bag w i t h  house a i r  c o n t a i n i n g  a  r e p r e s e n t a t i v e  c o n c e n t r a t i o n  w i t h i n  t h e  range 

o f  t h e  d e t e c t o r .  Measurements of S F 6  t o  0.001 ppm a l l o w  h i g h  s e n s i t i v i t y  and a  

l a r g e  dynamic range. 
1 

Adding a  m ic ro -p rocessor  t o  a  cons tan t  f l o w  system a l l o w s  adjustment  t o  

a v o i d  t h e  o f f - s c a l e  problem p r e v i o u s l y  mentioned. Grot  e t  d l .  (1980) r e f e r  t o  

"con t inuous  f l o w "  i n f i l t r a t i o n  m o n i t o r i n g  i n  d e s c r i b i n g  t h i s  system. As i n  t h e  

t r a c e r  gas decay automated s y s t e m , t h e  m ic ro -p rocessor  p l a y s  an a c t i v e  r o l e  and 

c a l c u l a t e d  va lues  a r e  s tored.  



Sampling I * 2 

Fig. 111 e-5 ~ u t b m a t e d  a i r  i n f i l t r a t i o n  u n i t  



The main advantage i n  t h e  use of  c o n s t a n t  f l o w  techn ique  i s  t h a t  i t  a l l o w s  

f o r  t h e  c o n t i n u o u s  measurement o f  t h e  a i r  i n f i l t r a t i o n  r a t e ,  whereas t h e  decay 

techn ique  p r o v i d e s . a n  average va lue  o v e r  a  p e r i o d  ( a  p e r i o d  t h a t  can be l e s s  

t h a n  one m inu te ,  however). 

Among t h e  d i sadvan tages  o f  t h e  c o n s t a n t  f l o w  techn ique  one shou ld  men t ion  

t h e  l a r g e r  amount o f  gas consumed d u r i n g  t h e  measurements, and a  requ i remen t  t o  

e s t i m a t e  i n f i l t r a t i o n  r d t e s  t o  keep t h e  t r a c e r  c o n c e n t r a t i o n  l e v e l s  w i t h i n  

s u i t a b l e  bounds. 

3)  The u l t i m a t e  system f o r  a i r  i n f i l t r a t i o n  measurement would m a i n t a i n  a  

c o n s t a n t  c o n c e n t r a t i o n  o f  t r a c e r  gas. T h i s  i s  r e f e r r e d  t o  as t h e  c o n s t a n t  

c o n c e n t r a t i o n  techn ique .  I n  t h i s  case eq. 111 e-1 becomes: n  = FICV. 

However, t h i s  r e q u i r e s  a  feedback- type d e s i g n  where t h e  r a t e  o f  i n j e c t e d  t r a c e r  

gas i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  b u i l d i n g  a i r  exchange r a t e .  

T h i s  i s  a d i f f i c u l t  prob lem t o  so lve.  Developments on such new 

measurements systems have been r e p o r t e d  (AIC 1980). I n  m u l t i - z o n e  b u i l d i n g s ,  

whether  zoned houses o r  more complex s t r u c t u r e s ,  i t  i s  necessary  t o  m a i n t a i n  

c o n s t a n t  c o n c e n t r a t i o n s  t o  ana lyze  mu l t i - chamber  i n t e r a c t i o n s .  Some o f  t h e  

systems a r e  measur ing as many as  t e n  zones s imu l taneous ly .  An a l t e r n a t i v e  

s o l u t i o n  i s  t o  use a  v a r i e t y  o f  t r a c e r  gases and d e t e c t o r s .  

i i i )  measurement equipment and Standards 

A l l  t h r e e  exper imen ta l  procedures p r e v i o u s l y  desc r ibed  need t h e  same b a s i c  

equipment,  n o t  n e c e s s a r i l y  a t  t h e  t e s t  s i t e ,  t h a t  i s :  

- a  c y l i n d e r  w i t h  t r a c e r  gas, p r o v i d e d  w i t h  a  v a l v e  

- a  gas a n a l y z e r  

- tubes  ( r u b b e r  o r  p l a s t i c )  f o r  s u c t i o n  a n d l o r  i n j e c t i o n  o f  gas 

- a  r e c o r d i n g  dev ice ,  o r ,  a t  l e a s t ,  a  watch. 

The gas a n a l y z e r  i t s e l f  i s  by f a r  t h e  most s o p h i s t i c a t e d  p a r t  o f  t h e  

exper imen ta l  apparatus.  F o r  example, t o  d e t e c t  SF6 one v e r s i o n  o f  t h e  

equipment i n c l u d e s  a  p o r t a b l e  gas chromatograph, coupled t o  an e l e c t r o n  c a p t u r e  

d e t e c t i o n  system. The gas chromatograph separates t h e  SFs from o t h e r  

background gases, i n c l u d i n g  oxygen, and t h e  d e t e c t o r  s u p p l i e s  t h e  q u a n t i t i v e  

i n f o r m a t i o n  as t o  t h e  a c t u a l  gas c o n c e n t r a t i o n .  The s e n s i t i v i t y  o f  c u r r e n t  

equipment a l l o w s  c o n c e n t r a t i o n s  be low 0.001 ppm, t h u s  t h e  amount o f  SF 



necessary t o  seed a  t y p i c a l  house i s  l e s s  than  40 cm3 ( H a r r j e  e t  a l . ,  1975). 

Such equipment i s  r a t h e r  expensive. 

I n  c o n t r a s t ,  t h e  gas a n a l y z e r  used w i t h  N20 i s  based on t h e  p r i n c i p l e  of 

measuring t h e  change i n  t h e  i n f r a - r e d  a b s o r p t i o n  c h a r a c t e r i s t i c  o f  t h e  a i r I N 2 J  

m i x t u r e ;  i t  u s u a l l y  works w i t h  t r a c e r  gas c o n c e n t r a t i o n s  up t o  1000 ppm. 

Oe tec to rs  f o r  o t h e r  t r a c e r  gases can use such p r i n c i p l e s  as the rma l  

c o n d u c t i v i t y  o r  chemiluminescence. . I n  genera l  i t  can be s t a t e d  t h a t ' . a l l  

d e t e c t o r s  a r e  o f  comparable c o m p l e x i t y  and c o s t .  

D e t e r m i n a t i o n  o f  t h e  a i r  leakage r a t e  i n  b u i l d i n g  has n e c e s s i t a t e d  t h e  

g e n e r a t i o n  o f  s tandards as t o  methods. I n  t h e  U n i t e d  S t a t e s  such a  s tandard  has 

been developed (ASTM. 1980). ' T h i s  i s  a  " s t a n d a r d i z e d  techn ique  f o r  measur ing a i r  

change r a t e  i n  b u i l d i n g s  under n a t u r a l  m e t e o r o l o g i c a l  c o n d i t i o n s  by t r a c e r  gas 

d i l u t i o n " .  The Standard c a u t i o n s  t h a t  i t  does n o t  cove r  i n d i v i d u a l  b u i l d i n g  

component c o n t r i b u t i o n s  t o  a i r  change r a t e s  and t h a t  a  knowledge o f t h e  

p r i n c i p l e s  o f  gas a n a l y s i s  and i n s t r u m e n t a t i o n  i s  r e q u i r e d .  The Standard p o i n t s  

o u t  t h a t  " c u r r e n t  s t a t e  o f  t h e  a r t  does n o t  possess a n a l y t i c a l  t echn iques  t o  

e x t r a p o l a t e  p r e c i s e l y  measured a i r  change r a t e  t o  m e t e o r o l o g i c a l  c o n d i t i o n s  

d i f f e r e n t  from those p r e v a i l i n g  d u r i n g  measurement". Safety  p r e c a u t i o n s  

concern ing  t h e  maximum a l l o w a b l e  c o n c e n t r a t i u n  o f  t r d c e r  gas a r e  s t ressed .  I n  

o r d e r  t o  i n s u r e  t h a t  maximum c o n c e n t r a t i o n  a l lowances a r e  n o t  exceeded l o c a l l y ,  

t h e  Standard suggests  c o n c e n t r a t i o n s  be t a r g e t e d  no h i g h e r  than  one q u a r t e r  o f  

t h e  maximum. 

The Standard i n d i c a t e s  t h a t  r e l e a s e  of  t h e  gas, i n  o r d e r  t o  i n s u r e  p roper  

m i x i n g ,  i s  d i c t a t e d  by t h e  b u i l d i n g  and a i r  h a n d l i n g  system(s) .  Forced a i r  

systems h e l p  promote good m i x i n g ,  w h i l e  i n  many o t h e r  s i t u a t i o n s  f l o o r  fans must 

be deployed. Homogeneity o f  m i x i n g  determines when sampl ing f o r  a i r  exchange 

r a t e  can begin .  The Standard s t a t e s  t h a t  m i x i n g  i s  s u f f i c i e n t  when samples fran 

a  number o f  l o c a t i o n s  i n  t h e  volume t o  be measured d i f f e r  by l e s s  than  5%. I n  

r e s i d e n t i a l  s t r u c t u r e s  " two o r  more samples f rom w i d e l y  separated l o c a t i o n s  a r e  

requ i red .  I n  m u l t i - s t o r e y  s t r u c t u r e s ,  two w i d e l y  separated samples p e r  f l o o r  

a r e  r e q u i r e d " .  Sampling networks a r e  a l s o  d e s c r i b e d  which a l l o w  one t o  b lend  

a i r  samples p r i o r  t o  c o n c e n t r a t i o n  analyses. 

C a l i b r a t i o n  o f  t h e  gas a n a l y z e r  i s  emphasized i n  t h e  Standard u s i n g  

"s tandard  m i x t u r e s  o f  a t  l e a s t  two d i f f e r e n t  c o n c e n t r a t i o n s  i n  t h e  range 

a n t i c i p a t e d  f o r  t h e  a c t u a l  t e s t ,  un less  manu fac tu re r -s  s p e c i f i c a t i o n  a l l o w  



s i n g l e  p o i n t  c a l i b r a t i o n " .  

According t o  t h e  Standard " i n s u f f i c i e n t  data e x i s t s  f o r  purposes o f  

p r e c i s i o n  and accuracy determinat ion.  A  'reasonable est imate o f  t he  unce r ta i n t y  

i n  a  g iven a i r  change r a t e  de te rmina t ion  i s  o f  t h e  o rder  o f  10% o r  less" .  

Indoor-outdoor temperature d i f f e r e n c e  and wind speed and d i r e c t i o n  a re  'often 

s t rong  f unc t i ons  o f  t he  a i r  change r a t e  and should be taken i n t o  account "when 

i n t e r p r e t i n g  o r  comparing a i r  change r a t e  data". 

- p ressu r i za t i on  o f  b u i l d i n g s  

An approach t o , r a t i n g  t he  t i gh tness  o f  a  b u i l d i n g  envelope makes use o f  

p ressu r i z i ng ,  o r  depressur iz ing,  t he  b u i l d i n g ,  and measuring t he  a i r  exchange 

r a t e  under these a r t i f i c i a l  cond i t ions .  

Several coun t r i es  use t h i s  approach. E f f o r t s  t o  c o r r e l a t e  these 

measurement w i t h  t r a c e r  gas measurements have been made (Blomsterberg and H a r r j e  

1979, Kronva l l  1980, Sherman and Grimsrud.1980, Nylund 1980). Used as a  leakage 

r a t i n g  method, the  p r e ~ s u r i z a t i o n ~ t e c h n i q u e  provides a  pressure vs f l ow  graph 

f o r  t he  b u i l d i n g  be ing  inspected and achieves t h i s  goal i n  minutes. 

This may be done a t  any t ime o f  t h e  year s ince na tu ra l  i n f i l t r a t i o n  on l y  

p lays  a  minor  r o l e  under these a r t i f i c i a l  t e s t  cond i t ions .  For r e t r o f i t  

performance t e s t i n g  t h i s  i s  an important  advantage ( f i g .  I 1 1  e-6). 

A  powerfu l  fan o r  b lower i s  used t o  p ressur ize  o r  depressur ize t he  

s t r uc tu re .  The v a r i a t i o n s  inc lude  fans w i t h  c a l i b r a t i o n  sect ions inc luded and 

o thers  where t he  c a l i b r a t i o n  i s  done i n  the  l abo ra to r y  and fan speeds and 

pressure d i f fe rences  are t r a n s l a t e d  i n t o  a i r  f l ow  ra tes .  Some of t he  designs 

make use o f  the windows as an access p o i n t  whereas o ther  designs use t he  door 

opening as a  means f o r  mounting t he  "blower door". 

Sweden has made use o f  p ressu r i za t i on  techniques t o  mon i to r  t i gh tness  i n  

new housing. These samples p rov ide  data t o  show t h a t  leakage does n o t  exceed 

the  t h ree  ACH "standard"  a t  50 Pa pressure d i f f e rence  l e v e l  t o  r a t e  houses 

a l though i t  i s  recognized t h i s  cond i t i on  i s  f a r  removed from any na tu ra l  weather 

e f f ec t s .  
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Fig. 111 e-6 A i r  Leakage vs pressure d i f f e rence  i l l u s t r a t i n g  

steps t o  reduce a i r  i n f i l t r a t i o n .  



One such equipment des ign,  t h e  B lower  Door, i s  shown i n  f i g .  111 e-7. An 

i m p o r t a n t  f e a t u r e  t h a t  was p r e v i o u s l y  ment ioned i s  t h a t  n o t  o n l y  can t h i s  

approach p o i n t  ou t  when a h o m e  i s  t o o  l e a k y  and m o n i t o r  t h e  improvements, i t  can 

a l s o  p o i n t  o u t  when t h e  house i s  t o o  t i g h t .  

Values o f  t i g h t n e s s  approaching t h e  Swedish Standard mean t h a t  forced 
' v e n t i l a t i o n .  i s  necessary t o  a v o i d  problems o f  i n d o o r  p o l l u t i o n  and excess ive  

mo is tu re .  

F o l l o w i n g  t h e  p roposa l  f o r  t h e  f o r m u l a t i o n  o f  a  Standard (SP 1977),  some 

. f u r t h e r  i n f o r m a t i o n  i s  h e r e  g i ven ,  b o t h  on t h e  c e s t  equipment and c o n d i t i o n s :  

t h e  fan must be c o n t r o l l a b l e  and have s u f f i c i e n t  c a p a c i t y  t o  produce a  55 Pa 

p r e s s u r e  d i f f e r e n c e  

a  f l ow  meter  t o  measure t h e  a i r  f l o w  th rough  t h e  fan i s  r e q u i r e d  ( c a l i b r a t e d  

u n i t s  such as t h e  b lower ,  doo r  use rpm t o  de te rm ine  a i r  f l o w )  

a  micromanometer f o r  measur ing p r e s s u r e  d i f f e r e n c e s  between 0  and 55 Pa w i t h  

an accuracy o f  2 Pa i s  r e q u i r e d  

t h e  fan and f l o w  mete r  shou ld  be a b l e  t o  be reve rsed  

t h e  i n d o o r  and o u t d o o r  tempera tu res  shou ld  be measured, a l o n g  w i t h  t h e  w ind  

d i r e c t i o n  and v e l o c i t y .  Ext remal  va lues  f o r  p e r f o r m i n g  t h e  t e s t  a r e  8 m/s f o r  

wind v e l o c i t y  and 30 K  f o r  t h e  tempera tu re  d i f f e r e n c e  

a l l  v e n t i l a t i o n  openings should  be sea led  b e f o r e  t h e  t e s t  ( i n c l u d i n g  

f i r e p l a c e s  and d r a i n  t a p s ) .  I n  c o n t r a s t ,  the.U.S. t e s t i n g  has a l l owed  v e n t s  

and s t a c k s  t o  remain open s i n c e  n a t u r a l  v e n t i l a t i o n  takes  p l a c e  t h r o u g h  these  

openings. T h i s  shou ld  be t a k e n  i n t o  account  i n  comparing t i g h t n e s s  va lues  

f rom one c o u n t r y  t o  t h e  o t h e r .  

a l l  doo rs  and windows f a c i n g  o u t s i d e  shou jd  be c l o s e d  

a l l  i n t e r n a l  doo rs  shou ld  be kep t  open d u r i n g  t h e  t e s t .  

I t  shou ld  be a l s o  t a k e n  i n t o  account t h a t  t e s t s  ber formed w i t h  ove r  

p r e s s u r e  i n  t h e  b u i l d i n g  w i l l  g e n e r a l l y  g i v e  d i f f e r e n t  (and o f t e n  h i g h e r )  a i r  

change r a t e s  compared t o  t e s t s  when t h e  b u i l d i n g  i s  underp ressu r i zed .  A  canmon 

s o l u t i o n  i s  t h a t  o f  t a k i n g  t h e  average o f  t h e  two r e s u l t s .  F i n a l l y ,  c o r r e c t i o n s  

shou ld  be made on t h e  volume f l o w  due t o  i n d o o r  and ou tdoor  tempera tu res  

( K r o n v a l l  , 1980). 

The l o c a t i o n  o f  a i r  i n f i l t r a t i o n  s i t e s .  makes use o f  t h e  a b i l i t i e s  t o  

p r e s s u r i z e  and d e p r e s s u r i z e  t h e  house. Us ing  p r e s s u r i z a t i o n  i n  t h e  l i v i n g  space 

and f o r c i n g  warm a i r  i n t o  t h e  a t t i c  ( h e a t i n g  season example)' one can use - i n f a r e d  
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scanning t o  d e t e c t  t h e  leakage s i t e s .  O f ten  these  l o c a t i o n s  a r e  assoc ia ted  w i t h  

plumbiny and e l e c t r i c a l  p e n e t r a t i o n s  o f  t h e  envelope. However, even i n t e r i o r  

p a r t i t i o n s  can l e a k  a i r  t o  t h e  a t t i c .  D e p r e s s u r i z i n g  t h e  house draws c o l d  a i r  

th rough  c racks  i n  t h e  envelope, as shown i n  f i g .  Ill e-8a and 8b, these  hea t  

leakage areas a r e  the  r e s u l t  o f  c o l d  a i r  moving i n t o  t h e  w a l l s  ( f i g .  8a)  o r  

ac ross  t h e  c e i l i n g  between f l o o r s  ( f i g .  8 b ) ( R u r i e l  and Rudy, 1980). These a r e  

o f  course j u s t  two i l l u s t r a t i o n s  of hea t  leaks.  Many o f  t h e  leakage s i t e s  

l i s t e d  i n  Tables 111 e-1 and 2  can be e a s i l y  de tec ted  w i t h  i n f r a r e d .  A  handbook 

has been produced i l l u s t r a t i n g  such leakage problems ( P e t t e r s s o n  and Axen 1980). 

Where temperature d i f f e r e n c e s  a r e  inadequate f o r  proper  i n f r a r e d  scanning 

( l e s s  than  5 K), one can s u b s t i t u t e  smoke t r a c e r s  t o  seek o u t  l eaks .  I f  one 

p r e s s u r i z e s  t h e  house, any l e a k  causes the  smoke t o  stream toward t h e  opening. 

The smoke t r a c e r s  work w e l l  i n  e v a l u a t i n g  window leak s i t e s ,  a  l o c a t i o n  where 

i n f r a r e d  scanning i s  sometimes d i f f i c u l t  because o f  e m i s s i v i t y  v a r i a t i o n  o f  t h e  

m a t e r i a l s  i n v o l v e d  (a lumin ium,  g l a s s ,  p l a s t i c ,  etc.)  

If t h e  g e n e r a t i o n  of an indoor  a i r b o r n e  p o l l u t a n t  i s  known over  t ime ,  i t  

may be used as a  n a t u r a l  t r a c e r  f o r  d e t e r m i n i n y  a i r  i n f i l t r a t i o n .  Radon may 

o f f e r  t h i s  o p p o r t u n i t y .  C02 generated by t h e  occupants may a l s o  h o l d  o u t  

p o s s i b i l i t i e s  ( T u r i e l  and Rudy, 1980). Indeed, t h e  proposed new ASHRAE 

v e n t i l a t i o n  g u i d e l i A e s  a l l o w s  a  c h o i c e  as t o  when t o  supply  o u t s i d e  a i r  based 

upon s t a y i n g  below p r e s c r i b e d  p o l l u t a n t  c o n c e n t r a t i o n s .  M o n i t o r i n g  i s  o f  course 

necessary i n  t h i s  approach. 

Use of methods t h a t  would i n t e g r a t e  t h e  e f f e c t  o f  a i r  exchange r a t e  over  

t i m e  c o u l d  prove u s e f u l  i n  p r o v i d i n g  an average a i r  exchange r a t e  b e f o r e  and 

a f t e r  a  r e t r o f i t .  One s imp le  i n j e c t i o n  - c o l l e c t i o n  techn ique  has a l r e a d y  been 

desc r ibed .  Remember, however, f o r  t h i s  techn ique  t o  work t h e  g e n e r a t i o n  r a t e  

and e x t i n c t i o n  of t h e  p o l l u t a n t  must be a  c o n s t a n t  o r ,  a t  t h e  ve ry  l e a s t ,  f o l l o w  

a  w e l l - p r e s c r i b e d  p a t t e r n .  Fo r  radon t h i s  i s  n o t  l i k e l y  as radon ou tgass ing  

f rom s o i l  i s  w i d e l y  v a r i a n t .  



Fig. I11 e-8a Heat Leakage path from a t t i c  

shoun behind i n t e r i o r  wa l l .  

Fig. 111 e-8b Heat Leakage from across c e i l i n g  

(betueen 1s t  and 2nd f l o o r )  - a l so  

shoun as heater  duct path. 
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111 f Energy conversion and energy f l ow  i n  heat ing systems 

- general i n t r o d u c t i o n  

This chapter  analyzes the measurement o f t h o s e  q u a n t i t i e s ,  r e l a ted  t o  the  

energy conversion and d i s t r i b u t i o n  i n  heat ing systems, which are p a r t i c u l a r l y  

re levant  f o r  the  r e t r o f i t  e f f e c t  evaluat ion.  

Measurements o f  the energy conversion e f f i c i e n c i e s ,  def ined i n  ch. I d, 

a re  always very important ,  whether the  heat ing system has been r e t r o f i t t e d  o r  

no t .  Whenever the  heat ing demand o f  a  b u i l d i n g  has been d imin ished,  f o r  

, example, by improving the  i nsu la t i on ,  the  capaci ty  o f  the  e x i s t i n g .  heat  

generat ing equipment ( b o i l e r  t burner)  becomes excessive. Consequently, the  

e f f i c i e n c y  o f  the  heat ing  system w i l l  genera l l y  decrease. Furthermore, the  

d i s t r i b u t i o n  of heat t o  the i n d i v i d u a l  rooms o r  dwe l l ings  w i l l  be a l t e red ,  and 

may become inadequate f r a n  the  comfor t  p o i n t  o f  view. 

The above cons idera t ions  p o i n t  out  the  need f o r  r ead jus t i ng  the  heat ing  -- 
system capac i ty  and con t ro l s  i n  o rder  t o  ob ta i n  a  f u l l  bene f i t  both energy- wise 

and comfor t -  wise, from house r e t r o f i t s .  

The measurement of energy d i s t r i b u t i o n  i n  a  heat ing system may be important  

i n  the  f o l l o w i n g  types o f  i n v e s t i g a t i o n :  

1) s tud ies  on the  behaviour o f  occupants 

2) s tud ies  on the  con t ro l  system 

3) v a l i d a t i o n  of computer models i n  which the  heat ing demand o f  each dwe l l i ng '  

o r  room i s  ca lcu la ted .  

4 )  assessment of the  e f f ec t s  o f  r e t r o f i t s  (e.g., i n s t a l l a t i o n  o f  thermosta t i c  

r a d i a t o r  valves)  on the  heat ing system. 

I A general c l a s s i f i c a t i o n  o f  the  types o f  measurement of i n t e r e s t  i s  shown 

i n  f i g .  I 11  f-1 and Table I 11  f-1. The aim of the  i n v e s t i g a t i o n  w i l l  determine: 

1) the type'  o f  measurements 

2) t he  du ra t i on  and sampling t ime of t he  measurement 



111 f- 2 

A Measurement o f  t h e  t o t a l  energy consumption 

B Measurement o f  t h e  t o t a l  energy consumption and 

heat  supply t o  the  d u e l l i n g ( s )  

B I 

1 d u e l l i n g  

B 1 1  a 

n d u e l l i n g s  

B I 1  b 

each d u e l l i n g  

C Measurement o f  t h e  t o t a l  energy consumption, heat  supply 

t o  each d u e l l i n g  and heat  supply t o  each room 

C I 

m rooms 

F i g .  111 f - I  

C I 1  m rooms 

Schematical  d i v i s i o n  o f  t h e  measurements 



TABLE 111 f - 1  

P o s s i b l e  measurements on h e a t i n g  systems, depending on t h e  aim o f  t h e  s tudy  

a im o f  . the i n v e s t i g a t i o n  t y p e  o f  measurements d u r a t i o n  Maximal 

o f  t h e  sampl ing 

A1 A11 B I  B I I a  B l l b  C I  C I l  i n v e s t i g a t i o n  t i m e  - 
t o t a l  di;ect e f f e c t +  112 112 

i n d i r e c t c o n s e r v a t i o n +  t t t t t t t t iea t ing  h e a t i n g  

occupant  i n f l u e n c e  season season 

measurement o f  b o i l e r  - - t t  t t t  

e f f i c i e n c y  

measurement o f  hea t  - t -  + t t  

supp ly  t o  a  d w e l l i n g  

occupant behav iou r  i n  - - t - t t t 

a  d w e l l i n g  

occupant  behav iou r  i n  - - - - - t +  

a  room 

1 month 

measurement o f  separa te  

e f f e c t s  o f  d i r e c t  and - - -  - - t t 

i n d i r e c t  c o n s e r v a t i o n  

check on c o n t r o l  system - - t t t t t 1 week 1  m i n u t e  

o p e r a t i o n  

check on dynamic one- - - t t t t t 1 hour  

room d w e l l i n g  model 

check on dynamic m u l t i -  - - t - t + + 
room d w e l l i n g  model 

N o t a t i o n  as i n  f i g .  I 1 1  f - l  t f e a s i b l e  measurement 

- n o t  f e a s i b l e  measurement 



- energy consumption 

To determine t h e  energy convers ion o f  t h e  b o i l e r ,  t h e  measurement o f  t h e  

energy supply  as a f u n c t i o n  o f  t i m e  i s  always necessary. The measurement o f  t h e  

energy supply  w i l l  be d iscussed f o r  each t y p e  o f  f u e l .  The h e a t i n g  v a l u e  o f  t h e  

f u e l  has always t o ~ b e  known. 

The supply  o f  e l e c t r i c  energy can be measured w i t h  a kwh meter  ( a l i o  c a l l e d  , , 

e l e c t r i c i t y  meter) .  E l e c t r i c i t y  meters a r e  e l e c t r o -  mechanical dev ices,  which 

m u l t i p l y  c u r r e n t  and v o l t a g e  i n  phase and then  i n t e g r a t e  t h e  r e s u l t .  They can 

i n  general be bought from t h e  l o c a l  E l e c t r i c i t y  Board, r e c o n d i t i o n e d  meters can 

a l s o  be found. C a l i b r a t i o n  can be pe;formed by t h e  l o c a l  e l e c t r i c i t y  board, o r ,  

d i r e c t l y ,  u s i n g  a dynamometer. For cont inuous record ings  opto-  e l e c t r o n i c  

dev ices,  as f o r  gas meters,  can be used. The accuracy i s  about 2 g depending on 

t h e  s t a t u s  o f  t h e  kWh meter. 

If e l e c t r i c i t y  is ,measured i n  o r d e r  t o  determine t h e  hea t  emiss ion o f  an 

e l e c t r i c  t e r m i n a l ,  and t h e  heat emiss ion i s  cons tan t  w i t h  t ime,  i t  s u f f i c e s  t o  

measure t h e  on- t i m e  w i t h  an e l e c t r i c  hour o r  m inu te  counter .  The accuracy i s  

about 2%. 

Whenever a rough e v a l u a t i o n  o f  o i l  consumption i s  r e q u i r e d ,  t h i s  can be - 
determined u s i n g  a measuring beaker o r  tank. F o r  more accura te  measurements, 

volume f low meters e s p e c i a l l y  designed f o r  o i l  a r e  a v a i l a b l e ,  hav ing an accuracy 

o f  2 t o  5%. For  con t inuous  record ings  semi- p o s i t i v e  d isp lacement  meters a r e  

w i d e l y  used, because t h e y  a r e  cheap, robus t ,  and accurate.  

Gas meters p rov ided  by t h e , l o c a l  Gas Supply a u t h o r i t i e s  a r e  g e n e r a l l y  o f  - 
t h e  r e c i p r o c a t i n g  diaphragm type,  and h a v e a  mechanical meter. For cont inuous 

record ing ,  they  can be mod i f ied  us ing  opto-  e l e c t r o n i c  dev ices  t h a t  can read t h e  

number o f  r e v o l u t i o n s  o f  t h e  d i a l  mechanism by c o u n t i n g  t h e  r e f l e c t i o n s  from 

p a i n t e d  marks o r  t h e  passage o f  ho les d r i l l e d  i n  t h e  d isc .  S ince gas i s  a l s o  

used, i n  some cases, f o r  s a n i t a r y  water h e a t i n g  and cooking,  an e x t r a  meter 

c o u l d  be needed. 

The accuracy o f  gas meters ranges from 2 t o  5% depending on, among o t h e r  

t h i n g s ,  t h e  v a r i a t i o n  i n  gas temperature. Whenever t h e  gas meter  cannot be 

app l ied ,  t h e  gas consumption may be determined by measuring t h e  on- t ime o f  t h e  

b o i l e r .  By runn ing  t h e  b o i l e r  a t  f u l l  l o a d  f o r  a  c e r t a i n  t ime ,  t h e  r e l a t i o n  



between gas consumption and t i m e  can be determined. The e lapsed t i m e  can be 

measured by  an hour  o r  m inu te  c o u n t e r  opera ted  by  t h e  space the rmos ta t  o r  t h e  

b o i l e r  t he rmos ta t .  

The mass o f  coa l  used over  a , g i v e n  p'er iod can be determined by  weigh ing.  - 
Spec ia l  a t t e n t i o n  must be g i v e n  t o  t h e  d e t e r m i n a t i o n  o f  t h e  h e a t i n g  va lue  o f  

coa l .  Cont inuous r e c o r d i n g  i s  imposs ib le .  The accuracy ranges f rom 5 t o  la. 

The mass o f  wood used ove r  a  g i v e n  p e r i o d  can be de te rm ined  by  weigh ing.  - 
The h e a t i n g  va lue  o f  wood depends on t h e  t y p e  o f  wood and i t s  water  c o n t e n t ,  and 

i s ,  t h e r e f o r e ,  ha rd  t o  determine.  The same prob lem i s  encountered when waste - 
: ~ r o d u c t s  a r e  burned. 

- energy convers ion  i n  t h e  b o i l e r  

The energy c o n v e r s i o n  e f f i c i e n c y  o f  t h e  b o i l e r  ( b r  fu rnace)  can be d e f i n e d  

by two d i f f e r e n t  parameters :  

i )  s t e a d y - s t a t e  e f f i c i e n c y  

i i )  e f f i c i e n c y  o f  use (average o r  c y c l i c  e f f i c i e n c y )  

i )  s teady  s t a t e  efficient) 

The s t e a d y - s t a t e  e f f i c i e n c y  o f  a  b o i l e r  i s  g i v e n  by  (see eq. I d-2) :  

II = (H,-H4)/Ui (111 f -1)  

where 

HI = e n t h a l p y  o f  heated f l u i d  l e a v i n g  t h e  b o i l e r  

H4 = e n t h a l p y  o f  heated f l u i d  e n t e r i n g  t h e  b o i l e r  

Q i  = hea t  c o n t e n t  o f  f u e l  

o r  as  

n = 1- Q . / Q .  - (H f  - Ha)/Qi 
J 1 

where 

Q .  = c o n v e c t i v e  and r a d i a t i v e  hea t  l o s s e s  f rom t h e  hea t  g e n e r a t o r  
J 

Hf = e n t h a l p y  o f  combust ion gases and vapour e n t e r i n g  t h e  chimney 

Ha = e n t h a l p y  o f  a i r  e n t e r i n g  t h e  b o i l e r  

The t e r m  Qj/Qi i s  o f t e n  denoted by  L .  ( t h e  j a c k e t  l o s s  f a c t o r ) ,  w h i l e  t h e  te rm 
J 



(Hf-Ha)/Qi ( t h e  f l u e  l oss  f ac to r )  i s  denoted by Lf. The l a t t e r  i s  p a r t l y  due t o  

incomplete combustion, and i s  o f ten  f u r t h e r  d i v i ded  i n t o  Lint ( t h e  incomplete 

combustion l oss  f a c t o r ) ,  and LC, t he  remainder o f  L f  ( t h e  chimnev l oss  f a c t o r ) .  

Thus, L,=Lf-Lint. The e f f i c i ency  can now be w r i t t e n :  

n =  1- L j -  L C -  Lint (111 f -2)  

The two expressions 111 f-1 and 111 f - 2  correspond t o  two d i f f e r e n t  ways t o  

determine t h e  steady-state e f f i c i e n c y  o f  a b o i l e r :  

- d i r e c t  balance method 

- i n d i r e c t  balance method 

Whenthe d i r e c t  balance method i s  used, one s t a r t s  by expressing H, and H4 

of eq. 111 f-1 as: 

HI = 6 c p  i TI d t  = c  m T 
P 1 

and 

H 4 = j c p  r i  T q d t  = c p m  T4 

where 

i = mass f low r a t e  o f  heated f l u i d  

c p  = heat capac i ty  per  u n i t  lnass of heated f l u i d  

TI = temperature o f  f l u i d  l eav ing  t he  b o i l e r  

To = temperature o f  f l u i d  e n t e r i n g  the  b o i l e r  

and 

Qi = 1ii H d t  = m.. H 
1 

where 

mi = mass of f ue l  

H =.heat con ten t  of f ue l  

The supply water ( o r  a i r )  temperature (TI) and t he  r e t u r n  water ( o r  a i r )  

temperature (To) should be measured, as we l l  as t he  q u a n t i t y  o f  water ( o r  a i r ) ,  

m, f low ing  through t he  b o i l e r  and t he  quan t i t y  o f  f ue l ,  mi. F l u i d  temperature 

measurements and f low-  r a t e  measurements a re  discussed separate ly  i n  o the r  

sec t ions  o f  t h i s  chapter .  

When t h e  i n d i r e c t  balance method i s  app l ied ,  the  b o i l e r  e f f i c i e n c y  i s  

i n d i r e c t l y  determined through i t s  energy losses  (see eq. I11 f -  2) .  Since f o r  

tuned- up heat  generators the' losses due t o  incomplete combustion a re  gene ra l l y  



n e g l i g i b l e ,  i t  i s  poss ib le  t o  apply a  formula (Gumz 1962), v a l i d  f o r  complete 

combustion, f o r  the  c a l c u l a t i o n  of LC: 

LC = (A t B/C02 t C*W)'(Tf - Ta) ( % )  
where 

Tf = f l u e  gases temperature 

Ta = a i r  temperature 

CO = volume content  o f  carbon d i ox i de  i n  % 2  
W = mass water content  o f  f ue l  per  u n i t  mass o f  f ue l  

and 

A,B, and C a re  constants, depending on one o r  more o f  the  va r i ab les  canpos i t ion  

and mass o f  the  f l u e  gases, s p e c i f i c  heat of water and a i r  (dependent on t he  

temperature), enthalpy content o f  the  f l u i d  (temperature dependent), e tc .  For 

o i l .  t he  f o l l ow ing  average values have been.given (Gumz 1962):A- 0.0064. 8.0.49, 

and C= 0.0044. 

For s o l i d  and l i q u i d  fuels,  the  C02 and O 2  volume contents a re  r e l a t e d  by 

( w i t h  an e r r o r  o f  a  few per cent, f o r  gas the  a p p l i c a t i o n  o f  t h i s  r e l a t i o n  may 

r e s u l t  i n  e r r o r s  o f  20 % o r  more): 

C02 = ( 1  -02/20.8)+(C02) max 

where (C02) max i s  t he  maximum volume content ,of CO 
2' 

The quant i tyn,  = 1 - L C  i s  o f t en  re fe r red  t o  as "combustion e f f i c i e n c y " .  

Summing up, the  q u a n t i t i e s  which have t o  be measured are: 

- a i r  temperature 

- f l u e  gases temperature 

- C02 o r  02  content  i n  f l u e  gases 

For temperature measurements see f o l l ow ing  sect ions i n  t h i s  chapter.As fo r  

t he  C02 content ,  the  f o l l ow ing  methods can be employed f o r  the ana l ys i s :  

- chemical methods (Orsat  measurement equipment, po r t ab le  absorpt ion analyzers)  

- phys ica l  methods ( conduc t i v i t y  method, paramagnetic method' ( f o r  02!, i n f r a r e d  

method ( f o r  GO), etc.) 

The Orsat equipment i s  no t  s u i t a b l e  f o r  quick analyses i n  t he  f i e l d .  On 

the  o ther  hand, the  po r t ab le  analyzer, based on the  absorpt ion o f  C02 ( o r  02) 

by a so l u t i on ,  provides a  r a p i d  a n d s u f f i c i e n t l y  r e l i a b l e  in format ion.  The most 



s u i t a b l e  inst ruments are, however, the  so c a l l e d  f u e l -  e f f i c i e n c y  moni tors 

(FEM), which a l l o w  t h e  instantaneous measurement o f  both f l u e  gases temperature 

and 0 2  content  by means o f  e l e c t r i c  transducers. 

The j acke t  loss  f a c t o r  (L . )  can  be est imated from Table 111 f-2 as a  
J 

f unc t i on  of the  b o i l e r  nominal power Qn (Andre in i  and P i e r i n i ,  1980). 

TABLE 111 f-2 

Jacket  l oss  f a c t o r  a t  f u l l  load f o r  small b o i l e r s  

i i )  e f f i c i e n c y  o f  use 

Since t he  e f f i c i e n c y  o f  use i s  no t  constant  i n  the  heat ing  season, i t  

should be determined a t  d i f f e r e n t  loads. Accuracy o s c i l l a t e s  between 2 and 10% 

depending on t he  p r e c i s i o n  of the  measuring devices used. If the  volume f low o f  

the  heat ing  medium cannot be measured, the  e f f i c i e n c y  o f  use may be de r i ved  from 

the  degree o f  use o f  the b o i l e r  and from values o f  the  e f f i c i e n c y  o f  use 

determined i n  a  l abo ra to r y  as a  f unc t i on  o f  load.  

The degree o f  use i s  t he  f r a c t i o n  o f  t ime i n  which the  b o i l e r  i s  used a t  

f u l l  load. The de termina t ion  o f  the  e f f i c i e n c y  o f  use i n  t he  f i e l d  can be 

c a r r i e d  out  us ing  a  method ( D i t t r i c h  1972) ( d i r e c t  method), which requ i res  t he  

measurement o f  e f f i c i e n c y  and standby losses. 

Standby losses can be measured by channel ing t he  .water f l ow  from the  b o i l e r  

through an i nsu la ted  bypass c lose t o  the  b o i l e r .  Therefore, heat i s  de l i ve red  

by the  b o i l e r  on l y  t o  ma in ta in  t he  water temperature o f  t he  b o i l e r  and t he  

energy consumption i s  equal t o  the  standby losses. 

The measurements must be done a t  the  normal opera t ing  temperature. The 

standby losses, LS, w i l l  be expressed as a  percentage o f  t he  f u l l  l oad  o f  t he  

b o i l e r .  I f  t he  fue l  supply i s  constant  i n  t ime then: 



L s  = (burner  "on" t ime/  t o t a l  time)'100 

The e f f i c i e n c y  o f  use i s  now (Uyttenbroek, 1980): 

nu = ( 1  - L s / B ) / ( l  - Ls/100) 'nd 
where . 
B = degree o f  use i n  % o f  t ime o f  t he  heat ing  season 

q = b o i l e r  e f f i c i e n c y  (determined through t he  d i r e c t  method) 

nu = e f f i c i e n c y  o f  use 

Th is  method i s  s u i t a b l e  f o r  b o i l e r s  opera t ing  a t  constant  supply water 

temperature, bu t  cannot be app l ied  t o  b o i l e r s  c o n t r o l l e d  by a room thermostat. 

l n  general,  experimental data i n d i c a t e  t h a t  t he re  i s  a small d i f f e r e n c e  between 

e f f i c i e n c y  of use and steady-state e f f i c i ency  above a degree o f  use o f  30%. 

For a lower degree o f  use a g rea ter  d i f f e rence  can be expected. I n  many. 

coun t r i es  an average B value o f  304 over t h e  heat ing  season i s  normal. A f t e r  a 

r e t r o f i t ,  B w i l l  be even lower. Therefore t he  e f f i c i ency  o f  use w i l l  decrease. 

Fig. I I I f - 2  (Bergen, 1980) shows t y p i c a l  curves of e f f i c i e n c y  vs. load, fo r  

th ree  types of b o i l e r s .  Special a t t e n t i o n  must be pa id  i n  t he  f o l l o w i n g .  

s i t u a t i o n s :  

1 )  per iods  w i t n  a B value l e s s  than 30%; 

2)  modulat ing burners f o r  decreasing B values w i l l  show: lower nu f o r  induced 

draught  burner  and h i ghe r  f o r  v e n t i l a t o r  burner  (Angles io,  1980); 
U 

3) v e n t i l a t o r  burnzr  d i t h  condensation: f o r  lower water temperature h i g h e r q  . 
U 

- enerpy f l o w  i n  water  hea t ing  systems 

The t o t a l  heat  supply t o  t he  p i p e s c a n  be der ived  by measuring t he  water 

volume f l o w  and t he  temperature increase across the  b o i l e r .  Such measuring 

equipment i s  a l ready inc luded i n  some i n s t a l l a t i o n s  f o r  c o l l e c t i v e  heating. I n  

such cases water heat f l o w  meters are used. Techniques f o r  measuring volume 

f low and temperature separa te ly  a re  described below. 

For volume f l ow  measurements, volume f low meters i nse r t ed  i n  t he  water 

d i s t r i b u t i o n  system are  used. This imp l ies  t h a t  an e x t r a  f low res is tance  i s  

introduced, which reduces t he  water f low ra te .  To l i m i t  t h i s  e f f e c t  a type  of '  



f l ow  meter w i t h  low res is tance  should be chosen.. I t  i s  poss ib le ,  however, t o  

compensate t he  pressure l oss  due t o  t he  volume f l ow  meter by inc reas ing  t he  pump 

head. One may than proceed as f o l l ows :  

1) measure the  water temperature d i f f e r e n c e  ( A T )  across t he  b o i l e r  arid the  

ou t f l ow ing  water temperature (TI) (e.g., by a  thermometer p laced i n  t he  b o i l e r )  

when t he  b o i l e r  i s  on; 

2 )  f i t  the  volume f l ow  meter i n  t he  r e t u r n  p i p e  upstream the  pump; 

3) keep t he  b o i l e r  on u n t i l  the  water temperature has reached t he  value TI 

again. Measure AT once more and regu la te  t he  pump pressure by vary ing  i t s  speed 

or.by bypass regu la t i on ,  u n t i l  t he  pressure regains t he  same value as before. 

By us ing  t h i s  procedure t he  pressure l o s s  over the  f l ow  meter i s  

compensated on ly  f o r  one g iven volume f low. D i f f e r e n t  water f low ra tes  cause 

d i f f e r e n t  pressure losses  and, consequently, r e q u i r e  a  d i f f e r e n t  pump head. By 

s e t t i n g  t he  r a d i a t o r  valves i n  the normal pos i t i ons ,  the measuring e r r o r  due t o  

pressure l o s s  across the f low meter i s  minimized. I n  order t o  compensate such 

pressure l oss  c o r r e c t l y  i n  a l l  circumstances, a  second pump connected i n  se r i es  

w i t h  t he  volume f l ow  meter may be used (see f i g .  I 1  1  f -3 ) .  The number of 

r evo lu t i ons  of the  pump i s  always c o n t r o l l e d  i n  such a  way t h a t  the  pressure 

d i f fe rence across f low meter and pump remains zero. 

The accuracy of volume f l ow  meters i s  about 2 t o  . lo%, depending on t he  

minimal volume f l o w  rate.  Since the  water d i s t r i b u t i o n  system i s  o f t e n  very 

d i r t y ,  i t  should be poss ib l e  t o  c lean  the  volume f l ow  meter du r i ng  opera t ion  of 

the  heat ing  p l a n t  o r  t o  i n s t a l l  a  f i l t e r  upstream the  measuring device. 

Dur ing temperature measurements i n  the  w a t e r  d i s t r i b u t i o n  system, the  

temperature o f  ho t  water f l ow ing  through a  p i pe  i s  no t  constant  over the  p ipe  

sec t i on  because o f  c o o l i n g  down a t  the  p i pe  wa l l .  The h ighes t  temperature may 

be expected i n  t he  cen t re  o f  the  p i pe  (see f i g .  I 1 1  f-4). 

For exact measurements of the  water temperature, a  sensor i s  p laced i n  the  

pipes. By producing a  s t rong  t u rbu len t  f low a t  the  sensor, the  temperature 

g rad ien t  becomes smal ler  and a  more accurate measurement i s  obtained. A more 

homogeneous temperature d i s t r i b u t i o n  may be expected i f  the  p ipe  i s  i nsu la ted  

e x t e r n a l l y  upstream over a  g rea t  length,  thus decreasing the  coo l i ng  down a t  the  

p i p e  wa l l .  I n  t h i s  case, i t  i s  s u f f i c i e n t  t o  measure t he  temperature o f  the  



ou ts i de  p i pe  surface underneath t he  i nsu la t i on .  If a thennometer socket i s  

used, i t  i s  i n  small  d iameter  p ipes usua l l y  p laced i n  a bend (see f ig .  111 

f -4) .  The sensor must be placed as f a r  as poss ib l e  i n t o  t he  socket. If 

thermocouple w i re  i s  used, ga lvan ic  con tdc t  should be avoided. I t  i s  

recanmended t o  k i n k  t h e  thermocouple w i r e  a couple.of  t imes before b r i n g i n g  i t  

i n t o  t he  socket, t o  prevent  heat conduction through t h e  supply wires t o  t he  

thermocouple (see f ig .  I 1 1  f-4). 

I f  the  temperature i s  measured by means of thermocouples a t  t he  pipe, f i r s t  

i n s u l a t e  t h e  p i pe  w i t h  tape, then p lace  the  thermocouple and wind t he  w i re  a 

couple o f  t imes around the  p ipe,  cover once more w i t h  i n s u l a t i n g  tape and 

f i n a l l y  i n s u l a t e  t he  pipe. 

Uhen measuring the  heat emission from terminals,  t he  f o l l ow ing  general 

r e l a t i o n  holds f o r  t he  heat emission of a r a d i a t o r  o r  convector :  

6 . K* =  AT*^ (111 f -3)  

where 

0 = d i f fe rence between themean te rmina l  temperature and t h e  room temperature 

m = mass f l o w  through r a d i a t o r  o r  convector 

AT = temperature d i f fe rence between supply and r e t u r n  water 

c = heat capac i ty  pe r  u n i t  mass o f  water 

q = heat  emission 
B K = nominal heat emission for r a d i a t o r  o r  convector (WIK ) 

0 = exponent, usua l l y  t ak i ng  a value around 1.3 

For e we may use 

8 = (Ts + Tr) /2 - Ta i f  (Tr - Ta)/ (TS - Ta) > 0.7 

and ( I 1 1  f - 4 )  

e = (Ts -, T r ) l  l n (  (Ts-Tr) l(Tr-Ta) if (Tr - Ta) l (Ts  - Ta) < 0.7 
where 

Ts = temperature of supply water. 

Tr = temperature of r e t u r n  water 

Ta = temperature of room a i r  

From eq. 111 f - 4  i t  fo l l ows  t h a t  t he  mass f low and t h e  heat  emission of 

t he  r a d i a t o r ,  o r  convector, can be der ived  from t h e  room temperature and the  

temperature o f  the  supply and r e t u r n  water i f  K i s  known. 



a i r  hea ter  w i th  condensation 1 2  kW .-.-.- .-.- .-._.-. _.- 
v e n t i l a t o r  burner 1000-kW 

80 

F i g .  111 f-2 E f f i c i e n c y  o f  use (nu) f o r  s e v e r a l  t ypes  of 

b o i l e r s  ( a f t e r  Bergen 1980) 

Fib. I11 f - 3  Volume f l o w  meter w i t h  p ressure  compensation 



This measurement on ly  g ives an approximate r e s u l t ,  because, due t o  

d i f f e r e n t  r a d i a t o r  heat emission, t he  value o f  K may i n  p r a c t i c e  be d i f f e r e n t  

from the  g iven value, i f  i t  has been determined i m t h e  labora to ry .  I f  the  t o t a l  

heat emission i s  determined separate ly ,  however, t he  heat d i s t r i b u t i o n  over the  

d i f f e r e n t  r a d i a t o r s  o r  convectors can a l so  be found from the  t o t a l  heat supp l ied  

5y t he  b o i l e r ,  which i s  equal t o  t h e  t o t a l  heat emission of a l l  r a d i a t o r s  o r  

convect.ors gtot, vh i ch  can be determined frum the  r e l a t i o n :  

index x r e f e r s  t o  a  s i n g i e  terminal  

As i n  t h i s  approximation i t  i s  assumed t h a t  t he  t o t a l  heat emission i s  

equa l l y  d i s t r i b u t e d  among a l l  r a d i a t o r s  o r  convectors, it i s  i m p l i c i t l y  assumed 

t h a t  the  heat emission o f  t he  p ipes i s  a'lso evenly d i s t r i b u t e d .  I n  some specia l  

cases, t he  heat ou tpu t  w i l l  change, f o r  ' lower water temperatures, t o  4 = 

K" B " ,  where K. i s  a  new value of K, and 8' may take  a. va lue up t o  1.5. 

For t he  determinat ion o f  the  heat d i s t r i b u t i o n  i n  a  dwe l l i ng  over a  long 

per iod,  heat emission meters are a l so  used. The amount o f  evaporated l i q u i d  i n  

a  capsule p laced on t he  r a d i a t o r  i s  a  measure o f  t he  t o t a l '  amou'nt o f  heat 

emi t ted  i n  a  g iven , period. The accuracy i s  10 t o  i5%. Depending on the  

measuring pe r i od  desi red,  a  more r a p i d l y  evaporat ing f l u i d  may be used,, which a t  

t he  same t ime  increases t h e  accuracy. Even i f  no heat  i s  emi t ted  by t he  

r a d i a t o r  t he re  w i l l  be 'evaporat ion,  the  ex ten t  o f  which i s  determined by t he  

room temperature. This "background" evaporat ion must be deduced from the  f i gu re  

g iven by t he  evaporat ion meter. 

General ly, f o r  f l o o r  heat ing,  a  modulaking regu la t i on  i s  appl ied. The 

amount of heat emi t ted  must be der ived  from a  volume f l ow  and a  temperature 

d i f f e rence  measurement. The heat d i s t r i b u t i o n  t o  the  rooms above and below can 

be determined by means o f  heat f l o w  meters (see ch. 111 d) .  The measurement 

may be c a r r i e d  out  be fo re  o r  a f t e r  t he  threeway mix ing valve (see f i g .  111 f - 5 )  

on t1 and TI , o r  i2 and T2, respec t ive ly .  Measurement of t2 and T2 i s  

preferred,  because h 2  has always a  h igher  value than The measurement 

r e s u l t s  w i l l  show whether Q i  depends on t he  p o s i t i o n  o f  t he  va lve  o r  no t ;  i n  

the  l a t t e r  case a  measurement of Tf w i l l  su f f i ce .  



F i g .  111 f -4 Thermocouple i n  a thermometer socket i n  a  p i p e  
and t h e  tempera tu re  d i s t r i b u t i o n  i n  t h e  p ipe .  
The r a t i o  L I D  should  be taken  g r e a t e r  than  10. 

F i g .  111 f -5  Measurement o f  hea t  emiss ion  f rom f l o o r  h e a t i n g .  

The f l o w  V, and t h e  tempera tu re  d i f f e r e n c e  AT, 

o r  V and AT2 can be measured. 
2 



-'energy f low i n  a i r  heat ing and v e n t i l a t i o n  systems 

I n  t h i s  sec t ion  we w i l l  t r e a t  t he  measurement o f  f low and temperature i n  

a i r  heat ing systems. However, the  methods descr ibed here can i n  general a lso  be 

app l ied  t o  measurements i n  mechanical v e n t i l a t i o n  systems ( f o r  measurements of 

a i r  f low ra tes  see a l so  Svensson 1983).  

The heat supply t o  an a i r  system can be determined from a volume f low 

measurement i n  a duct  and a temperature d i f f e rence  measurement over a heat 

exchanger. For temperature measurements i n  a i r  systems, t h e  f o l l ow ing  sensors 

are considered: . 

- f l u i d  thermometers 

- res i s t a?ce  thermometers 

- thermocouoles. 

For recordings,  o r  f o r  the '  determinat ion of mean values over a longer 

per iod ,  only t h e  l a s t  twu sensors can be appl ied.  (See ch. I l l b ) .  Chemical 

i n t e g r a t o r s  may be used f o r  t he  de termina t ion  o f  mean value. To account f o r  

temperature d i f f e rences  i n  the  p i pe  sec t ion  several measuring p o i n t s  are 

requ i red  f o r  each section. 

There a re  several methods f o r  measuring t he  a i r  f l ow  i n  ducts. Some of 

them are s p e c i a l l y  designed f o r  labora to ry  measurements and are seldom used i n  

the  f i e l d .  However, as t he  a p p l i c a b i l i t y  of these methods t o  f i e l d  experiments 

i s  n o t  genera l l y  assessable, we w i l l  g ive a b r i e f  d e s c r i p t i o n  o f  a l l  of them. 

Depending on t he  experimental setup, t he  fo l low ing  methods can'be used: 

1) t r ave rse  a i r  v e l o c i t y  measurements 

2) pressure drop measuresents 

3)  t r a c e r  gas method 

1) The f i r s t  method i s  based on t he  we l l  known equation 

V = ~ * A  

where 

V = . a i r  volume f low r a t e  

; = average a i r  v e l o c i t y  over t he  cross sec t ion  

A = cross sec t i on  area 



Provided t h a t  A  i s  known i n  advance, t h i s  method requ i res  the  measurement 

o f  a i r  v e l o c i t y  i n  a  number of po in t s  over the  duct  sec t ion  i n  order  t o  achieve 

a  r e l i a b l e  eva lua t i on  of i t s  average value 5. The po in t s  can be chosen e i t h e r  

t o  be rep resen ta t i ve  o f  equal sur face areas ( i n  t h i s  case, the  g rea te r  the  

number of areas, the  b e t t e r  t he  accuracy), o r  t o  be d i r e c t l y  r ep resen ta t i ve  of 

t he  mean v e l o c i t y  i n  t he  duc t  (see Fig. 111 f -6 ) .  

I n  bo th  cases t he  averaqe v e l o c i t y .  i n  t he  duct  w i l l  be g iven by the  

a r i t h m e t i c  mean of t he  measured values a t  each po in t .  The recommended sensor 

f o r t h e  a i r  v e l o c i t y  measurement i s  a  P i t o t  s t a t i c  tube measuring bo th  s t a t i c  

and t o t a l  pressures ( a l s o  c a l l e d  Prandt l  tube) ;  a l t e r n a t i v e l y  hot  w i re  

anemometers, c a l i b r a t e d  t o  take  i n t o  account the  e f f e c t s  o f  a i r  temperature, can 

be used. Elbows, wyes o r  dampers w i l l  d i s t u r b  the  f low. Therefore t i e  P i t o t  

tube should always be loca ted  a t  some d is tance  (3  t o  7.5 d iameters)  downstream. 

A  l a r g e  number o f  commercial ly a v a i l a b l e  devices belong t o  the  second 

group. They are  u s u a l l y  based on the s t a t i c  pressure drop across a  c a l i b r a t e d  

equipment. Cross t ub ing  and c a l i b r a t e d  diaphragm f lohmeters a re  some examples. 

2) An e a s i l y  app l i cab le  and inexpensive technique i s  t he  one i n  which 

pressure i s  measured a t  two p o i n t s  on the  ex te rna l  and i n t e r n a l  s i de  o f  a  90 0 

elbow (see Fig.  I 1 1  f -7) .  K w d i n g  the  duc t  diameter and the  pressure 

d i f fe rence one can from a  s u i t a b l e  f low diagram read the a i r  volume f low ra te .  

3)  The t r a c e r  gas method has been r e c e n t l y  developped (see f i g .  111 f -8 ) .  

A t r a c e r  gas (e.g. N20) i s  i n j e c t e d  a t  a  constant  r a t e  i n t o  t he  duct .  I t s  
9 

concent ra t ion  i s  then  measured downstreams. The a i r  f l ow  r a t e  ia i s  then given 

by 

where C S  i s  the  measured concent ra t ion  and C i s  the  background concentrat ion.  
b  

The d is tance  between the  t r a c e r  gas i n j e c t i o n  and sampling p o i n t s  ranges 

from 10 t o  80 t imes t he  duct  diameter, depending on how many f low dis turbances 

t he re  are present ;  the  g rea te r  t he  d is tu rbance (e.g. a  v e n t i l a t o r ) ,  t he  

smal le r  t he  d is tance  has t o  be. 

For the  measurement o f  a i r  f low r a t e  across exhaust openings ( o u t l e t s )  the  

fo l low ing  methods can be used: 



Fig.  I l l  f -6 Measuring p o i n t s  ( x )  i n  rec tangu la r  and c i r c u l a r  

duct sect ions.  ' 

Fig. 111 f-7 Placement of pressure probes a t  a  90' elbow. 



1) t r ave rse  a i r  v e l o c i t y  measurements 

2) pressure drop measurements 

3)  a i r  v e l o c i t y  measurements w i t h  c a l i b r a t e d  hoods 

1)  I n  t h i s  case, a i r  v e l o c i t y  i s  measured a t  a  c e r t a i n  d is tance  from the  

g r i l l e  ( gene ra l l y  2- 3  cm) a t  a  small number ( u s u a l l y  4)  o f  po in t s  over t he  

sect ion.  The volume a i r  f low,  V, i s  g iven by:  

V = k*i'A 

where k  i s  a  c o r r e c t i o n  f a c t o r ,  i i s  t he  average measured a i r  v e l o c i t y  and A  i s  

t he  cross-  sec t iona l  area. The value o f  the  c o r r e c t i o n  f a c t o r  depends on t he  

damper p o s i t i o n  as we l l  as on t he  g r i l l e  s ize.  

2)The second method i s  used for '  c i r c u l a r  i n l e t s .  It makes use o f  a  probe 

(a  c a p i l l a r y  tube) which i s  i nse r t ed  behind the  g r i l l e .  A  micromanometer then 

,measures t he  pressure drop across the  tube. The volume a i r  f low can be obta ined 

f r i m  the  pressure drop us ing  s u i t a b l e  diagrams, i n  which the  s l i t  w id th  appears, 

as a  parameter. 

3)  Spec ia l l y  shaped hoods are  canmerc ia l l y  a v a i l a b l e  i n  which a  h o t  w i re  

anemometer i s  placed. The hood can be app l ied  t o  c i r c u l a r  i n l e t s .  The volume 

a i r  f low can be determined as a  func t ion  o f  the  measured a i r  v e l o c i t y  by means 

of a diagram es tab l i shed by p rev ious  c a l i b r a t i o n  (see f i g .  111 f - g  ) .  

Fa r  the measurement o f  a i r  f low across supply openings ( i n l e t s )  t he  - 
follow ing  methods can be used: 

1) p l a s t i c  bag methods 

2) pressure d i f f e r e n c e  measurements 

3)  a i r  v e l o c i t y  measurements w l t h  c a l i b r a t e d  hoods 

1) The f i r s t  method i s  very r e l i a b l e  and y e t  quick and simple. A  p l a s t i c .  

bag i s  t i g h t l y  app l i ed  t o  t he  o u t l e t  (see f i g .  111 f -10) .  As the  a i r  flows 

i n t o  it, the  bag s t a r t s  swe l l i ng  u n t i l  the  ins ide-ou ts ide  pressure d i f f e rence  

teaches a s u i t a b l e  value (e.g., 3 Pa). A t  t h a t  moment t he  volume a i r  f l o w  w i l l  

be g iven by t he  simple equat ion:  

V = V / t  

where V i s  the  bag volume a t  the corresponding pressure d i f f e r e n c e  and t i s  t he  

t ime  elapsed from the  beginning o f  t he  swe l l ing .  A  r e l i a b l e  device f o r t i m e  
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Fig. 111 f-8 
Flow measurement w i t h  t r a c e r  
gas technique.  
q  = a i r  f l o v  r a t e  
C i  = i n i t i a l  t r a c e r  gas 

c o n c e n t r a t i o n  i n  t h e  duc t  
C s  = gas c o n c e n t r a t i o n  i n  t h e  

sampling c ross  s e c t i o n  
qs  = i n j e c t e d  t r a c e r  gas f l o w  

r a t e  

F i g .  Ill f -9  Measurement o f  a i r  f l o v  i n  o u t l e t  u i t h  c a l i b r a t e d  hood. 
1)  s e a l i n g  2 )  measurjng hood 3)  i n d i c a t o r  i ns t rument  
4 )  c a l i b r a t i o n  curve o f  a i r f l o u  r a t e  q  vs v e l o c i t y  v . 

4 
Fig.  111 f - I 0  Measurement o f  a i r  f l o v  r a t e  a t  i n l e t  u i t h  bag method. 

1) s e a l i n g  2) frame t o  which t h e  p l a s t i c  bag i s  fas tened  
3 )  measuring tube (5 mm) connected t o  microanemometer 
4 )  microanemometer 5) p l a s t i c  bag u i t h  t h i c k n e s s  0.03 rnm 



measurement i s  needed. To achieve a  good accuracy, t h e ' e l a ~ s e d  t ime should n o t  

be smal ler  than. 10 seconds. 

2), 3 )  The methods based un pressure d i f f e r e n c e  measurelnents a re  very 

s i m i l a r  t o  those descr ibed  above. Ca l i b ra ted  hoods can a l so  be used f o r  

o u t l e t s ,  p rov ided  t h e t  a  s t r a i g h t  ex tens ion  duc t  ( longer  than.  3 t imes (he 

d iameter)  i s  app l ied  between the  g r i l l e  and the  measurement device. 

The r a t e  o f  heat supply t o  a  room by an a i r  system i s  g iven  by:  

q = ,V'p'cp*(Ti - Tr) 

where 

4 = r a t e  o f  heat supp l ied  by t h e  a i r  system 

= a i r  volume f l ow  through t h e  g r i l l e ( s )  

= d e n s i t y  o f  supply a i r  

cp = heat capac i t y  o f  a i r  

Ti = supply a i r  temperature 

Tr = room temperature 

I n  o rder  t o  determine t h e  r a t e  of heat supply t o  a  room, V and (Ti- Tr) must be 

measured. 

- t h e  c o n t r o l  system 

I n  a  two- o r  m u l t i p o s i t i o n  c o n t r o l  system, a  thermostat  e m i t t i n g  e l e c t r i c  

onfof f  s i g n a l s  through one o r  more c o n t r o l  con tac ts  i s  p laced  i n  a  

r ep resen ta t i ve  room o f  the  dwe l l ing .  This  thermostat  t u rns  the  burner  on o r  o f f  

i n  one o r  more steps. It i s  a l s o  p o s s i b l e  t h a t  i n  each room, o r  i n  each 

d w e l l i n g  of a  m u l t i s t o r e y  b u i l d i n g ,  t h e  ho t  water supply i s  c o n t r o l l e d  by  an 

e l e c t r i c  shut-  o f f  va lve.  

I n  o rder  t o  inc rease  t h e  c o n t r o l  c a p a b i l i t y ,  two, p o s i t i o n  thermostats a re  

g e n e t a l l y  p rov ided  w i t h  a  thermal feed back r es i s t ance  connected i n  se r i es  o r  

p a r a l l e l  t o  the  load  (see f i g .  I 1 1  f - l l a  and 11 b). By mea;uring t h e  pressure 

o;er the e x c i t a t i o n  c o i l ,  i t  can be determined whether o r  no t  heat i s  suppl ied.  

Depending upon the  a im o f  t h e  measurement, t h e  ou tpu t .s igna1  can be processed 

by:  

1) con t inuous ly  record ing  equipment 



2)  impulse coun te rs  

3) m inu te  coun te rs  

I f  one wants t o  know how a b o i l e r  the rmos ta t  connected i n  s e r i e s  w j t h  t h e  

room the rmos ta t  works, two measuring s i g n a l s  may be used (see f i g .  111 f-14).  

By measur ing t h e  fue l  consumed d u r i n g  one p e r i o d ,  t h e  energy consumptiun 

can be d i r e c t l y  d e r i v e d  by measuring t h e  b u r n e r  on- t ime. For  a  thermal  

feedback r e s i s t a n c e  connected i n  s e r i e s ,  i t  should be cons idered t h a t  p a r a l l e l  

connec t ion  of a  measur ing d e v i c e  t o  t h e  l o a d  induces an inc rease  of c u r r e n t  (see 

f i g .  111 f-13a).  Th is  causes an inc rease  i n  t h e  thermal  feed back. I t  i s  

reconnlended t o  use a measuring ins t rument  w i t h  a  h i g h  i n p u t  isipedance so t h a t  

t h e  e x t r a  l o a d  c u r r e n t  i s  n e g l i g i b l y  smal l .  To be a b l e  t o  check t h e  o p e r a t i o n  

of  t h e  thermal  feed back, one may proceed as f o l l o w s :  

1 )  a d j u s t  t h e  the rmos ta t  a t  a  low temperature and l e t  i t  coo l  down f o r  about  30 

minutes,  so t h a t  t h e  sensor c o o l s  down t o  room, temperature. 

2) t u r n  t h e  the rmos ta t  s l o w l y  up t o  a  p o s i t i o n  where i t  j u s t  swi tches on. The 

va lue a t  t h i s  p o s i t i o n  corresponds t o  t h e  room tempera tu re  a t  t h a t  moment. 

3) a  temperature r i s e  o f  t h e  sensor w i l l  t hen  o n l y  occur  by e x c i t a t i o n  of t h e  

thermal  feed- back r e s i s t a n c e .  At  t h i s  stage, t h e  the rmos ta t  may n o t  b e  

heated by i n t e r n a l  sources. 

4)  de te rm ine  t h e  t i m e  b e f o r e  t h e  the rmos ta t  swi tches off. I f  t h e  e f f i c i e n c y  o f  

use o f  t h e  b o i l e r  i s  s u f f i c i e n t l y  h igh ,  t h i s  t i m e  may n o t  be s h o r t e r  t h a n  

about 5 minutes.  For  comfo r t  reasons t h i s  t ime,  depending on b o i l e r  c a p a c i t y  

and. the s i z e  of t h e  i n s t a l l a t i o n  as w e l l ,  may n o t  be l o n g e r  than  about 15 

minutes.  If these  c o n d i t i o n s  a r e  n o t  s a t i s f i e d ,  t h e  thermal  feed- back w i l l  

have t o  be a d j u s t e d  once more. 

Modu la t ing  c o n t r o l  works w i t h  c o n t i n u o u s l y  v a r i a b l e  s i g n a l s  i n  t h e  c o n t r o l  

c i r c u i t .  Genera l l y ,  these  s i g n a l s  can e a s i l y  be measured and recorded if t h e y  

a r e  t r a n s m i t t e d  e l e c t r i c a l l y  o r  pneumat i ca l l y .  When e l e c t r i c a l  s i g n a l s  a r e  

used, i t  should be remembered t h a t  t h e  i n p u t  impedance of  t h e  measuring 

ins t rument  must be s u f f i c i e n t l y  h i g h  t o  p reven t  weakening o f  t h e  measuring 

s i g n a l  . When pneumatic s i g n a l s  a r e  used, pneumatic-el  e c t r i c  c o n v e r t e r s  may be 

used. 

The measurement of t h e  s i g n a l  i s  n o t  easy i f  t h e  sensor,  t h e  au tomat i c  

c o n t r o l  dev ice ,  and t h e  c o r r e c t i n g  v a l v e  a r e  b u i l t  as a  u n i t  (as i n  t h e r m o s t a t i c  

r a d i a t o r  va lves ) .  I n  t h i s  case, o n l y  t h e  i n p u t  and o u t p u t  s i g n a l  o f  t h e  whole 
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~ i g .  111 f-12 Measurement of thermostat signal 



c o n t r o l  c i r c u i t  can be measured. For a  . thermosta t i c  r a d i a t o r  valve, room 

temperature and water temperature are t he  i npu t  s igna ls ,  and water f l ow  r a t e  o r  

hea t  emission r a t e  of t he  r a d i a t o r  i s  t he  output  s igna l  .' Contro l  s t r a t e g i e s  

inc lude  mix ing  c o n t r o l  and quan t i t y  con t ro l .  . I n  m i x i ng  control, ,  the  f l ow  r a t e  

o f  t he  heat ing  medium i s  v i r t u a l l y  constant. I n  q u a n t i t y  con t ro l  t he  f low r a t e  

o f  the  heating.medium ( o r  o f  the  f ue l  supply) i s  var iab le .  

I n  weather- dependent con t ro l ,  water temperature i s  c o n t r o l l e d  by t he  

outdoor cond i t i ons  (sun, wind,.temperature, p r e c i p i t a t i o n ) .  The opera t ion  can 

be checked by measuring the  output  s igna l  o f  t he  outdoor sensor(s) and/or by 

measuring t h e  water temperature. 

Night  se t  back i s  r e a l i z e d  by lower ing the  value o f  the  room, wa te r  o r  

supply a i r  temperature below the  daytime se tpo in t .  This,can be done manually o r  

au toma t i ca l l y  by means o f  a  t ime switch. I n  i n s t a l l a t i o n s  w i t h  weather- 

dependent c o n t r o l ,  n i g h t  set  back can be a t t a i ned  by reducing the  f i r i n g  l i n e .  

I n  i n s t a l l a t i o n s  w i t h  room temperature con t ro l ,  automatic n i g h t  reduc t ion  can be 

achieved by e x c i t a t i o n  o f  a h e a t i n g  element i n  t he  thermostat o r  by adjustment 

of a  specia l  n i g h t  thermostat .  

The occupants- operat ions on se t  po in t  as we l l  as t he  weather cond i t ions  

a re  i n  p r i n c i p l e  ~neasurable w i t h  techn ica l  devices. However, i t  i s  no t  always 

necessary t o  moni tor  the  occupant-s unknown a c t i o n  d i r e c t l y .  It i s  o f t en  

s u f f i c i e n t t o  measure the  e f fec t  caused by t he  ac t ion .  For example, in fo rmat ion  

on the  p o s i t i o n  of ' t h e  r a d i a t o r  valves can be gained by measuring the  water 

temperature behind the  va lve  o r  t he  temperature drop across t h e  rad ia to r .  

In fo rmat ion  about the  b o i l e r  thermostat ,  and. t he  room thermostat  p o s i t i o n ,  o r  

about t he  use o f  n i g h t  temperature set-back can be gained from the  supply water 

temperature. In fo rmat ion  on t he  number o f  r a d i a t o r  valves opened can be der ived  

by measuring e i t h e r  the  r a t e  o f  increase o f  t he  water temperature when t he  

burner  i s  on, o r  the temperature r i s e  across the  b o i l e r .  
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111 g  Oata a c q u i s i t i o n  systems and I n s t a l l a t i o n  r u l e s  

- general i n t r o d u c t i o n  

The modern data co l !ec t ion  system used i n  b u i l d i n g  energy mon i t o r i ng  can be 

expected t o  be e l e c t r o n i c  i n  nature.  This  chapter  discusses the  i n t e r connec t i on  

o f  the  system components so as t o  min imize e r r o r ,  i n t e r f e r e n c e  and cos t s  w h i l e  

p rov i d i ng  an acceptable l e v e l  of r e l i a b i l i t y .  

The major components of a  data a c q u i s i t i o n  system are :  

1) sensors o r  t ransducers,  

2) s i gna l  cond i t i one rs  

3) m u l t i p l e x e r s  o r  scanners 

4) da ta  form conver te rs  

5) recorders 

6) data processors 

A l l  data a c q u i s i t i o n  systems possess each of these components t o  one degree 

o r  another. .The l e v e l  of s o p h i s t i c a t i o n  t h a t  one employs i n  acqu i r i ng  data 

depends e n t i r e l y  on t h e  design o f  t h e  experimental p r o j e c t  which i s  be ing  

undertaken. Though a l l  data ga ther ing  e f f o r t s  must have each o f  the above 

conponents, the  act.ral  c o n f i g u r a t i o n  o f  t h e  f i n a l  data a c q u i s i t i o n  system 

depends on t h e  goals  and resources o f  t h e  p r o j e c t .  Factors t o  be considered 

inc lude :  

1) number of data p o i n t s  

2) frequency o f  readings 

3 )  s i z e  and na tu re  o f  t h e  s t r u c t u r e  

4)  separa t ion  of the  system components 

5) whether o r  no t  the  system i s c a n p u t e r  based 

6 )  end-use and u l t i m a t e  d e s t i n a t i o n  of t h e  data 

7 )  va r i ab l es  t o  be ~neasured 

8)  sources o f  i n t e r f e rence  

9) r e l i a b i l i t y  of the  power l i n e s  



Many i n s t a l l a t i o n  problems can be precluded by a  j u d i c i o u s  overv iew o f  

system design phi losophy and se lec t i on  o f  system components, e s p e c i a l l y  sensors. 

Furthermore, care  must be exerc ised t o  avoid c r e a t i n g  i n t e r f e r e n c e  sources fran 

system c o n t r o l  re lays ,  solenoids e tc .  

- sensors and t ransducers 

The purpose o f  sensors and t ransducers i s  t o  produce an output  which i s  

de tec tab le  and corresponds t o  t h e  phys ica l  q u a n t i t y  which i s  t o  be measured. 

The ou tpu t  o f  sensors can be v i sua l ,  mechanical, o r  e l e c t r i c a l  i n  nature.  The - 
visua l  and mechanical ou tpu t  sensors such as bu lb  thermometers, d i a l  b i - m e t a l l i c  

s t r i p  thermometers, gas meters, water meters, ' e l e c t r i c  meters, etc.  a re  

commonly used f o r  manual data a c q u i s i t i o n  and as backup t o  automated systems. - 
Some of these types o f  sensors can be mod i f ied  t o  p rov ide  pulsed o r  d i g i t a l  
. . 
e l e c t r i c a l  outputs. Pulse output  sensors a re  u s u a l l y  q u a n t i t y  measuring devices 

such as t u r b i n e  meters, t o t a l i z i n g  wind speed anenometers, automated gas and 

water meters; t i p p i n g  bucket r a i n  gauges and automated e l e c t r i c  meters. 

E l e c t r i c a l  t ransducers can have ou tpu ts  which a re  changes i n  vo l tage  

(thermocoupless, heat  f l ow  meters, so l a r  f l u x  meters, generator  t ype  wind 

anenometer), res is tance  thermis to rs , (RTD~s) ,  cur ren t  ( c e r t a i n  pressure 

t ransducers,  e lectro-chemical  c e l l s ) ,  o r  capacitance ( c e r t a i n  pressure 

t ransducers,  moisture meters). 

The general problem o f  designing a  data a c q u i s i t i o n  system i s  t o  be ab le  t o  

i n t e r f a c e  t h i s  wide v a r i e t y  of sensors t o  a  record ing  system. The r e l a t i o n s h i p  

between t h e  physical  q u a n t i t y  and t h e  output  o f  the  sens0.r can be e i t h e r  l i n e a r  

o r  nonl inear .  Simple r e l a t i o n s h i p s  a re  usua l l y  p re fe rab le .  It i s  important  t o  

asce r t a i n  whether t he  r e l a t i o n  between the  phys ica l  q u a n t i t y  measured, and t he  

ou tpu t  o f  the  t ransducer,  i s  dependent on environmental fac to rs  ( e s p e c i a l l y  

temperature). The cho ice  o f  a  sensor should be based on 

1) accuracy 

2) r e l i a b i l i t y  

3)  a b i l i t y  t o  be i n te r f aced  w i t h  scanning equipment 

4)  i n i t i a l  cos t  

5 )  cos t  o f  i n s t a l l a t i o n  



I I I  g-3 

- s i gna l  cond i t i on ing  

j .  

The of some t ransducers,  espec ia l l y  those of t h e  s e l f .  e x c i t a t i o n  

type, can be d i r e c t l y .  i n t e r f aced  t o  t he  data logger  o r  data scanning system; 

however, most transducers r equ i re  some s o r t  o f  's ignal  cond i t i on ing  before. they 

can be i n t e r f a c e d  t o  p data  logger. The most common type  o f  s igna l  cond i t i on ing  

i s  amp l i f i ca t i on  and t h i s  i s  o f t e n  inc luded i n  a  data logger. This i s  requ i red  

if the  l e v e l  o f  the  output  of t he  t ransducer i s  too low t o  be accura te ly  - 

r eg i s t e red  by t h e  record ing  system. Some systems incorpora te  a  s e l f -  se l ec t i ng  ' 

a m p l i f i c a t i o n  sherne, c a l l e d  autoranging, i n  which t he  system se lec ts  t he  optimal 

l e v e l  o f  amp l i f i ca t i on .  This i s  u s u a l l y  done a t  the expense o f  speed and cost .  

Where several decades of i npu t  s igna l  l e v e l  must be accomodated, a  v i a b l e  

a l t e r n a t i v e  i s  t o  use a  l o g a r i t h m i c  a m p l i f i e r  f o r  s igna l  cond i t ion ing .  This i s  

e s p e c i a l l y  des i r ab le  when t h e  data are t o  be d i g i t a l i z e d  by an A/D conver te r  

a f t e r  mu l t i p l ex i ng ,  'and u l t i m a t e l y  processed by a  d i g i t a l  computer. 

Tm, o the r  types of s igna l  cond i t i on ing  o f ten  requ i red  a re  the  convers ion o f  

res is tance  changes of c e r t a i n  transducers t o  vol tages,  and t he  conversion o f  

cur ren ts  t o  voltages. I f  the t ransducer has a  pu lse  output ,  these must be 

converted t o  a  vo l tage  ' f o r  most data loggers.  This can be accomplished by 

e i t h e r  a  frequency- t o -  vo l tage  converter ,  i f  instantaneous ra tes  a re  desi red,  

o r  by counter  c i r c u i t  and 0-0 conver te r  i f  a  t o t a l i z e d  ou tpu t  i s  d i c t a t e d  by the  

design of t h e p r o j e c t .  If the  average value o f  an analogue t ransducer i s  

. desi red,  t h i s  can be accomplished by an i n teg ra to r .  This technique g r e a t l y  

reduces the  amount o f  data processing requ i red  if the re  i s  no need f o r  more 

f requent  data. 

An e l ec t ron i c  i n t e g r a t o r  produces an output  which i s  p ropo r t i ona l  t o  t he  

t ime  i n t e g r a l  of t h e  i npu t  s igna l .  An i n t e g r a t o r  can  be used on l y  if the  

t ransducer has a  l i n e a r  output. An i n t e g r a t o r  u s u a l l y  cons i s t s  o f  a  vol tage- 

t o -  frequency conver te r  and a  counter. A  counter  cons is ts  o f  a  pu lse  shaper 

c i r c u i t ,  a  con tac t  bounce suppressor (when designed t o  accept inpu t  from 

mechanical con tac ts ) ,  and sometimes a  p red i v i de r  t o  reduce t he  pu lse  ra te ,  and a  

count ing  c i r c u i t .  The output  o f  t he  count ing c i r c u i t  i s  u s u a l l y  d i g i t a l .  If 

the data logger  cannot accept d i g i t a l  i npu t ,  a  d i g i t a l  t o  analogue conver te r  

must be employed. A  s l i g h t  v a r i a t i o n  o f  a  counter  i s  a  t imer .  A  t i m e r  gates a  

pu1se:'train o f  f i xed  frequency i n t o  a counter  when a  sw i tch  c losure  o r  d i g i t a l  

vo l tage  i s  app l ied  t o  i t s  inpu t .  



For t h e  moni tor ing.of  the  s t a tus  o f  d i s c r e t e  events, an encoder i s  Often 

used if t h e  data logger  does n o t  d i r e c t l y  accept d i g i t a l  s igna ls .  This  a l lows  

the  s t a t u s  o f  several d i f f e r e n t  devices t o  be moni tored on o n l y  one data 

channel. 

- da ta  scanners 

I n  o rder  t o  conver t  the  s i g n a l s  from each t ransducer ,  o r  s i gna l  

cond i t i one r ,  t h e  ou tpu t  o f  each dev ice  must be d i r e c t e d  t o  the  data conver te r  o r  

read ing  device. The sw i t ch i ng  i s  accomplished by mu l t i p l exe r s .  Today most 

m u l t i p l e x e r s  a re  one of t h ree  types:  reed mu l t i p l exe r s ,  FET m u l t i p l e x e r s  and 

CMOS mu l t i p l exe r s .  Each type  has i t s  p a r t i c u l a r  advantages and disadvantages. 

The reed m u l t i p l e x e r s  can sus ta i n  h i gh  common mode vol tages and do no t  leak;  

however, tney  have a  more l i m i t e d  opera t iona l  l i f e  and speed. The FET 

m u l t i p l e x e r s  have a  longer  l i f e ,  b u t  a re  suscep t i b l e  t o  leakage and may f a i l  i n  

t h e  c losed  s t a te ,  thus  a f f e c t i n g  readings on o the r  channels. The CMOS 

m u l t i p l e x e r s  a re  q u i t e  popular ;  they a re  l e s s  suscep t i b l e  t o  leakage and w i l l  

f a i l  i n  the  open s t a t e ,  no t  a f f e c t i n g  o t h e r  channels. They a re  however more 

e a s i l y  damaged by excessive vol tages.  

The number o f  devices which a  scanner can mon i to r  i s  determined by  t h e  

number o f  channels i t  has. I n  s e l e c t i n g  a  scanner, one should consider  n o t  o n l y  

t h e  number of channels i t  has bu t  a l so :  

1) the  na tu re  o f  the  c o n t r o l  of the  accessing sequence 

2)  the  t ype  o f  c lock  used 

3)  t h e  p o s s i b i l i t y  o f  remote c o n t r o l  

4 )  t h e  expandab i l i t y  o f  the  number o f  channels a t  a  l a t e r  da te  w i t hou t  f ac to r y  

m o d i f i c a t i o n  

5) the  ease o f  ope ra t i on  

6 )  t h e  l e v e l  o f  t h e  s i gna l s  i t  can handle 

7 )  i t s  e f f e c t  on the  ou tpu t  o f  the  t ransducers 

8)  t h e  environment i n  which i t  can be used. 

The manner i n  which t h e  channels a re  accessed can be e i t h e r  random, 

p e r i o d i c  o r  cont inuous.  I n  t h e  random mode a  group o f  channels w i l l  be se lec ted  

on command from t h e  opera to r ,  i n  t h e  p e r i o d i c  mode these channels a r e  se lec ted  

a t  a  f i xed  i n t e r v a l  o f  t ime,  i n  t h e  cont inuous mode the  channels are scanned as 



f a s t  as t h e  system a l l ows .  The c l o c k  should  be judged as t o  i t s  accuracy and 

s t a b i l i t y .  I n  most energy m o n i t o r i n g  a p p l i c a t i o n s  t h e  c l o c k  shou ld  have a 

ca lendar  o r  a J u l i a n  day counter .  

The p r o v i s i o n  f o r  power- f a i l u r e  p r o t e c t i o n  shou ld  be cons idered.  There 

a r e  severa l  ways . t o  p r o v i d e  t h i s  p r o t e c t i o n .  An u n i n t e r r u p t i b l e  power supply  

can be used f o r  t h e  whole system. However, t h i s  can be ve ry  expens ive and a t  

t imes  can be a source o f  power f a i l u r e  i t s e l f .  I n  one wants power f a i l  

p r o t e c t i o n ,  one shou ld  f i r s t  choose a t o t a l  system which uses as l i t t l e  power as 

p o s s i b l e  and has few h i g h  power consuming dev ices  which a r e  used f r e q u e n t l y .  

Another  s t r a t e g y  i s  t o  p r o t e c t  o n l y  those  p a r t s  o f  t h e  system whose func t ' i on  i s  

c r i t i c a l .  F o r  example, t h e  c l o c k  c o u l d  have a b a t t e r y  backup o r  t h e  memory o f  a 

computer c o u l d  be power- f a i l  p r o t e c t e d .  Another  s t r a t e g y  i s  t o  p r o v i d e  enough 

power f o r  an o r d e r l y  power- down i n  o r d e r  t o  p r o t e c t  reco rded  d a t a  f rom b e i n g  

dest royed.  

A power -up r o u t i n e  can  then be used t o  resume da ta  a c q u i s i t i o n  when s t a b l e  

l i n e  power i s  res to red .  It shou ld  a l s o  be dec ided i f ' m e a n i n g f u l  d a t a  can be 

c o l l e c t e d  d u r i n g  a power f a i l u r e .  A l so  t h e  most f requen t  power f a i l u r e s  a r e  of 

s h o r t  d u r a t i o n ,  and i t  i s  u s u a l l y  o n l y  economical t o  p r o t e c t  t h e  system from 

t h i s  c l a s s  o f  f a i l u r e s .  I n  a l l  cases t h e  system s h o u l d b e  p r o t e c t e d  from ve ry  

s h o r t  t r a n s i e n t s  on t h e  power l i n e .  Before installation t h e  q u a l i t y  o f  t h e  

e l e c t r i c a l  s e r v i c e  shou ld  be check&. The d a t a  a c q u i i i t i o n  system sho'uld n o t  be 

connected t o  c i r c u i t s  which have heavy equipment on them which f r e q u e n t l y  s t a r t  

and s top.  I t  i s  a l s o  a d v i s a b l e  t o  i n s t a l l  l i n e  f i l t e r s  on power l i n e s  t o  

m i n i m i z e  t h e  e f f e c t s  o f  l i n e  t r a n s i e n t s .  

Many scanners can be c o n t r o l l e d  remote l y  by e i t h e r  p a r a l l e l  o r  s e r i a l  

i n t e r f a c e s .  These a l l o w  l a t e r  use of t h e  scanner w i t h  a computer. The 

e x p a n d i b i l i t y  o f  t h e  scanner t o  l a r g e r  c o n f i g u r a t i o n s  shou ld  be determined;  
E 

though t h e r e  i s  a p r a c t i c a l  l i m i t  f o r  t h e  number o f  sensors  which can b e  

connected t o  one scanner. If low l e v e l  s i g n a l s  a r e  b e i n g  scanned, t h e  accuracy 

w i t h  which these  can be swi tched by t h e  scanners must be determined.  If sensors  

w i t h  h i g h  o u t p u t  impedance a r e  used, t h e  e f f e c t  o f  t h e  b i a s  c u r r e n t s  o f  t h e  

m u l t i p l e x e r s  (and da ta  c o n v e r t e r s )  must be assessed. 



- d a t a  c o n v e r t e r s  - 
The convers ion o f  t h e  s i g n a l  from t h e  t ransducer  t o  a  form i n  which i t  can 

be read, and recorded, i s  accomplished by a  da ta  c o n v e r t e r  - e i t h e r  an analogue 

t o  d i g i t a l  c o n v e r t e r  o r  a  d i g i t a l  t o  analogue conver te r ,  depending on t h e  n a t u r e ,  

of t h e  , s e n s o r  s i g n a l  and t h e  r e c o r d e r  i n p u t .  The most t y p i c a l  t y p e  o f  d a t a  

conver te r .used  i n  b u i l d i n g  energy s t u d i e s  i s  an analogue t o  d i g i t a l  conver te r .  

The d i g i t a l  t o  analogue c o n v e r t e r  i s  u s u a l l y  reserved f o r  c o n t r o l  and analogue 

d i s p l a y  func t ions .  One n o t a b l e  excep t ion  occurs i n  da ta  c o l l e c t i o n  systems when 

o n l y  a  few channels c o n s i s t  o f  d i g i t a l  data. The c o s t  e f f e c t i v e  approach i s  t o  

add D I A  c o n v e r t e r s  t o  t h e  d i g i t a l  channels i n s t e a d  o f  . p r o v i d i n g  separate 

m u l t i p l e x i n g  and i n t e r f a c i n g  t o  t h e  few d i g i t a l  s igna ls .  The two most popu la r  

t y p e s  o f  A I D  c o n v e r t e r s  a r e  t h e s u c c e s s i v e  approx imat ion A I D  c o n v e r t e r  and t h e  

dual  s l o p e  i n t e g r a t i n g  A I D  conver te r .  The success ive approx imat ion  A I D  

c o n v e r t e r  i s  f a s t e r  than  t h e  dual  s lope  i n t e g r a t i n g  A I D  conver te r ;  however, i t  

u s u a l l y  r e q u i r e s  a  sample and h o l d  a m p l i f i e r .  The dua l  s lope  i n t e g r a t i n g  A I D  

conver te r  has i n h e r e n t l y ' m o r e  no ise  r e j e c t i o n .  

The d a t a  r a t e  i n  most b u i l d i n g  p e r f o n a n c e  m o n i t o r i n g  systems i s  slow 

enough t o  p e r m i t  t h e  use o f  t h e  dua l  s lope  i n t e g r a t i n g  AID conver te r .  Besides 

t h e  i n h e r e n t  advantages o f  au tomat i c  ze ro  and n o i s e  r e j e c t i o n ,  s e l e c t i o n  o f  t h e  

i n t e g r a t i o n  t i m e  t o  equal an i n t e g e r  number (1 o r  ,more) o f  c y c l e s  o f  t h e  power 

l i n e  f requency can achieve a  40 t o  60 dB r e j e c t i o n  r a t i o  o f  power l i n e  frequency 

n o i s e  pickup. Even h i g h e r  r e j e c t i o n  r a t i o s  can be a t t a i n e d  f o r  harmonics o f  t h e  

power l i n e  frequency. P r a c t i c a l  th roughpu t  r a t e s  o f  4  t o  8 convers ions p e r  

second can be a t t a i n e d .  

I n  s e l e c t i n g  an A I D  conver te r ,  one must judge i t s  p r e c i s i o n ,  r e s o l u t i o n ,  

d r i f t ,  i n p u t  impedance, b i a s  c u r r e n t s ,  i t s  a b i l i t y  t o  accept b i p o l a r  i n p u t s ,  i t s  
L 

a b i l i t y  t o  accept d i f fe . ren t ia1  signal's, i t s  normal .mode r e j e c t i o n  

c h a r a c t e r i s t i c s ,  i t s  common mode r e j e c t i o n  a b i l i t y  and t h e  number o f  s i g n i f i c a n t  

d i g i t s .  I f  an A I D  c o n v e r t e r  has a  readout ,  i t  i s . c a l l e d  a  d i g i t a l  v o l t m e t e r .  

A t  p resen t  t h e r e  a r e  many systems which i n c o r p o r a t e  a l l  o r  some o f  t h e  

f u n c t i o n s  o f  s i g n a l  c o n d i t i o n e r s ,  da ta  scanners and data c o n v e r t e r s  descr ibed  

above. These systems a r e  r e f e r r e d  t o  as d a t a  loggers  o r  da ta  a c q u i s i t i o n  

systems. Many o f  these  now have microprocessors and permi t  a  wide v a r i e t y  of - 
s i g n a l  c o n d i t i o n i n g ,  a  c e r t a i n  amount o f  da ta  r e d u c t i o n ,  and some progrbmming o f  

i t s  f u n c t i o n s .  I f  such a  system s a t i s f i e s  t h e  requi rements o f  a  m o n i t o r i n g  



p ro jec t ,  i t  i s  usua l l y  advisable t o  incorpora te  i t  i n  t he  data mon i to r ing  

ins tead o f  a t tempt ing  t o  i n t e r f a c e  i n d i v i d u a l  components. However. none o f  

these systems are  s p e c i f i c a l l y  designed f o r  b u i l d i n g  app l i ca t i ons  and there fo re  

usua l l y  r equ i re  some adapt ion t o  s p e c i f i c  p ro jec ts .  

- data recorders 

The output  o f  a  data a c q u i s i t i o n  system can be s to red  on analogue paper 

tape, analogue magnetic tape, d i g i t a l  paper tape and d i g i t a l  magnetic tape. I n  

general any media record ing  analogue data requ i res  vast amounts o f  data 

r e j e c t i o n ,  o f t en  much o f  t h i s  by hand. Such media have been used i n  t he  past  as 

pr imary data storage means. However, a t  present they  a re  best  su i t ed  fo r  

a p p l i c a t i o n  as a  backup medium t o  be employed i n  case o f  f a i l u r e  o f  t he  primary, 

su i t ed  f o r  s i n g l e  channel operat ions which requ i re  h igh  speed and dynamic range. 

The most commonly used storage medium.in modern data a c q u i s i t i o n  systems i s  

t he  d i g i t a l  magnetic tape; though w i t h  t he  advent o f  computer based data 

systems t h i s  cou ld  be replaced by magnetic d iscs.  Magnetic tape records can be 

e i t h e r  seven o r  n i n e  t r a c k  tapes used on l a r g e  main frame computers o r  d i g i t a l  

c a r t r i d g e  o r  casse t te  recorders. The important  c r i t e r i a  f o r  these recorders are 

r e l i a b i l i t y  and t he  ex is tence  o f  a  reader f o r  t he  media on t he  main frame 

computer on which the  data are t o  be analyzed. It i s  important  t o  consu l t  w i t h  

t he  operators o f  t he  computer on which the  data a re  t o  be analyzed t o  determine 

the  c o m p a t i b i l i t y  of the  media and the  data format w i t h  e x i s t i n g  devices and 

sof tware on t he  computer. 

- computer based data a c q u i s i t i o n  systems 

The data a c q u i s i t i o n  approaches described above have been used t o  

adequately measure t he  energy performace o f  b u i l d i n g s ;  however, c e r t a i n  

de f i c i enc ies  should be recognized. The system i s  r e l a t i v e l y  expensive and more 

data are c o l l e c t e d  than i s  needed f o r  most app l i ca t ions ,  adding t o  the  da ta  

processing costs. With t he  advent o f  the.microcomputer, i t  i s  now poss ib le  t o  

develop b u i l d i n g  mon i to r ing  systems which per form rea l t ime  ana lys is  o f  the  data 

c o l l e c t e d  and, there fo re ,  produce p h y s i c a l l y  meaningful r e s u l t s  f a s t e r  and a t  a  

lower da ta  processing4 costs.  There are several schemes f o r  i n t e r f a c i n g  a  



microcomputer t o  a  da ta  ga ther ing  system. Standard p a r a l l e l  and s e r i a l  

i n t e r f aces  can be used t o  i n t e r f a c e  counters, data scanners, s igna l  cond i t i one rs  

and data loggers  t o  the microcomputer. However, w i t h  t he  establ ishment o f  

standard data busses f o r  microcomputers, such as the  5-100 buss, i t  i s  poss ib le  

t o  use standard i n t e r f a c e  cards on the  computer buss f o r  a  l a r g e  v a r i e t y  of 

sensors. The a d d i t i o n  o f  a  microcomputer t o  a  data a c q u i s i t i o n  scheme a l so  

a l lows t he  i n t e l l i g e n t  c o n t r o l  o f  the experiment and t he  p o s s i b i l i t y  o f  

record ing  and mon i to r ing  on ly  what i s  o f  i n t e r e s t  a t  a  s p e c i f i c  t ime. 

F igure 111 9-1 shows a  c o n f i g u r a t i o n '  o f  microcomputer-based da ta  

a c q u i s i t i o n  system which p rov ides  not  on l y  the  i n fo rma t i on  requ i red  on t he  

standard components o f .  the  b u i l d i n g  energy use and environment, b u t  a l s o  

inc ludes  a  t r a c e r  gas system fo r  mon i to r ing  the  a i r  i n f i l t r a t i o n  o f  the  

bu i l d i ng .  I t  would b e d i f f i c u l t  t o  do t h i s  l e v e l  of mon i to r ing  w i thou t  a  

microcanputer. 

Another approach using the  canputer as p a r t  of the  mon i to r ing  system has 

been developed a t  Pr ince ton  Un i ve rs i t y .  The adopt ion o f  t he  home computer i n t o  

a  da ta  a c q u i s i t i o n  system seemed a  l o g i c a l  and cos t  e f f e c t i v e  d i r e c t i o n .  The 

b u i l t  i n  d i sp lay  a l lows f o r  t he  . instantaneous readout of data and system 

moni tor ing.  'The system uses programming w i t h  s imple commands t h a t  a l l ow  t he  

homeowner t o  r e s t a r t  the  da ta  t ak i ng  a f t e r  a  major power f a i l u r e  w i t h  a  few 

simple commands typed i n t o  the  b u i l t -  i n  keyboard. 

There a re  numerous ways t o  l i n k  sensors t o  s i gna l  cond i t ioners ,  s i gna l  

cond i t i one rs  t o  scanners, scanners t o  data conver te rs  etc.  These devices can be 

l i n k e d  toge ther  by hard-wire comnunication pa th  o r  by te lemeter ing.  I n  

p r i n c i p l e ,  the  s implest  and l eas t  compl icated means should be used. For l i n k i n g  

systems together ,  there  a re  many s lave and master concepts which can be used t o  

l i n k  remote subsystems t o  a  cen t ra l  f a c i l i t y .  

There are advantages t o  t h i s  type of system if i t  i s  f unc t i on ing  p roper ly .  

However,' t he  f a i l u r e  of one o r  two c r i t i c a l  components can b r i n g  t he  whole 

system t o  a  h a l t .  With the  advent o f  low p r i ced  microprocessors, t he  t r end  has 

been toward d i s t r i b u t e d  systems w i t h  the  l o c a l  data a c q u i s i t i o n  systems having 

on - s i t e  c a l c u l a t i o n a l  a b i l i t y ,  and being ab le  t o  func t ion  alone. The 

i n t e r f a c i n g  o f  many smal le r  systems t o  a  cen t ra l  data system can present  many 

unforeseen problems if the  system has no t  been f i e l d  proven f o r  an extended 

pe r i od  o f  time. Also t he  t ime from which t h e  f i r s t  sensor i s  i n s t a l l e d  t o  when 

r e l i a b l e  data can be c o l l e c t e d  i s  q u i t e  long  f o r  a  complex ' interdependent 
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system. For independent d i s t r i b u t e d  systems, much meaningful data can be 

c o l l e c t e d  and t he  r e l i a b i l i t y  and f unc t i on ing  o f  many pa r t s  o f  t he  system proven 

as each subsystem i s  ac t i va ted .  

There a re  data a c q u i s i t i o n  systems which can handle over 1 000 data 

channels. This type  o f  system should be avoided i f  possib le.  I n  general,  once 

an experiment requ i res  more than 100 data channels, i t s  design should be 

reevaluated. I f  t h a t  number o f  data p o i n t s  are required,  the experiment should 

be d i v i ded  i n t o  subgroups o f  b a s i c a l l y  independent submodules and i n d i v i d u a l  

data a c q u i s i t i o n  should be considered f o r  each submodule. 

- sensor connection 

Various types o f  sensors are ava i labe  f o r  measuring var iab les .  They ' range 

w ide ly  i n  cos t ,  accuracy, p rec i s i on ,  response time, s ize,  e x c i t a t i o n  

requirements (none t o  p r e c i s i o n  OCIAC v o l t a g e l c u r r e n t ) ,  output  l e v e l  ( m i l l i v o l t s  

t o  v o l t s )  and output  t ype  ( d i g i t a l ,  con tac t  c losure ,  pho to - i n te r rup te r ,  analogue 

vol t age l cu r ren t  and anslogue frequencylpul se) . It w i l l  be necessary t o  b r i n g  a 

v a r i e t y  o f  s i gna l s  from t h e  va r i ous l y  l oca ted  sensors t o  a c e n t r a l  l o c a t i o n  

where they can be processed and recorded. I n  add i t i on ,  sensor e x c i t a t i o n  w i l l  

have . to  be supp l ied  from t h a t  l o c a t i o n  as required.. 

Ce r ta i n  i n t r o d u c t o r y  remarks can be bes t  i l l u s t r a t e d  6y c l o s e l y  examining 

t he  sensor s e l e c t i o n  f o r  one type  o f  measurement. A d e t a i l e d  d iscuss ion  of 

sensor s e l e c t i o n  f o r  a l l  t h e  va r i ab les  i s  beyond t he  scope o f  t h i s  sect ion.  

As an example, temperature has been choosen, s ince i t  gene ra l l y  comprises 

112 o r  more o f  t h e  t o t a l  measurements i n  b u i l d i n g  energy mon i to r ing  systems. 

High l e v e l  output  types, 'such as t he  senso r l t r ansm i t t e r  types used i n  var ious  

processing i n d u s t r i e s ,  are precluded because t h e i r  cos t  i s  about t e n  t imes t h a t  

o f  t he  sensor alone. When sensor s e l e c t i o n  i s  l i m i t e d  t o  c o m e r c i a l l y  a v a i l a b l e  

types t h a t  do no t  r e q u i r ?  i n d i v i d u a l  c a l i b r a t i o n  by t he  user, a cho ice  among 

f o u r  types remains. These types are  thermocouple, thermis to r ,  i n t eg ra ted  

c i r c u i t  ( IC )  t ransducer and res is tance  thermometer de tec to r  (RTO). 

A d e t a i l e d  comparison of the  techn ica l  charact 'er ics o f  t he  var ious type  can 

be found i n  t he  l i t e r a t u r e ( s e e  H a r r j e  and Cooper 1979 and a l s o  ch. I l l b ) .  A 

l i n e a r i z i n g  network, e i t h e r  as hardware, software, o r  firmware, i s  requ i red  f o r  



a l l  types except the  thermol inear . thermis to r  composite. 

For thermocouples a  low l eve l  m u l t i p l e x e r  and h i gh  ga in  a m p l i f i e r  i s  

requ i red  be fore  the  s igna l  can be fed t o  an A I D  converter .  Thermocouple 

extension w i r e  must be used t o  connect the  t henocoup le  t o  the  e l e c t r o n i c s  

package i f  a  common reference j u n c t i o n  i s  t o  be used. If i n d i v i d u a l  reference 

j unc t i ons  a re  provided adjacent t o  each thermocouple, then standard 

ins t rumenta t ion  cable may be used t o  b r i n g  t he  s i gna l  t o  the e l ec t ron i cs  

package. Thermocouple extension w i re  i s  expensive, d i f f i c u l t  and t ime consuming 

t o  w o r k  w i t h ,  r e s u l t i n g  i n  high, i n s t a l l a t i o n  costs. I n  e l e c t r i c a l l y  no i sy  

environments i t  should be shie lded and/or run  i n  condui t .  Where d isconnects a re  

requ i red  specia l  thermocouple metal connectors a re  necessary which are a l so  

d i f f i c u l t  t o  work wi th.  Both thermocouple extension w i r e  and connectors can 

in t roduce add i t i ona l  e r r o r ,  so t h a t  an o v e r a l l  worst-case l i m i t  o f  accuracy (and 

i n te r changeab i l i t y )  o f  2 t o  4  K can r e s u l t .  Only when h igh  temperatures, above 

the  range of o the r  sensors, are encountered does the  use o f  thermocouple appear 

j u s t i f i e d .  

Bead thermis to rs  must be read by a  res is tance  measurement. This requ i res  

t h a t  e x c i t a t i o n  i n  t he  form o f  a  constant  cu r ren t  be supp l ied  by the  e l e c t r o n i c s  

package. The r e s u l t a n t  s igna l  l e v e l  i s  0.4 t o  0.5 VOC, l a r g e  enough t o  r e s u l t  

i n  s i g n i f i c a n t  system economies. A specia l  low l e v e l  m u l t i p l e x e r  i s  no t  

required. I f  the  A/D converter  : i s  o f  the  dual s lope i n t e g r a t i n g  type  w i t h  a  

f i xed  s igna l  i n t e g r a t i o n  time, and t h a t  t ime equals one o r  more per iods  o f  the  

AC power l i n e ,  then o rd i na ry  2 conduction speaker w i re  can be used t o  connect 

the  t he rm is to r  t o  the  e l ec t ron i cs  package. 

The w i re  gauge should be selected so t h a t  t he  loop  res is tance  of t he  

speaker w i re  ( a t  i t s  h ighes t  temperature) i s  s u f f i c i e n t l y  small compared t o  the  

t he rm is to r  res is tance  a t  t he  h ighes t  temperature t o  be measured so' as t o  keep 

the  r e s u l t a n t  e r r o r  w i t h i n  acceptable l i m i t s .  I f  the data a c q u i s i t i o n  system i s  

known, and the approximate temperature o f t h e  w i re  i s  known, then a  software 

c o r r e c t i o n  can be made f o r  t he  w i re  res is tance.  Otherwise, a  f ou r  terminal  

res is tance  measurement w i l l  have t o  be made. This w i l l ,  r equ i r e  a  4  conductor 

cable (2 -s igna l ,  2-constant cu r ren t  suppl'y) and a  d i f f e r e n t i a l  i n p u t  mu l t i p l exe r  

and A I D  conver te r  (see a l s o  ch. I 1 1  b ) .  



- i n t e r f e r e n c e  

B u i l d i n g  energy mon i to r ing  systems may be subjected t o  a l l .  types o f  

i n t e r f e r e n c e  from a  v a r i e t y  o f  sources and phys ica l  l oca t i ons  because o f  t h e i r  

s p a t i a l l y  d i s t r i b u t e d  nature.  I n te r f e rence  i s  c l a s s i f i e d  as e l e c t r i c ,  magnetic, 

e l ec t ranagne t i c  o r  conducted, thus desc r i b i ng  t he  major  means of coup l ing  t he  

i n t e r f e r e n c e  i n t o  t he  data a c q u i s i t i o n  system. Although e l e c t r i c  and magnetic 

i n t e r f e rence  i s  l i m i t e d  t o  nearby sources, the  e lectromagnet ic  and conducted 

types may o r i g i n a t e  from remote sources. Y h i l e  most sources generate a l l  four  

types s imul taneously,  most o f  t h e i r  energy i s  concentrated i n  one o r  two types. 

Comnon sources o f  i n t e r f e rence  i n  b u i l d i n g s  i nc l ude  f l uo rescen t  lamps, 

power w i r i ng ,  e l e c t r i c  i g n i t i o n  f o r  combustion devices,  un i ve rsa l  motors, power 

d i s t r i b u t i o n  t ransformers,  r e l ays  and solenoids,  b u i l d i n g  c o n t r o l s , ,  appl iances, 

business machines, data processing equipment, medical equipment, w i r e l ess  

in te rcans ,  telephone equipment, wa l k i e - t a l k i es ,  CB and HAM rad io  t r ansm i t t e r s ,  

e l e c t r i c  arc welders, neon s igns  etc.  Commercial and i n d u s t r i a l  b u i l d i n g s  w i l l  

obv ious ly  con ta i n  more va r i ed  and h igher  powered i n te r f e rence  sources than 

r e s i d e n t i a l  b u i l d i n g s  and p r i v a t e  homes. 

Many sources o f  i n t e r f e rence  can o r i g i n a t e  from ou t s i de  t he  b u i l d i n g  being 

monitored. These may inc lude  any sources p rev ious l y  mentioned, e s p e c i a l l y  when 

connected t o  t he  same power l i n e ,  as we l l  as any h igh  power sources loca ted  i n  

nearby s t r uc tu res .  

Mobi le r ad io  t r ansm i t t e r s  ( p o l i c e ,  emergency, commercial, CB etc.),  

Walk ie-Talk ies ( s e c u r i t y .  p a t r o l )  as we l l  as commercial broadcast  antennas and 

h i gh  vo l tage  power t ransmiss ion  l i n e s  must a l so  be considered as p o t e n t i a l  

i n t e r f e r e n c e  sources. 

\ 
E l e c t r i c  i n t e r f e rence  can be expected from devices opera t ing  a t  h igh  

vol tages,  and/or frequencies. It i s  capac i t y  coupled v i a  the  e l e c t r i c  f i e l d  

i n t o  exposed c i r c u i t r y .  Reduction i s  achieved by e l e c t r o s t a t i c  s h i e l d i n g  o f  t he  

exposed c i r c u i t r y  w i t h  a  h i gh  c o n d u c t i v i t y  metal ,  usua l l y  aluminium o r  copper. 

Often successive l aye rs  o f  i nsu la ted  s h i e l d i n g  a re  used t o  achieve t he  des i red  

i s o l a t i o n .  Connection o f  t he  innermost s h i e l d  t o  t he  s igna l  common o r  s igna l  

ground must take  p lace  a t  the e l e c t r o n i c  package because o f  t h e  s p a t i a l l y  

d i s t r i b u t e d  na ture  o f  a  m u l t i p l e  i n p u t  system. 



Magnetic in te r fe rence can be expected from devices opera t ing  a t  h i gh  

cu r ren t  and/or frequencies, o r  con ta in ing  c o i l s  wound on ferro-magnetic cores. 

Power d i s t r i b u t i o n  w i r i n g  i s ,  o f  course, a l so  a  prime source. Reduction o f  low 

frequency in te r fe rence i s  achieved by magnetic sh ie l d i ng  o f  the  exposed 

c i r c u i t r y  w i t h  s o f t  i r o n  o r  s t ee l .  Grain-or iented h igh  pe rmeab i l i t y  a l l oys ,  

such as P-metal o r  permalloy, may sometimes be used. Table 1119- 1 (Na l l e  ' 
1965) l i s t s  t he  a t tenuat ion  var ious  s h i e l d i n g  ' m a t e r i a l s  p rov ide  f o r  DC/low 

frequency magnetic f i e l d s .  

TABLE 111 g-1 

Magnetic f i e l d  reduc t ion  by sh ie lds  

Sh ie ld  ma te r i a l  Ra t i o  F i e l d  reduc t ion  

NO s h i e l d  - 0  dB 

112 i nch  OD aluminium tube 1 : l  0  dB 

112 i nch  OD copper tube 1:l 0  dB 

1 i nch  r i g i d  s tee l  condu i t  138 : l  42.8 dB 

1 i nch  I D  BX armor-steel 28:l  28.8 dB 

314 i nch  I D  BX armor-steel 22 : l  27.0 dB 

Where coup l ing  between c o i l s  o r  transformers i s  involved,  add i t i ona l  

a t t enua t i on  can be achieved by o r i e n t i n g  t h e i r  magnetic axes i n  mutua l l y  

perpend icu la r  d i r ec t i ons .  E l e c t r o s t a t i c  sh ie l ds  a re  e f f e c t i v e  aga ins t  h i gh  

frequency m a g n e t i c  f i e l d s  because the  induced eddy cur ren ts  g i v e  r i s e  t o  

magnetic f i e l d s  t h a t  cancel the  ex te rna l  f i e l d  w i t h i n  t he  sh ie ld .  The ex te rna l  

magnetic f i e l d  and t he  induced eddy cu r ren t  dens i t y  decrease exponent ia l l y  w i t h  

t h e  d is tance  from the  surface. The depth o f  penet ra t ion ,  o r  sk i n  depth, i s  

de f ined  as t h e  d is tance  i n t o  t h e  conductor a t  which t he  eddy cur ren t  dens i ty  = 

l / e  t imes t h e  dens i t y  a t  t he  surface. The sk i n  depth d  has been g iven t o  

(Belden Corporat ion) '  

d  = 5033~-) 

where 

r i s  t he  r e s i s t i v i t y  i n  ohmlcm 



p i s  the  r e l a t i v e  pe rmeab i l i t y  

f i s  the  frequency i n  Hertz 

A t  2 0 ' ~  t h i s  becomes 6 . 6 2 h f  cm f o r  cQpper and 8.16/& cm f o r  pure 

aluminium. The above equations assume t h a t  t he  conductor (shie ld. )  i s  t h i c k e r  

than 10*d, t he  rad ius  o f  curva tu re  o f  t he  sur face  i s  g rea ter  than 10'd and does 

n o t  vary r a p i d l y  a long t he  surface. Thus, an aluminium s h i e l d  would have t o  be 

a t ' l e a s t  11 cm t h i c k  t o  p rov ide  e f f e c t i v e  magnetic sh ie l d i ng  a t  power l i n e  

f requencies,  b u t  on ly  .0017 cm t h i c k  a t  1 MHz. 

Electromagnet ic  i n t e r f e rence  can be expected t o  be rad ia ted  from any device 

con ta i n i ng  an e l e c t r o n i c  o s c i l l a t o r .  I n  add i t i on ,  any device c o n t a i n i g  an 

e l e c t r i c  arc (gas, lamps, welders, commutators, mechanical con tac ts )  can be 

expected t o  rad ia te .  

The lumped and d i s t r i b u t e d  c i r c u i t  constants o f  the  device,  a long w i t h  t he  

modulat ion, w i l l  determine t h e  frequency spectrum, wh i le  i t s  phys ica l  dimensions 

compared t o  t he  wavelength(s) w i l l  determine i t s  e f f i c i e n c y  as a  r a d i a t o r .  

Proper ly  grounded e l e c t r o s t a t i c  sh ie l d i ng ,  as we l l  as RF bypassing of c r i t i c a l  

c i r c u i t  elements. a re  used fo r  r educ t i on  o f  t he  in te r fe rence.  

CAUTION: Long ground leads can increase t he  e lectromagnet ic  i n t e r f e rence  

by a c t i n g  as antenna systems i n  themselves,. I n  some s i t u a t i o n s ,  t he  u l t i m a t e  

s o l u t i o n  may have t o  be determined by t r i a l  and e r ro r .  Detec t ion  can take  p lace  

i n  d i r t y  o r  corroded metal t o  metal con tac t  p o i n t s  (such as connect ion o f  a  

ground w i re  t o  a  p i pe )  as we l l  as semiconductor p-n junc t ions .  A f t e r  de tec t i on ,  

t he  i n te r f e rence  can appear as t h e  average value of the  half-wave r e c t i f i e d  RF 

s igna l  o r  as t he  modulat ion envelope, depending upon t he  frequency response o f  

the  data c o l l e c t i o n  system fo l l ow ing  de tec t ion .  

Conducted i n te r f e rence  can be expected from the  b u i l d i n g  AC power l i n e s ,  

and can o r i g i n a t e  from any dev ice  operated from those l i n e s .  Reduction i s  

achieved by i n s t a l l i n g  power l i n e  f i l t e r s  f o r  t he  data c o l l e c t i o n  system. I f  

they  a re  of the  p lug-  i n  type,  shie lded l i n e  cords should be used on t he  

appropr ia te  system components. 

Conducted i n te r f e rence  can a l so  be in t roduced by p h y s i c a l l y  grounding t he  

data c o l l e c t i o n  system a t  more than one p o i n t .  Ground p o t e n t i a l  d i f f e rences ,  

ranging from ten ths  of a  v o l t  t o  vo l t s ;  can e x i s t  throughout  a  b u i l d i n g  o r  

b u i l d i n g  complex. The i r  exact charac te r  w i l l  vary, depending upon what 



e l e c t r i c a l  equipment (and where) i s  i n  opera t ion  simultaneously. I n  add i t i on ,  

DC p o t e n t i a l  d i f f e rences  can e x i s t  through t h e  galLanic a c t i o n  o f  any d i s s i m i l a r  

metals  used i n  t he  plumbing system(s). 

Care should be excerc ised dur ing  i n s t a l l a t i o n  t o  i nsu re  t h a t  inadver tan t  
. . grounding of sh ie lds ,  s igna l  common leads, sensors etc. does no t  occur through 

e i t h e r  d i r e c t  (hdgh o r  low res is tance)  connection o r  h igh  s t r a y  capac i t ies .  

I n t e r f e rence  can en te r  var ious pa r t s  o f  the  data a c q u i s i t i o n  system: the  

sensors, ins t rumenta t ion  1  ines,  e l ec t ron i cs  package ( s i gna l  cond i t ioners ,  

mu l t i p l exe r ,  A I D  converter ,  da ta  recorder  etc.) o r  da ta  ( d i g i t a l )  communication 

l i n k  ( i f  present) .  Various p a r t s  of t he  system are  more suscept ib le  t o  

d i f f e r e n t  types o f  in te r fe rence:  

1) sensors: conducted, e l e c t r i c ,  magnetic. 

2. analogue data l i n e s :  a l l  

3. e l ec t ron i cs  package: conducted, electromagnetic. 

Sensors a re  o f ten  the  en t r y  p o i n t  o f  conducted i n te r f e rence  because o f  

acc identa l  grounding du r i ng  mounting, thus c r e a t i n g  a "ground loop". High 

impedance sensors can a l s o  in t roduce ground loops by capac i t i ve  coup l ing  t o  

ground. Low l e v e l  ou tpu t  sensors are t he  most vulnerable,  and modern data 

amp l i f i e r s  inc lude  guard c i r u i t s  t o  cope w i t h  t h i s  s i t u a t i o n .  Yhere magnetic 

sh ie l d i ng  of a  sensor i s  required,  sh ie l d -  u tape can o f ten  be used t o , f o rm  a  

s h i e l d  in-p lace.  It i s  ava i l ab le  i n  a  v a r i e t y  of widths, th icknesses and 

a i l o y s .  If e l e c t r o s t a t i c  o r  e lectromagnet ic  sh ie l d i ng  i s  a l so  requ i red ,  the  

tape can be obta ined w i t h  copper f o i l  p h y s i c a l l y  bonded to ,  bu t  e l e c t r i c a l l y  

i nsu la ted  from, t he  magnetic a l l o y .  

Analogue data l i n e s  genera l l y  use tw i s ted -pa i r  sh ie lded  w i r e  w i t h  an 

o v e r a l l  i n s u l a t i n g  jacket .  Aluminium- po l yes te r  sh ie l d i ng  i s  used ex tens i ve l y  

because of i t s  100% coverage, as compared t o  60% t o  BOX f o r  most bra ided 

shie lds.  Braided sh ie l d i ng  i s  t ime consuming and d i f f i c u l t  t o  work, w h i l e  the  

bare d r a i n  w i r e  of aluminium- po l yes te r  sh ie l d i ng  i s  fas t  and easy t o  work. 

Th is  type  of cons t ruc t i on  provides exce l l en t  p r o t e c t i o n  aga ins t  e l e c t r i c  and 

e i e c t r m a g n e t i c  i n t e r f e rence  w h i l e  r e l y i n g  upon t h e  tw i s ted  p a i r  cons t ruc t i on  

fo r  p r o t e c t i o n  aga ins t  low frequency magnetic f i e l d s .  Y i t h  low s igna l  l eve i s .  

i t  may be necessary t o  enclose t he  ins t rumenta t ion  cable i n  condu i t  t o  o b t a i n  

adequate low frequency magnetic in te r fe rence re j ec t i on .  Table 111 9-2 compares 

t he  ef fect iveness of var ious methods (Na l l e  1965). 



TABLE I 1 1  9-2 

Magnetic noise reduc t ion  by w i re  t w i s t i n g  

Test Ra t i o  Magnetic Noise Reduction 

Para1 l e l  wi res - 0  dB 

Twisted-wires, 10 . cm l ay  1 4 : l  . 23 dB 

Twisted w i res ,  7.5 cm l a y  71 : l  37 dB 

Twisted wires,  5  cm l a y  112: l  41  dB 

Twisted wires, 2.5 cm l a y  141: l  43 dB 

P a r a l l e l  wi res i n  2.5 cm 

r i g i d  s tee l  condu i t  22 : l  27 dB 

This type  o f  cab le  i s  a v a i l a b l e  i n  many combinations o f  pa i r s ,  sh i e l d i ng ,  

i n q u l a t i n g  ma te r i a l s ,  gauges and double sh ie ld ing .  A  d iscuss ion  of the  var ious  

types o f  i n s u l a t i o n s  and s h i e l d i n g  can be found i n  t he  l i t e r a t u r e  (Belden 

Corporat ion) .  

At the  i npu t  t o  t he  E lec t ron i c  Package low-pass f i l t e r i n g  should be used t o  

r e s t r i c t  the  bandwith o f  t he  incoming s i gna l s  t o  minimum requ i red  by the  data. 

Signals ou t s i de  t h i s  range can, by d e f i n i t i o n ,  on l y  be noise. Simple s i n g l e  

sec t i on  R - C  f i l t e r s  can be e f f e c t i v e  i n  reducing t he  conducted i n te r f e rence  

en te r i ng  t he  e l e c t r o n i c s  package. High output  impedance sensors may, w i t h  t he '  

cab le  capacitance, form a  s u i t a b l e  f i l t e r .  

Most i n t e r f e rence  conducted i n t o  t he  E lec t ron i cs  Package w i l l  come from the  

AC power l i n e s .  This can be removed by i n s t a l l i n g  s u i t a b l e  power 1  i n e  f i l t e r s .  

Other vagar ies o f  t he  power l i n e  can cause poor system performance. These are  

poor r egu la t i on ,  h i gh  vo l t age  spikes,  and lack  of i n t e g r i t y .  A l l  of these can 

be overcome w i t h  t he  a d d i t i o n  o f  an Un in te r rup tab le  Power System (UPS). While 

o r i g i n a l l y  a v a i l a b l e  on ly  f o r  h igh  power systems, UPS are  now manufactured i n  

low power r a t i n g s  f o r  t he  microcomputer market. A  dedicated power l i n e  should 

a l s o  be used t o  prevent  unnecessary power i n t e r rup t i ons .  

The i dea l  way t o  e l i m i n a t e  i n t e r f e r e n c e  i s  t o  suppress i t  a t  i t s  source. 
Th is  approach i s  no t  f eas ib l e  i n  b u i l d i n g  energy mon i to r ing  except, perhaps, 

w i t h  one o r  two g ross l y  of fending devices, The economic and p o l i t i c a l  reasons 



f o r  t h i s  a re  obvious. From a  techn ica l  s tandpoint ,  the  bas ic  device design w i l l  

be d i f f e r e n t  i f  in te r fe rence suppression i s  a  design ob jec t i ve .  I n  p rac t i ce ,  an 

i n te r f e rence  reduc t ion  o f  ahout an order  of magnitude might be achieved by 

r e t r o f i t t i n g  an e x i s t i n g  device. This w i l l  u sua l l y  cons i s t  o f  adding power I i n e  

f i l t e r s  t o  reduce conducted in te r fe rence.  Occasional ly ,  u n i t s  may be found w i t h  

t h e i r  grounding connection broken, badly corroded o r  absent. 

A second way t o  minimize i n te r f e rence  i s  by j u d i c i o u s  layout  o f  t he  

i n s t a l l a t i o n .  A walk-through o f  t he  b u i l d i n g  should be conducted t o  l oca te  

p o t e n t i a l  in te r fe rence sources. I n  t h a t  way, c l ose  p rox im i t y  of system 

components t o  these sources can be avoided du r i ng  i n i t i a l  system layout .  Where 

unavoidable, appropr ia te  i n t e r f e rence  reduc t ion  methods can be inc luded i n  t he  

i n i t i a l  planning. 
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App, 111 E r r o r s ,  R e p r e s e n t a t i v i t y  and Sampl ing o f  measurement p o i n t s  

- e r r o r s  i n  d i r e c t  measurements 

It w i l l  n o t  be p o s s i b l e  t o  g i v e  an account  o f  a l l  p o s s i b l e  sources o f  e r r o r  

t h a t  a r e  i n h e r e n t  when u s i n g  a l l  t h e  sensors  d e s c r i b e d  i n  ch. 111. Here w i l l  

o n l y  be g i v e n  an example o f  e r r o r s  t h a t  may occu r  i n  tempera tu re  measurements i n  

t h e  b u i l d i n g  i n t e r i o r .  

. . 

For  t h e  e r r o r  e v a l u a t i o n  one has t o  d i s t i n g u i s h  between t h r e e  k i n d s  o f  e r r o r :  

1) t h e  e r r o r  o f  t h e  measured tempera tu re  a t  one c e r t a i n  p o s i t i o n  

2) t h e  e r r o r  a s s o c i a t e d  w i t h  t h e  r e p r e s e n t a t i v i t y  o f  t hese  p o s i t i o n s  

3)  sampl ing e r r o r s  due t o  t e m p e r a t u r e  f l u c t u a t i o n s  w i t h  t i m e  a t  t h e s e  p o s i t i o n s  

1) The e r r o r  o f  t h e  f i r s t  k i n d  i s  due, t o  p r o p e r t i e s  o f  t h e  measuring 

d e v i c e . .  F o r  some e r r o r s  o f  t h i s  k i n d  i t  i s ,  i n  p r i n c i p l e ,  p o s s i b l e  t o  c a l c u l a t e  

a  correction f a c t o r  and t h u s  reduce t h e  s i z e  o f  t h e  e r r o r .  If t h i s  i s  n o t  

possible ' ,  one can i n  some cases e s t i m a t e  t h e  s i z e  o f  t h e  e r r o r .  Th is  can b e  

done p r o v i d e d  one knows, e.g.: 

- t h e  accuracy o f  t h e  sensor  

- t h e  r e s o l u t i o n  o f  t h e  v o l t m e t e r  o r  amperemeter 

- e r r o r s  caused by hea t  c o n d u c t i o n  a long  w i r e s  

- t h e  e r r o r  r e s u l t i n g  f rom n o n - l i n e a r i t y  o f  t h e  i ns t rumen t  

,For o t h e r  e r r o r s  t h e r e  i s  i n  General  no way of  p e r f o r m i n g  a  c o r r e c t i o n  o r  

e s t i m a t e  t h e  s i z e  o f  t h e  e r r o r .  E r r o r s  o f  t h i s  k i n d  i n c l u d e :  

- e r r o r s  due t o  a  f a l t y  c a l i b r a t i o n  

- e r r o r s  due t o  use o f  t h e  i n s t r u m e n t  i n  an environment d i f f e r e n t  from t h e  one 

where t h e  c a l i b r a t i o n  was performed (see be low)  

- t h e  e r r o r  caused by s e l f - h e a t i n g  

- t h e  e r r o r  caused by hea t  r a d i a t i o n  from s u r f a c e s  

- t h e  e r r o r  caused by i n s t a b i l i t y  i n  t h e  o u t p u t  v o l t a g e  o f  t h e  b a t t e r y  

i n c l u d e d  i n  t h e  i n s t r u m e n t  
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- f o r  surface temperature measurements the e r r o r  caused by heat conduction. 

. - i n te r f e rence  between measurement system and e l e c t r o -  magnetic environment 

The e r r o r  o f  t he  f i r s t  k i n d  w i l l  have a systemat ic  as we l l  as a s t a t i s t i c a l  

component. The systemat ic  canponent o f  t he  e r r o r  can be reduced i n  two ways. 

One p o s s i b i l i t y  i s  t o  per form the  c a l i b r a t i o n  i n  an environment t h a t  as much as 

poss ib le  .resembles t he  environment a t  t he  p o s i t i o n  where the  ac tua l  measurment 

w i l l  take  place. The inst rument  can, e.g., be c a l i b r a t e d  i n  a room where the  

.surfaces a re  kept  a t  the  temperature one expects t h a t  t he  sur faces o f  the roan 

s tud ied  w i l l  have when the  measurement i s  performed. I n  t h i s  way t he  e r r o r  

caused by heat  r a d i a t i o n  f r a n  surfaces w i l l  be reduced. 

The o the r  way i s  t o  c a l i b r a t e  the inst rument  i n  an environment where t he  

in f luence o f  the  fac to rs  l i s t e d  above i s  reduced as much,as poss ib le .  I n  t h i s  

case the  c o r r e c t i o n  o f  the  measured value has t o  be performed a f t e r  the  

measurement through a c a l c u l a t i o n  o f  t he  est imated d e v i a t i o n  from the  " t r ue "  

value. I n  bo th  cases t he  systemat ic  e r r o r  w i l l  be reduced, bu t  i t  w i l l  not  

disappear. ' 

If the  remaining systematic e r r o r s  ( o r  t h e i r  upper l i m i t ) ,  can be est imated 

( a f t e r  c a l i b r a t i o n  and/or c o r r e c t i o n ,  ;as , descr ibed ,above) i t  i s  poss ib i e  t o  . . 
assign an inaccuracy t o  the  measurement procedure. If the  i n d i v i d u a l  remaining 

e r r o r s  are denoted by c i ,  two usual measures.of t h i s  inaccuracy are the  probable 

e r r o r  s de f i ned  as .. 

o r  the  maximal e r r o r  +ax de f ined  as . 

2)  The e r r o r  o f  the  second k i n d  a l so  has $ systematic and a s t a t i s t i c a l  

component. The systemat ic  canponent i s  associated w i t h  the  choice o f  p o s i t i o n s  

o f  t he  sensors. Assume t h a t  n observat ions o f  the temperature a t  a c e r t a i n  

p o s i t i o n  have been made. F u r t h e n o r e  assume t h a t  these observat ions c o n s t i t u t e  

a sample from a n o n a l l y  d i s t r i b u t e d  populat ion.  The normal ized average 

temperature m u l t i p l i e d  by n w i l l  then f o l l ow  Student-s t - d i s t r i b u t i o n  t ( n -1 ) .  

Th is  can be used t o  c a l c u l a t e  a conf idence i n t e r v a l  o f  the  average temperature. 
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The same method can be used t o  t r e a t  m s imul taneous o b s e r v a t i o n s  a t  t h e  

d i f f e r e n t  sensor  p o s i t i o n s ,  if i t  can be assumed, that  t h e  average tempera tu re  i s  

t h e  same a t  eve ry  such. p o s i t i o n ,  e.g., on a  p a r t i t i o n  w a l l .  The no rma l i zed  

average tempera tu re  w i l l  t hen  f o l l o w  t h e  d i s t r i b u t i o n  t (m-1) .  

3)  F i n a l l y  assume t h a t  m sensors  can be regarded as randomly d i s t r i b u t e d '  i n  

space and t h e  tempera tu re  f l u c t u a t i o n s  a t  each sensor p o s i t i o n  f o l l o w s  a  normal 

d i s t r i b u t i o n  w i t h  t h e  same s c a t t e r ,  b u t  w i t h  a  d i f f e r e n t  average, f o r  ' t h e  

d i f f e r e n t  p o s i t i o n s .  A  s imul taneous o b s e r v a t i o n  o f  t h e  tempera tu re  a t  t h e  m 

p o s i t i o n s  i s  per formed n  t imes.  The no rma l i zed  average tempera tu re  o f  a l l  these 

o b s e r v a t i o n s  m u l t i p l i e d  by 6 m  w i l l  t h e n  f o l l o w  t h e  d i s t r i b u t i o n  t(nm-m). 

For  a  d i s c u s s i o n  on e r r o r s  i n  d i r e c t  measurements see, e.g., Doebe l in  

(1966) o r  Abernethy- Thompson (1980) 

- e r r o r s  and r e p r e s e n t a t i v i t y  i n  non d i r e c t  measurements 

I n  genera l  t h e  e r r o r s  w i l l  n o t  be known when da ta  a r e  c o l l e c t e d  from 

a r c h i v e s  and reco rds  u n l e s s  one has access t o  two reco rds  w i t h  p a r t l y  

o v e r l a p p i n g  data. Such d a t a  can be compared t o  g i v e  an i d e a  on how c o r r e c t  and 

c o n s i s t e n t  d a t a  are.  Another  p o s s i b i l i t y  i s  t o  compare p a r t  o f  t h e  d a t a  s e t  t o  

r e a l  c o n d i t i o n s  which have n o t  changed s i n c e  t h e  c o n s t r u c t i o n  o f  t h e . d a t a  set .  

The most common source of  e r r o r  i n  o b s e r v a t i o n a l  s t u d i e s  i s  t h e  i n f l u e n c e  

of  t h e  observe r  on t h e  behav iou r  of t h e  occupant.  

When su rvey  techn iques  a r e  used, an u n d e r l y i n g  assumpt ion i s  t h a t  t h e  . 
respondent has t h e  i n t e l l e c t u a l  c a p a b i l i t y  t o  respond t o  compl icatedphenomena,  

he can v e r b a l i z e  h i s  response and i s  aware o f  t h e  e f f e c t  o f  t h e  env i ronment  on 

h i s  . t h e  behav iour .  The respondent may have an i n c l i n a t i o n  t o  g i v e  t h e  answers 

he b e l i e v e s  a r e  t h e  wanted answers. O the r  sources o f , e r r o r  i n  t h i s  case have t o  

do w i t h  t h e  way t h e  q u e s t i o n s  a r e  fo rmu la ted  and presented.  Q u e s t i o n s  and 

responses can b e m i s i n t e r p r e t e d .  There i s  a lways t h e  p o s s i b i l i t y  t h a t .  t h e  

i n t e r v i e w e r  i n f l u e n c e s  t h e  occupant,  he may u n i n t e n t i o n a l l y  nod agreement o r  

sm i le .  Another  source of  e r r o r  i s  t h a t  t h e  answer w i l l  o f t e n  depend on a t  what 

t i m e  of  t h e  y e a r  t h e  i n t e r v i e w  i s  performed. It m i g h t  be d i f f i c u l t  t o  ask  t h e  

occupant about  h i s  behav iou r  d u r i n g  t h e  h e a t i n g  season i n  t h e  summer. 
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The most d i f f i c u l t  problem when using survey techniques i s  t he  problem o f  

v a l i d i t y .  Here i t  might  o f t en  be advantageous t o  make a  d i s t i n c t i o n  between 

ex te rna l  v a l i d i t y  (degree o f  agreement between a  measured value and t he  " t r ue  

va lue" )  and i n t e r n a l  v a l i d i t y  (degree o f  agreement between an e n t i t y  as used i n  

a  model and t he  opera t iona l  d e f i n i t i o n  o f  t h i s  e n t i t y ) .  

The ques t ion  of ex te rna l  v a l i d i t y  can o f t e n  n o t  be answered as the  " t r u e "  

value i s  no t  known. Instead t h i s  becomes a  ma t te r  o f  judgement when experience 

o f  r ea l  cond i t i ons  obta ined by o the r  means are  compared t o  the  r e s u l t s  o f  the  

ac tua l  i nves t i ga t i on .  The ques t ion  o f  i nne r  v a l i d i t y  i s  o f t e n  more a  p r a c t i c a l  

quest ion of what approximations can be al lowed w h i l e  s t i l l  r e t a i n i n g  the  c r u c i a l  

fea tu res  o f  the  s tud ied  e n t i t y .  

The sample o f  t he  popu la t ion  questioned, o r  i nves t i ga ted ,  i n  p r o j e c t s  t o  

determine the  behaviour and h a b i t s  o f  occupants has seldom been rep resen ta t i ve  

o f  t he  popu la t i on  i n  a  s t r i c t  s t a t i s t i c a l  sense. 

The number o f  va r i ab les  becomes very l a r g e  i f  one t r i e s  t o  t y p i f y  

dwellings. On the  o the r  hand, t he  i n v e s t i g a t o r s  have s t r i v e n  t o  ge t  a  sample 

t h a t  i n  some respects i s  t y p i c a l ,  even i f  they  have n o t  succeeded i n  g e t t i n g  one 

t h a t  i s  r e a l l y  representa t i ve .  I n  most cases, there fo re ,  t he  major features o f  

t he  r e s u l t s  from i n v e s t i g a t i o n s  o f  t h i s  k i n d  can be t r u s t e d  bu t  minor d e t a i l s  o f  

the  r e s u l t s  should n o t  be accepted u n c r i t i c a l l y .  

Of ten no s i n g l e  method can reach a l l  sources o f  i n f o rma t i on  b u t  several 

da ta  ga ther ing  techniques have t o  be used t o  c o l l e c t  a l l  r e l evan t  in fo rmat ion .  

For a  d iscuss ion  on e r r o r s  and r e p r e s e n t a t i v i t y  i n  non- d i r e c t  measurements 

see, e.g., Lang e t  a l .  (1974) 

- sampling o f  measurement po in t s  

Here we w i l l  t r e a t  the  t o p i c  o f  how t o  determine t he  sample s i z e  (choose a  

rep resen ta t i ve  sample) when des ign ing  a  sample survey from a  populat ion.  It 

w i l l  be shown how the  e r r o r  i s  determined if the  s i ze  o f  t he  sample i s  f i xed ,  

and how t o  choose t he  s i z e  o f  t he  sample f o r  a  wanted s i z e  of t he  e r ro r .  It 

w i l l  a l so  be assumed t h a t  t he  popu la t ion  i s ' d i v i d e d  i n t o  groups, each cons i s t i ng  

of several  ob jec ts .   o or s i m p l i c i t y  we w i l !  here ony t r e a t  the  case o f  two 



App 111- 5 

groups, b u t  a l l  fo rmulas be low a r e  e a s i l y  g e n e r a l i z e d  t o  t h e  case o f  more 

groups. The f o l l o w i n g  n o t a t i o n  w i l l  be used: 

N  = s i z e  o f  p o p u l a t i o n , N  = N1 + N  2  
N  = s i z e  o f  f i r s t  group o f  p o p u l a t i o n  1  
N2 = s i z e  o f  second group of  p o p u l a t i o n  

n  = s i z e  o f  t o t a l  sample, n  = nl t n2 

n, = s i z e  o f  s a i p l e  from f i r s t  group 

n2 = s i z e  o f  sample from second group 

x  = measured e n t i t y  - 
x  = average o f  x  

i1 and s i  = average and v a r i a n c e  o f  t h e  va lues  xli, i = 1, n. " and s? = average and va r iance  o f  t h e  va lues xpi. i = 1, n. 
2  

It i s  now c l e a r  t h a t  an e s t i m a t e  o f  t h e  average o f  x, x, f o r  t h e  whole 

p o p u l a t i o n  i s  g i v e n  by  

where i ,  i s  an e s t i m a t e  of t h e  average o f  t h e  measured e n t i t y  i n  group 1 

ob ta ined  f rom t h e  sample nl as 

Obv ious ly  X 2  i s  c a l c u l a t e d  i n  an analogous way.The v a r i a n c e  o f  Y w i l l  be u 2  (F) 

2  2  
0 2 ( i )  = ( q  N ~ ( N ~  - 5 )  s ~ / ~ . ) / N '  ( A  1 1 i  - 3)  

1=1 
where 

L e t  u t  now f i r s t  assume t h a t  measurements have a l r e a d y  been w i t h  

g i v e n  n, . n  and n  and we want an e s t i m a t e  o f  t h e  v a r i a n c e  of  t h e  average i .  
1 2 '  

Th is  v a r i a n c e  can ' then i m e d i a t e l y  be o b t a i n e d  from ( A  111 - 3) .  

Now i n s t e a d  assume t h a t  no measurements-have been performed, b u t  n  has been 

chosen. One then  w a n t s - t o  de te rm ine  n, and n2, n  + n 2  =' n,  so t h a t  0' ( i )  1  
becomes as smal l  as p o s s i b l e .  As i n p u t  one t h e n  needs t h e  r a t i o  o f  t h e  

va r iances  s  and s  o f  t h e  t w o  groups. We assume t h a t  t h i s  r a t i o  can be 
1  2  

o b t a i n e d  from p r e v i o u s  i n v e s t i g a t i o n s  o r  a  q u a l i f i e d  guess has t o  be made. I f  



App 111-6 

(A 111 - 3) i s  d i f f e r e n t i a t e d  w i t h  respect  t o  n., one'obta ins t he  r e s u l t  t h a t  
2 -  2  

the  minimum value of D  ( x ) ,  Dmin (;), i s  g iven by 

and the  va lues .o f  nl and n 2  are  g iven by 

which can be w r i t t e n  'e.g. as 

which confirms t h a t  i s  su f f i ces  t o  know the  r a t i o  sz/sl i n  o rder  t o  determine 

" 'and n2. L a s t l y  assume t h a t  t he  wanted value o f  ( i )  has been f i xed .  One 

then wants t o  determine n, nl and n2. So lv ing  (A 111 - 3) w i t h  respect  t o  n  

one ob ta ins :  

D i f f e r e n t i a t i n g  w i t h  respect  t o  n, one ob ta ins :  

2  2  2 - 2  2 2  
n  = (z Nisi/N) / (D ( x )  +r Nisi I N  ) 

i = l  i = l  

which i s  i n  f a c t  i d e n t i c a l  t o  (A I11 - 5). One can now see t h a t  t o  c a l c u l a t e  

n. n, and n2 one needs t o  know the  values o f  s  and s2. 
1  

Example 1 

A r e s i d e n t i a l  b u i l d i n g  con ta ins  100 f l a t s ,  20 of which a re  s i t u a t e d  a t  the  

gables o f  t he  bu i l d i ng .  Each f l a t  has windows on two facades, one which i s  

exposed t o  s o l a r  r a d i a t i o n  and one which i s  not. The rooms on t he  sunny s i de  

a re  expected t o  have a  h igher  temperature. One wants t o  know i n  how many f l a t s  
2  the  temperature has t o  be measured i f  one wants t o  minimize D ( t ) .where t i s  t he  

average temperature o f  the  b u i l d i n g .  



I t  has already been decided t h a t  i n  each f l a t  where measurements are 

performed, t he  temperature should be measured a t  two pos i t ions ,  one i n  a room on 

the  sunny s i de  and one on t he  shaded s ide  o f  the bu i ld ing .  The average o f  these 

two temperatures i s  assumed t o  be the average temperature o f  t h e . f l a t .  I n  t h i s  

case thus N = 100, N, = 80 and N2 = 20. From previous experience i t  i s  a lso  

known t h a t  f o r  bu i l d i ngs  s i m i l a r  t o  t he  one above sl = 1 K and s 2  = 2 K. From 

(A 111-6) one then immediately obta ins nl = 2n13 and n 2  = n13. From (A 111-7) 

one can now ca l cu la te  t h a t  f o r  n = 6 one gets Dmin = 0.5 K wh i l e  f o r  n = 24 one 

gets ~ ~ 1 ,  = 0.2 K. 

Example 2 - 
One wants t o  know the  average r a t e  o f  a i r  exchin& o f  a popu la t ion  o f  one 

m i l l i o n  dwel l ings;  700,000 houses and 300,000 f l a t s i n  r e s i d e n t i a l  b u i ~ d i " ~ s .  

Consequently N = 1.000,000, N1 = 700,000 and N2 = 300,000. Samples a re  t o  be 

taken a t  random from t h i s  populat ion,  and the  a i r  exchange r a t e  measured f o r  

every dwe l l i ng  i n  t he  sample so t h a t  t he  r e s u l t i n g  e r r o r  o f  t he  determined a i r  

exchange r a t e  i s  no t  g r e a t e r t h a n  0.05 a i r  changeslh. One then has t o  determine 

t he  sample s izes  n, nl and n2, nl t n2 = n. As seen above one must then know 

the values o f  sl and s2. 

A p i l o t  study i s  performed. The r a t e  o f  a i r  exchange i s  measured i n  ten  

f l a t s  and ten  houses,, chosen a t  random from the  populat ion. The values o f  s, 

and sp a re  estimated by (A I 1 1  - 4). One obta ins  sl = 0.5 a i rchangeslh and s2 

= 0.3 airchangeslh. 

One can now proceed to-determine n, n, and n2  using ~2 = 0.052 and , the  

values o f  N, N , ,  N2, s l  and s2 as i npu t  t o  (A 111 - 7 )  and (A 111 - 8). One 

then gets n l  = 61 and n2 = 16. Oisregarding t he  uncer ta in ty  i n  the,  est imated 

values o f  s l  and s2, one then has t o  measure t he  r a t e  o f  a i r  exchange i n  

another 51 houses and 6 f l a t s .  



App 111-8 

References 

Abernethy, R.B. and Thompson, J.W. Jr 1 Measurement Uncer ta in ty  Handbook. 

ISA! J. Wiley, Chichester  (1980) 

Doebelin. E.O.: Eleasurement Systems: App l i ca t i on  and Design. McGraw-Hill (1966) 

Lang, J., Burnet te,  C., Moleski ,  W. and Vachon, D. (Ed.): 

Designing f o r  human behaviour (Community Development Ser ies Vol. 6)  

Dowden, Hutchinson and Ross Inc.  (1974) . . 



- PART I V  

MEASUREMENTS AND DATA COLLECTION ON 

OCCUPANCY AND HOUSEHOLD ENERGY , 

Contents 

Ch. I V  a General i n t r o d u c t i o n  and da ta  c o l l e c t i o n  methods 

Ch. I V  b Household energy and domestic t a p  water 

Ch. I V  c Occupancy and human behaviour  

Ch. I V  d Implementat ion of s imu la ted  occupancy 

App. I V  Data on energy' consumption by t a p  water  and app l iances  

B i b l i o g r a p h y  and References f o r  P a r t  I V  



CHAPTER I V  a  

General i n t r o d u c t i o n  and data c o l l e c t i o n  methods 

Contents 

- 
- general i n t r o d u c t i o n  p. IV a- 1 

- c o l l e c t i n g  data on energy f o r  tap  water p. I V  a- 4 

- c o l l e c t i n g  data on energy consumption by appl iances p. I V  a- 7 

- c o l l e c t i n g  socioeconomic data and data on behaviour p. I V  a- 8 

and h a b i t s ' o f  occupants 



I V  a  General  i n t r o d u c t i o n  and da ta  c o l l e c t i o n  methods 

- genera l  i n t r o d u c t i o n  

P a r t  I V  d e a l s  w i t h  measurements o f  t h e  occupancy r e l a t e d  consumpt ion o f  

energy i n  a  r e s i d e n t i a l  b u i l d i n g .  The f i r s t  ch. I V  a  d e a l s  w i t h  t h e  methods o f  

measurement which can be a p p l i e d ,  and t h e i r  advantages and d isadvantages.  The 

second ch. I V  b  d e a l s  w i t h  f a c t o r s  a f f e c t i n g  t h e  occupant -s  consumpt ion o f  

household  energy and t a p  wa te r ,  and t h e  m o n i t o r i n g  o f  t h i s  energy consumption. 
. . 

The t h i r d  ch. I V  c  t r e a t s  o p e r a t i o n s  by  t h e  occupant  which a f f e c t  t h e  t o t a l  

energy consumption, b u t  a r e  n o t  e a s i l y  moni tored.  The l a s t  ch. I V  d  d e a l s  w i t h  ' 
s i m u l a t i o n  s tud ies .  Appendix I V  c o n t a i n s  a  c o l l e c t i o n  o f  d a t a  on t h e  

consumption o f  t a p  w a t e r  and household  energy. At t h e  end o f  P a r t  1V can be 

found t h e  b i b l i o g r a p h y  and r e f e r e n c e s  common f o r  t h e  c h a p t e r s  o f  P a r t  I V .  

I n  ch. I 1 1  a  d i f f e r e n t  methods o f  c o l l e c t i n g  d a t a  have been d iscussed.  I n  

t h i s  c h a p t e r  we w i l l  d e s c r i b e  how t h e s e  methods a r e  a p p l i e d  t o  t h e  measurement 

o f , t h e  occupancy r e l a t e d  energy consumption. Data c o l l e c t i o n  f rom reco rds ,  

m o n i t o r i n g  o f  a  r e s i d e n t i a l  b u i l d i n g ,  and t h e  use o f  su rvey  methods and 

o b s e r v a t i o n s  w i l l  be d iscussed.  It w i l l  a l s o  be d i scussed  how p u b l i s h e d  d a t a  on 

t h e  consumpt ion o f  t a p  water  and household  energy have been o b t a i n e d  and how 

r e l i a b l e  such da ta  are.  The background t o  t h i s  d i s c u s s i o n  i s  t h a t  d a t a  o f  t h e  

k i n d  above can be used i n  a  c a l c u l a t i o n  o f  t h e  energy ba lance  o f  a  r e s i d e n t i a l  

b u i l d i n g  f o r  t h e  e v a l u a t i o n  o f  a  r e t r o f i t .  

I f  one uses d a t a  c o l l e c t e d  f rom reco rds ,  one w i l l ,  i n  genera l ,  have o n l y  

information about  t h e  consumpt ion o f  energy b y  t h e  "average household!'. Th is  

may be s u f f i c i e n t  i f  one i s  u s i n g  a  s imp le  model,  o r  i s  s t u d y i n g  t h e  e f f e c t  o f  a  

r e t r o f i t  on a  l a r g e  number o f  households. o t h e r w i s e  t h e  energy consumpt ion o f  

t h e  r e s i d e n t i a l  b u i l d i n g  w i l l  have t o  be mon i to red .  

Data on domes t i c  energy consumpt ion a r e  o f t e n  p resen ted  as  n a t i o n a l  - 
averages. Sometimes d a t a  have been o b t a i n e d  f rom a r e p r e s e n t a t i v e  sample o f  t h e  

p o p u l a t i o n  i n  a  coun t ry .  I n  o t h e r  cases i t  has n o t  been f e a s i b l e  t o  conduct  a  

s t u d y  i n  t h i s  way. Ins tead ,  one o r  more case s t u d i e s  have been per formed and 

t h e  r e s u l t s  have been assumed t o  be r e p r e s e n t a t i v e  o f  t h e  whole p o p u l a t i o n .  The 

p rob lem o f  r e p r e s e n t a t i v i t y  may t h e n  become acu te .  



When on ly  one o r  a few r e s i d e n t i a l  b u i l d i n g s  are monitored, i t  w i l l  i n  

general be poss ib l e  t o  get  a s u f f i c i e n t  breakdown of the  end use o f  household 

energy. It w i l l  o f ten  be necessary t o  have a s u f f i c i e n t  degree of bieakdown if 
the  r e s u l t s  o f  the  measurements are t o  be used as i npu t  t o  a model t o  s imulate 

the  thermal behaviour o f  t he  r e s i d e n t i a l  b u i l d i n g  i n  another environment, o r  i f  

the  r e s u l t s  o f  the  measurements are t o  be app l i ed  t o  o the r  bu i l d i ngs .  I f  t h i s  

, breakdown o f  t he  a e  o f  domestic energy i s  no t  a t  hand, the  problem o f  

r e p r e s e n t a t i v i t y  may a r i se .  It may then be o f  i n t e r e s t  t o  est imate t he  t o t a l  

consumption o f  n6 t  energy i n  i h e  household t o  be compared t o  a na t iona l  average 

o r  the  average consumption i n  o ther  count r ies .  

I f ,  instead,  data a re  c o l l e c t e d  from a l a rge  number of r e s i d e n t i a l  

bu i l d i ngs ,  i t  w i l l  i n  general no t  be poss ib le  t o  ob ta i n  data on t h e  end use of 

household energy. Therefore, i t  may i n  t h i s  case be o f  i n t e r e s t  t o  es t imate  t he  

energy consumed f o r  purposes o ther  than heat ing of t he  bu i l d i ng .  

S t r i c t l y  speaking, a l l  energy released by appl iances i n s i d e  a b u i l d i n g  

should be regarded as a p o s i t i v e  c o n t r i b u t i o n  t o  t he  heat balance o f  the 

b u i l d i n g .  However, i n  many cases t h i s  energy causes overheat ing and i s  q u i c k l y  

removed by the  occupant, e.g., by inc reas ing  the  r a t e  o f  v e n t i l a t i o n .  When 

s tudy ing  t he  energy balance averaged over a long per iod,  i t  has t he re fo re  become , 

common t o  regard on ly  a c e r t a i n f r a c t i o n  of t he  energy re leased by appl iances as 

a c o n t r i b u t i o n  t o  t he  heat ing  o f  t he  dwe l l ing .  This energy, and energy f lows 

through t he  b u i l d i n g  envelope from impinging so la r  r ad ia t i on ,  are o f t e n  r e f e r r e d  

t o  as the  " f r e e  heat". 

I t  can be assumed t h a t  nea r l y  a l l  energy re leased by e l e c t r i c  appl iances 

l i k e  r e f r i g e r a t o r ,  deepfreezer, TV sets, and i l l u m i n a t i o n  con t r i bu tes  t o  t he  

hea t i ng  o f  the  dwe l l ing .  For ho t  t a p  water, a clothes-washer, and a dish-washer 

one has t o  est imate the  amount o f  energy used t o  heat  water and how much o f . t h i s  

energy i s  released i n s i d e  the  b u i l d i n g  and how much i s  l o s t  by t he  discharge 

water. When cooking and d r y i ng  c lothes,  some o f  the  used energy w i l l  increase 

the  temperature o f  t h e  a i r  which i s  removed by the  v e n t i l a t i o n  system. One must 

therefore,  i n  t h i s  case, consider whether the  r a t e  o f  a i r  change i s  increased 

when the  occupant i s  cooking o r  d r y i n g  c lothes.  

A summary of the  d iscuss ion  i n  App. I V  on how t o  t r e a t  the  ' ene rgy  f lows 

associated w i t h  t he  use o f  appl iances i s  g iven i n  Table I V  a-1. I n  Table I V  a-2 

t he re  i s  a summary o f  what data c o l l e c t i o n  methods can be app l ied  when 

c o l l e c t i n g  data r e l a t e d  t o  the  occupancy. 



TABLE I V  a-1 

Treatment o f  occupancy r e l a t e d  energy use 

Energy fran Treatment o f  energy 

genera t ion  Used energy can be d i v i ded  i n t o :  

of ho t  t a p  f l u e  losses+ j acke t  losses+ d i s t r i b u t i o n  losses tuse fu l  energy 

water which heats the  water. Energy i s  l o s t  b y t h e  d ischarge water. 

F lue losses:  p a r t  o f  the  energy i s  regained through heat ing  o f  

t he  chimney i f  t h i s  one i s  i n s i d e  t he  b u i l d i n g  

Jacket losses:  can be neglected j f  the  volume o f  the tank i s  

small. Otherwise i t  w i l l  c on t r i bu te  t o  t he  heat ing  o f  the  

b u i l d i n g  (sometimes on l y  t o  t he  hea t i ng  o f  the  basement). 

D i s t r i b u t i o n  losses: p a r t  o f  the  energy i s  t r a n s f e r r e d  t o  t he  

plumbing. This can g i v e  a  c o n t r i b u t i o n  t o  t h e  heat ing if the  

p ipes a re  i n s i d e  the  b u i l d i n g  and no t  i n  t he  b u i l d i n g  envelope. 

Useful energy: can be regarded as l o s t  when water l eav ing  f o r  

d r a i n  except f o r  a small  p a r t  which i s  taken up by the  plumbing. 

c o l d  tap  water Temperature of i n l e t  water r a i sed  by heat t r a n s f e r  from the  

bu i l d i ng .  This energy i s  l o s t  when water i s  discharged. 

cooking Some energy " l o s t "  because o f  overheat ing and increased 

v e n t i l a t i o n ,  more when gas i s  used then when e l e c t r i c i t y  i s  

used. Consequently the  opera t ion  o f  the  v e n t i l a t i o n  system 

h a s t o  be 'considered (see ch. 111 e )  

c l o thes -  Useful energy f o r  water hea t ing  can be regarded as l o s t  when 

washing hot  water generat ion incorpora ted  w i t h  washer. I f  t he  hot  water 

i s  taken from the  h o t  t ap  water, i t  can be t r ea ted  as such. 

dishwashing Same canments as f o r  c l o thes  washing 

c l o thes -d ry i ng  If hot  a i r  i s  produced, t he  indoor  a i r  temperature r i ses .  

Small p a r t  of t h i s  energy may be s to red  i n  t he  b u i l d i n g  f ab r i c .  

Post generated energy w i l l  be l o s t  by t he  a i r  ex t r ac ted  by t he  

v e n t i l a t i o n  system. 

r e f r i g e r a t o r &  Cont inuously working. Near ly  a l l  energy con t r i bu tes  t o ' t h e  

deepfreezer heat ing  o f  t he  dwe l l i ng  . 
TV Load va r i es  much du r i ng  day. Near ly  a l l  energy c o n t r i b u t e s  t o  

the  heat ing  o f  the  dwe l l i ng  

i l l u m i n a t i o n  Load va r i es  much du r i ng  t he  day and dur ing  t he  year. Near ly  a l l  

energy c o n t r i b u t e s  t o  t he  heat ing  o f  t h e  dwe l l ing .  



' l V  a- 4 

- c o l l e c t i n g  data on energy f o r  t ap  water 

Mon i to r ing  domestic h o t  water systems becomes a  d i f f i c u l t  problem due, on 

one hand, t o  the  complexi ty  o f  human occupancy'patterns, and t o  t he  v a r i e t y  of 

p roduc t ion  and d i s t r i b u t i o n  devices on the  o ther  hand. The t ype  of 

i n s t a l l a t i o n ,  and t he  accuracy o f  energy saving p red i c t i ons ,  determine t he  l e v e l  

o f  mon i to r ing  chosen fo r  these purposes. However, desp i te  t he  d i f f i c u l t i e s ,  one 

should no t  ignore  the  e f f e c t  of t h i s  supplementary energy package on t he  t o t a l  

energy balance of t he  house ( i n  the  con tex t  o f  a  decrease i n  spaceheating demand 

due t o  i n s u l a t i o n  of t he  house and an increase i n  t he  -comfort- l e v e l  o f  the  

occupants). 

Various t echn i ca l  f a c t o r s  w i l l  determine what measurement devices can be 

used and t h e i r  complexity: 

1) t ype  o f  pr imary energy used ( o i l ,  gas, c o a 1 , e l e c t r i c i t y )  

2) type o f  appl iance o r  system (appl iance s p e c i f i c a l l y  designed f o r  

water hea t ing  o r  cen t ra l  heat ing,  storage capac i ty  etc. )  

3) d i s t r i b u t i o n  system ( f o r  a  s i ng le  house o r  a  group of bu i l d i ngs )  

4 )  number and l o c a t i o n  of the  draw- o f f  p o i n t s  

I n  any case, ho t  water p roduc t ion  can be t r e a t e d  as a  heat ing  system 

( i n d i v i d u a l  o r  incorpora ted) .  Thus, i t  can be s tud ied  i n  terms o f  i t s  

e f f i c i e n c y  o f  product ion,  d i s t r i b u t i o n ,  and regu la t i on .  

If no continuous mon i to r ing  i s  performed, bu t  one s t i l l  wants t o  est imate 

t he  energy consumed by p roduc t ion  o f  ho t  t ap  water, and i t s  c o n t r i b u t i o n  t o  the  

heat ing  o f  a  r e s i d e n t i a l  b u i l d i n g ,  data have t o  be c o l l e c t e d  by means o the r  than 

mon i to r ing  o f  t he  bu i l d i ng .  The data which a re  needed i n  a  study o f  t he  e f f e c t s  

o f  a  r e t r o f i t  w i l l  depend on what model i s  used'and what k i n d o f  data ana l ys i s  

i s  t o  be performed. If a complex model i s  used, ant, w i l l ,  independently whether 

t he  b u i l d i n g  i s  monitored o r  not ,  need in fo rmat ion  about 

1) the  demand p r o f i l e  ( w i t h  a  t ime- reso lu t ion  as i n  t h e  model) 

2) the  appl iances used fo r  generat ion of h o t  water 

3) the  domestic appl iances using ho t  water 

4 )  t he  amount o f  water consumed (ho t  and co ld )  

5 )  t he  temperature o f  t he  i n l e t  water 

6 )  the  temperature o f  t he  h o t  water 



. .. 

I n fo rmat ion  about t h e  consumption o f  t a p  water  i n  d w e l l i n g s  can be ob ta ined  

i n  severa l  ways. Pub l i shed  d a t a  have' m o s t l y  been ob ta ined  i n  one o f  t h e  

f o l l o w i n g  ways: 

1)  A d i r e c t  measurement of t h e  usefu l  energy by measuring t h e  f low and t h e  

temperature o f  t h e  h o t  water  j u s t  b e f o r e  t h e  tap.  The n e t  energy use r e q u i r e d  

f o r  t h e  c a l c u l a t i o n  o f  t h e  energy balance of t h e  b u i l d i n g  can then  be ob ta ined  

if t h e  heat  losses from t h e  ho t  water  s to rage  and t h e  plumbing i s  added t o  t h e  

measured u s e f u l  energy. The f l o w  o f  h o t  t a p  water  can e a s i l y  be moni tored,  o r  

read o f  f rom a meter,  i n  r e s i d e n t i a l  b u i l d i n g s  w i t h  i n d i v i d u a l  mete r ing .  These 

r e s u l t s  w i l l ,  however, no t  be d i r e c t l y  a p p l i c a b l e  t o  b u i l d i n g s  w i t h  c o l l e c t i v e  

mete r ing ,  o r  no m e t e r i n g  a t  a l l ,  as t h e  consumption t h e r e  i s  l i k e l y  t o  be 

h igher .  

Experiments where d i r e c t  measurements have been performed i n  genera l  have 

t o  be regarded as case s tud ies .  R e s u l t s  from such exper iments seldom represen t  

any k i n d  o f  " n a t i o n a l  average consumption". Data on t h e  end use o f  water ,  and 

t h e  n e t  energy consumption f o r  ho t  t a p  water ,  can be found i n  App. I V .  

2 )  If t h e  amount of p r imary  energy, used by t h e  h e a t i n g  app l iance ,  and i t s  

e f f i c i e n c y  a r e  known, t h e  ne t  energy used f o r  ho t  water  genera t ion  can be ' 

c a l c u l a t e d .  I f  t h e  h o t  t a p  water  i s  produced i n  connec t ion  w i t h  t h e  h e a t i n g  

system, t h e  app l iance  e f f i c i e n c y  w i l l  va ry  throughout  t h e  year ,  and w i l l ,  i n  

genera l ,  n o t  be known w i t h  a h i g h  degree of accuracy. Th is  t o p i c  i s  d iscussed 

i n  ch. 111 f. Here we o n l y  ment ion t h a t  es t imates  o f  t h e  e f f i c i e n c y  o f  water  

h e a t e r s  i n  r e s i d e n t i a l  b u i l d i n g s  v a r i e s  f rom 35 t o  70% depending on t h e  load,  

t h e  k i n d  of f u e l  t h a t  i s  used, and t h e  k i n d  of water  h e a t e r  ( c e n t r a l  h e a t i n g  o r  

n o t )  (Smi th 1978, Wilson 1978, H i rs t -Hosk ins  1977, Over 1974, Whi t t le-Warren 

1978). 

3) If o n l y  e l e c t r i c i t y  i s  used f o r  ho t  water  t h e  n e t  energy can 

be determined d i r e c t l y .  

4) Hot water  consumption i s  o f t e n  i n f e r r e d  from t h e  t o t a l  household water  
. . - 

consumption. The h o t  t a p  water  f r a c t i o n  of t h e  t o t a l  water  consumption i s  

me'asured'in a few r e s i d e n t i a l  b u i l d i n g s .  Th is  f r a c t i o n  i s  then  supposed t o  be 

t y p i c a l  a l s o  o f  o t h e r  d w e l l i n g s  whose h o t  water  consumption i s  t o  be est imated.  



5)  A  f i f t h  p o s s i b i l i t y  o f  estimating h o t  wa te r  consumption i s  t o  pe r fo rm a  

f u r t h e r  breakdown of  t h e  end use o f  wa te r  as i n  t h e  f i r s t  method d i scussed  

above, b u t  i n s t e a d  o f  d i r e c t  measurements one uses survey techniques.  A  

r e p r e s e n t a t i v e  number o f  occupants a r e  asked about how o f t e n  and f o r  how l o n g  

they  t a k e  ba ths  and showers, how o f t e n  they  wash t h e i r  l a u n d r y  and a t  what water  

tempera tu re ,  how o f t e n  they  wash up t h e i r  d i s h e s  and how. 

One w i l l  t hen  have a  more r e p r e s e n t a t i v e  sample o f  occupants t h a n  when 

d i r e c t  measurements a r e  performed on a  smal l  number o f  d w e l l i n g s .  Ins tead ,  t h e  

numbers o b t a i n e d  a r e  n o t  ve ry  accu ra te  and sys temat i c  e r r o r s  can occur .  An 

example o f  t h i s  w i l l  be g iven.  I n  an i n v e s t i g a t i o n  i n  Sweden (Oahlman-Ahlund, 

1969) w i t h  t h e  aim of  d e t e r m i n i n g  t h e  h y g i e n i c  h a b i t s  o f  people ,  i t  was found 

t h a t  lnen took ho t  ba ths  3 t i ~ n e s  a  week and women 5  t imes .  Only 10% of  t h e  

i n t e r v i e w e d  people  used a  shower. I n  ano the r  i n v e s t i g a t i o n  i n  Sweden 

 din-person, 1978) w i t h  t h e  aim o f  d e t e r m i n i n g  t h e  h a b i t s  a f f e c t i n g  t h e  energy 

consumption, i t  was found t h a t  t h e  peop le  i n t e r v i e w e d  took  l e s s  than  one h o t  

b a t h  a  week b u t  2.5 showers a  week. I n  b o t h  cases t h e  sample o f  peop le  was n o t  

r e p r e s e n t a t i v e  o f  t h e  whole p o p u l a t i o n ,  and t h e  second i n v e s t i g a t i o n  was 

per formed t e n  y e a r s  a f t e r  t h e  f i r s t ,  b u t  t h e  disagreement between t h e  r e s u l t s  

ob ta ined  s t i l l  seems t o  be r a t h e r  t o o  l a r g e .  

6)  The s i m p l e s t  way of  e s t i m a t i n g  t h e  energy l o s s e s  o f  a  b u i l d i n g  due t o  

wa te r  h e a t i n g  i s  t o  measure t h e  wa te r  f l o w ,  t h e  wa te r  tempera tu re  a t  t h e  i n l e t ,  - 
and t h e  tempera tu re  o f  t h e  sewage water ,  p r o v i d e d  o f , c o u r s e  t h a t  t h i s  can be 

done i n  u r a c t i c e .  , 

T h i s  method i s  r e l i a b l e  i f  a p p l i e d  t o  m u l t i - f a m i l y  d w e l l i n g s  , w i t h  many 

f l a t s ,  where t h e  tempera tu re  o f  t h e  sewage wa te r  i s  r a t h e r  cons tan t .  I t  i s  more 

d i f f i c u l t  t o  app ly  t o  s i n g l e - f a m i l y  houses where t h i s  tempera tu re  v a r i e s  more. 

C o l l e c t i n g  da ta  on t h e  amount o f  c o l d  wa te r  used i n  households i n  d i f f e r e n t  

c o u n t r i e s  f rom o f f i c i a l  r e c o r d s  i s  d i f f i c u l t .  A t  b e s t ,  t h e  g ross  consumption as 

g i v e n  i n  o f f i c i a l  s t a t i s t i c s  i s  s p l i t  up i n t o  i n d u s t r i a l  use, domes t i c  use, 

d i s t r i b u t i o n  l osses  and " o t h e r "  use. A t  wors t ,  d i s t r i b u t i o n  l o s s e s ,  which a r e  

o f t e n  of t h e  o r d e r  o f  10% b u t  i n  same cases may be as l a r g e  as 30% (Coe 1978).  

and o t h e r  use i s  i n c l u d e d  i n  t h e  g i v e n  consumption f o r  domest ic  use and 

i n d u s t r i a l  use. Domest ic use i s ,  thus,  n o t  o n l y  w a t e r  used i n  households, b u t  

a l s o  i n c l u d e s  wa te r  used i n  shops, r e s t a u r a n t s ,  schoo ls ,  and o f f i c e s .  



- c o l l e c t i n g  data on energy consumption by appl iances 

Energy used by domestic appl iances w i l l  i n  general be i n  t he  form o f  

e l e c t r i c i t y  o r  gas. It i s  gene ra l l y  r a t h e r  easy t o  moni tor  t he  t o t a l  

consumption of e l e c t r i c i t y  o r  gas by t h e  ho&ehold. Using a simple model, one 

can then make an assumption about how much of the  ne t  energy consumed by 

domestic appl iances c o n t r i b u t e s  t o  t he  heat ing  of t he  dwe l l ing .  I f  a very 

complex model i s  used, one w i l l ,  f o r  t he  major  energy consuming appl iances, need 

in fo rmat ion  about 

1) t he  demand p r o f i l e  ( w i t h  a t ime - reso lu t i on  as i n  t he  model) 

2) t he  energy consumption by each appl iance 

3) how much o f  t he  energy consumed by the  appl iance con t r i bu tes  

t o  t he  heat ing  o f  t he  dwe l l i ng  

If informat ion  about t he  energy use by appl iances i s  t o  be gathered by 

mon i to r ing ,  each major domestic appl iance w i l l  have t o  be monitored separate ly .  

A d iscuss ion  on t he  fac to rs  which have an in f luence on t he  energy consumption by 

appl iances and how t o  perform a mon i to r ing  of domestic appl iances, i s  g iven  i n  

ch. I V  b. 

In fo rmat ion  about t he  average amount of energy consumed by domestic 

appl iances i s ,  i f  no mon i t o r i ng  i s  performed, i n  general c o l l e c t e d  i n  one o f  two 

ways. The f i r s t  one i s  t o  i n v e s t i g a t e  t he  energy consumption per  event. Th is  

has been done i n  many l abo ra to r y  tes ts .  Knowing t h i s ,  one then has t o  determine 

when, and o f t en  a l so  how, t he  appl iance i s  used. Th is  i s  o f ten  done by pure 

guestimates, sometimes based on some simple survey. 

The second way i s  a pu re l y  s t a t i s t i c a l  one. Knowing t he  f r a c t i o n  o f  

households which have a c e r t a i n  se t  of appl iances ( o f t e n  r e f e r r e d  t o  as a 

c e r t a i n  technology) ,  and t h e  t o t a l  consumption (o f  e l e c t r i c i t y  o r  gas) fo r  t h i s  

t ype  of hbusehold, v i a  a s imple l i n e a r  regress ion  ana l ys i s  one can determine t he  

average energy consumption f o r  many appl iances. This i s  done i n  some count r ies .  

I n  o the r  count r ies ,  however, the  u t i l i t i e s  c o l l e c t  data on ly  on the  f r a c t i o n  o f  

households having a c e r t a i n  appl iance. I n  t h i s  case t he  above technique cannot 

be used. One does i n  i t s  p lace  use a combination o f  guestimates on t he  energy 

consumption of each separate appl iance and t he  change i n  pene t ra t i on  o f  a 

c e r t a i n  appl iance, t r y i n g  t o  match these two f a c t o r s  w i t h  t h e  change i n  

consumption of e l e c t r i c  energy i n  a r a t h e r  ad hoc manner. Even the  s t a t i s t i c a l  



method cannot reso lve  t he  consumption of energy'by appl iances having the  same 

penet ra t ion .  Thus on ly  t he  ' t o t a l  consumption by TV, r e f r i g e r a t o r s  and 

i l l u m i n a t i o n  can be determined, as each o f  them i n  most Western coun t r i es  has a  

penet ra t ion  above' 90% . 

I n  on l y  a  few cases, none o f  the  two above mentioned methods has been "sed. 

b u t  the  est imates have been obta ined by mon i to r ing  of the  coniumption o f  

household energy i n  a  representa t i ve  sample o f  a l l  dwe l l i ngs  (see Bonnard- , 
V u i l l e -  Saugy 1980). 

Sometimes the  energy consumed by an appl iance using gas has been considered 

equal t o  i t s  e l e c t r i c  counterpar t  a f t e r  t a k i n g  i n t o  cons idera t ion  i t s  

e f f i c i ency .  

- c o l l e c t i n g  socioeconomic data,and data on behaviour and h a b i t s  o f  occupants 

I 

Socioeconomic data and data on the  behaviour and h a b i t s  of occupants can be 

c o l l e c t e d  f o r  several reasons (see a lso  ch. 11 a). 

1) Data may be c o l l e c t e d  t o  make sure t h a t  the  occupants o f  the  t e s t -  and the  

reference b u i l d i n g s  i n  a  t e s t -  reference experiment are " i d e n t i c a l " .  One does 

i n  general not  know how i n d i v i d u a l  var iab les  a f f e c t  the  energy consumption, b u t  

r a t h e r  one wants t o  e l im ina te  d i f fe rences  i n  some va r i ab les  as.a poss ib l e  

exp lanat ion  o f  the  d i f f e r e n c e  i n  energy consumption between the  bu i ld ings .  

2) One may c o l l e c t  data i f one wants t o  general ize t he  r e s u l t s  from a  r e t r o f i t  

experiment on a  few b u i l d i n g s  t o  p a r t  of the  na t i ona l  b u i l d i n g  stock. I n  t h i s  

case one c o l l e c t s  da ta  t o  make sure t h a t  t he  occupants o f  the  experimental 

b u i l d i n g s  are representa.t ive f o r  t he  occupants of the  c l ass  o f  b u i l d i n g s  t o  

which the  experimental b u i l d i n g  belongs. 

3)  Data can be c o l l e c t e d  i n  order  t o  est imate the  magnitude o f  some terms i n t h e  

energy balance equat ion of the  b u i l d i n g .  One then has t o  use a  model where data 

a re  i npu t  t o  a  numerical c a l c u l a t i o n .  

4 )  One can c o l l e c t  data as a  p repara t ion  f o r  the  launching of an energy- saving 

campaign. One can then be t r y i n g  t o  f i n d  what mot iva tes  t he  occupants t o  save 

energy. One can a l so  i n v e s t i g a t e  what knowledge t he  occupants have about, o r  



i 

how they  operate on, a l ready  e x i s t i n g  b u i l d i n g  systems. This can be used t o  

prepare i n s t r u c t i o n s  t o  t he  occupant on how energy can be saved by a  more 

e f f i c i e n t  use o f  such systems. 

I t  i s  obvious t h a t  socioeconomic data and 'data on t he  behaviour and hab i t s  

o f  occupants can be o f  very d i f f e r e n t  k ind .  They can..e.g., inc lude :  

- socioeconomic data (income, age, occupation, etc.) 

the occupants- a t t i t u d e s  t o  and m o t i v a t i o n  f o r  energy saving 

- data on when the  occupant i s  a t  home and i n  what rooms he spends h i s  t ime 

- data on t he  use of set  po in t s  

- data on t he  use of v e n t i l a t i o n  system 

- data on t he  occupants h a b i t s  o f  a i r i n g ,  s h i e l d i n g  windows, e tc .  

- data on use of appl iances 

- data on use pa t t e rns  o f  hot  t ap  water 

- data on the  occupants experience of the  indoor  comfort 

Data c o l l e c t i o n  methods f o r  socioeconomic data and data on the  behaviour 

and h a b i t s  of occupants a re  descr ibed i n  ch. 111 a. The importance of 

c o l l e c t i n g  data o f  t he  k i nd  l i s t e d  above i s  s t ressed i n  many chapters o f  t h i s  

document. Below i s  g iven a  shor t  d iscuss ion  on how these methods can be app l ied  

i n  p rac t i ce .  

Data on where and when occupants perform some operat ions,  l i k e  being a t  

home, can be obta ined i n  several  ways. The f i r s t  i s  t he  use o f ,survey  

techniques. Occupants a re  in te rv iewed,  o r  f i l l  i n  a  form, answering the  

ques t ion  about when they a re  a t  home. The second i s  based on d i a r i e s .  A number - 
o f  people a re  asked t o  keep an hour by hour record o f  one day-s a c t i v i t i e s .  

This technique has o f t e n  been used i n  t ime- budget s tud ies ,  i.e. s t ud ies  of 

where, and how people spend t h e i r .  time. Observations can a l s o  be used. As t h i s  

means t h a t  the experimenter has t o  spend some t ime i n  the  home of the  occupant, 

t h i s  method has seldom been used i n  p rac t i ce .  

In fo rmat ion  of t he  k i n d  above can o f ten  be de r i ved  from o the r  sources. TV 

and broadcas t ing  companies o f t en  devote considerable e f f o r t  and resources to. 

making time-budget s tud ies  f o r  themselves, i n  order  p r e c i s e l y  t o  determine the 

t imes o f  day a t  which c e r t a i n  audiences w i l l  be f ree  t o  watch o r  l i s t e n  t o  t h e i r  

programs. This in fo rmat ion  can o f ten  be obta ined w i t h  the  popu la t ion  c l a s s i f i e d  

w i t h  regard t o  age, occupation, education, income, and geographical region. 



A measurement o f  the  hab i t  o f  window- sh ie l d i ng  i s  most e a s i l y  performed by 

observat ion.  Most occupants have r a t h e r  r i g i d  hab i t s  i n  t h i s  respect. A r a the r  

small number o f  observat ions i s  requ i red  t o  e s t a b l i s h  the  nocturnal  habi ts .  The 

d i u rna l  hab i t s  show a  g rea ter  v a r i a t i o n  due t o  t h e  presence o f  sunshine. 

However, , i f  a  few observat ions a re  performed on sunny and on overcast  days, the  

d i u r n a l  hab i t s  w i l l  a l s o  be r a t h e r  we l l  known. 

An a l t e r n a t i v e  i s  the  use of survey techniques. I n  general t h i s  w i l l  no t  

lead t o  an improved accuracy compared t o  observat ions.  I n  most cases i t  w i l l  be 

more t ime- consuming. Only few studies' of t h i s  k i nd  have been performed. 

Several d i f f e r e n t  methods o f  measurement can be employed t o  c o l l e c t  

in fo rmat ion  about t he  hab i t  of a i r i n g .  It i s  o f  course poss ib le  t o  use d i r e c t  - 
measurements. Magnetic switches can record when a  window i s  open o r  shut. 

Photocel ls  can a l so  be used fo r  t h i s  purpose. A thermometer p laced on the  

i ns i de  o f  the  window o r  near the  f l o o r  w i l l  sense the  change i n  a i r  temperature 

when a  window i s  opened. I n  t h i s  case i t  might  be more d i f f i c u l t  t o  determine 

when the  window i s  closed. D i r e c t  measurements w i l l  g i ve  a  very d e t a i l e d  . .  
p i c t u r e  o f  when, and f o r  how long,  t he  occupant i s  a i r i n g .  However, t h i s  

technique can i n  general on ly  be used when a  comparat ive ly  small number o f  

dwe l l ings  i s  being studied.  

- T h e  number o f  open windows i n  a  r e s i d e n t i a l  b u i l d i n g  can a l s o  be 

observed.Studies have been performed where an observer has been walk ing around a  

number of r e s i d e n t i a l  b u i l d i n g s  dur ing  the  day, observing the  number of open 

windows on each facade once every hour f o r  almost a  year. A l t e rna t i ves  t o  t h i s  

are t o  use TV cameras f o r  t he  observat ion o r  t o  record t he  b u i l d i n g  facades by 

photographic means a t  r egu la r  t ime i n te r va l s .  

I n  t h i s  case observat ions i s  a  more f l e x i b l e  method than d i r e c t  

measurements. I t  can be used f o r  in tense observat ions o f  a  small number o f  

dwe l l i ngs  o r  f o r  observat ions of a  l a r g e  number of dwe l l ings  i n  a  l i m i t e d  "umber 

of occasions.It  i s ,  however, d i f f i c u l t  t o  use observat ions i f  one wants t o  study 

the  frequency o f  a i r i n g  a t  n igh t .  

Survey techniques can a l so  be used i n  t h i s  case. The,occupant can be asked 

about how o f t en  and when he opens windows. The answer w i l l  then depend on the 

season. The occupant w i l l  i n  general t e l l  about h i s  behavior  du r i ng  t h e  l a s t '  

days o r  the  l a s t  few weeks. However, experience has shown t h a t  the  answers are 

on t he  average comparable t o  r e s u l t s  obta ined by observat ions (provided of 



course t h a t  one t a k e s  i n t o  account  t h e  seasonal v a r i a t i o n  o f  a i r i n g ) .  The 

i n f o r m a t i o n  w i l l  n o t  be so d e t a i l e d  as if d i r e c t  measurements o r  o b s e r v a t i o n s  

a r e  used. 

M o n i t o r i n g  o f  t h e  occupant -s  c h o i c e  o f  s e t -  p o i n t s  i s  r a t h e r  easy f o r  some 

h e a t i n g  systems, e.g., e l e c t r i c a l  hea t ing .  For  h e a t i n g  systems n o t  a l l o w i n g  an 

easy m o n i t o r i n g ,  survey techn iques  can be used. I n  t h i s  case t h e  use of  survey. 

techn iques  i s  f a c i l i t a t e d  by t h e  f a c t  t h a t  many occupants p r e f e r  t h e  ext reme 

p o s s i b i l i t i e s  when choos ing  s e t  p o i n t s ,  e i t h e r  c m p l e t e l y  on o r  c o m p l e t e l y  o f f ,  

o r  a t  a  r a t h e r  low o r  a  r a t h e r  h i g h  tempera tu re ,  whichever  i s  r e l e v a n t  f o r  t h e  

h e a t i n g  system under s tudy.  Fur thermore many occupants  seldom change t h e  s e t  

p o i n t s  (see ch. I V  c) .  T h i s  o f  cou rse  a l s o  makes i t  e a s i e r  t o  use 

observa t ions .  

M o n i t o r i n g  o f  t h e  occupant -s  use o f  b u i l d i n g  systems d r i v e n  by  e l e c t r i c  - 
motors ,  e.g. mechanica l  v e n t i l a t i o n  systems, i s  r a t h e r  easy by s i m p l y  r e c o r d i n g  

t h e  presence o r  absence of an e l e c t r i c  c u r r e n t  o r  a  magnet ic  f i e l d .  



TABLE I V  a-2 

Data c o l l e c t i o n  methods f o r  occupancy-re la ted v a r i a b l e s  

Type o f  v a r i a b l e  D i r e c t  measurement Survey methods Observat ion Records 

Socioeconomic No Poss ib le  No Recommended 

A t t i t u d e s  No Recommended No No 

Presence a t  home No Recommended D i f f i c u l t  Large sample 

Use o f  s e t  p o i n t s  Recommended Possib le .  Only D i f f i c u l t  No 

and v e n t i l a t i o n  seasonal average 

H a b i t s  o f  a i r i n g  Small samples Only f o r  season Recommended No 

H a b i t s  o f  s h i e l d -  D i f f i c u l t  Only seasonal Recomnended NO 

i n g  windows average 

Indoor comfor t  uecommended Poss ib le  NO No 

Demand p r o f i l e  On-of,f r e c o r d i n g  L i m i t e d  NO D i f f i c u l t  

of appl iances easy accuracy 

Energy consump- Recammended NO NO Consumer 

t i o n  by app l iance  t e s t s  

P e n e t r a t i o n  o f  

appl iances 

Demand p r o f i l e  

o f  ho t  water  

Consumption of 

ho t  water  

P e n e t r a t i o n  of 

h o t  water  appl 

NO Recommended L i m i t e d  Only average 

accuracy 

R e c m e n d e d  if L i m i t e d  NO D i f f i c u l t  

dynamic model accuracy 

Recommended D i f f i c u l t  No Only average 

No Recommended L i m i t e d  Only average 

accuracy 

Consumption of 

c o l d  water  

NO Only average 



CHAPTER I V  b  

Household energy and domest ic t a p  wa te r  

Contents  

- t h e  occupants use o f  t a p  wa te r  and app l i ances  p. I V  b-  1 

- m o n i t o r i n g  o f  dornest i t  h o t  t a b  water. systems p. I V  b-  5  

i )  systems p. I V  b-  5  

i i )  t h e o r e t i c a l  e v a l u a t i o n  o f  t h e  p r o d u c t i o n  p. I V  b -  6 

s to rage  and d i s t r i b u t i o n  e f f i c i e n c i e s  ' 

i j i )  measurements P. I V  b-12 

i v )  waste wa te r  p. I V  b-14 

- m o n i t o r i n g  o f  domest ic  app l i ances  p. I V  b-15 



Keywords 

accumulat ion o f  water hea t ing  system 

capac i t y  o f .  appl iance 

demand p r o f i l e  

d i s t r i b u t i o n  o f  ho t  t a p  water 

domestic appl iances 

e f f i c i e n c y  o f  ho t  t a p  water  p roduc t ion  

e f f i c i e n c y  o f  ho t  t a p  water  s to rage  

e f f i c i e n c y  o f  ho t  t a p  water d i s t r i b u t i o n  

l i v i n g  and work ing p a t t e r n s  

metabol i srn 

meter ing  

mon i t o r i ng  o f  hot  t a p  water  

mon i t o r i ng  o f  domestic appl iances 

opera t ions  o f  the, occupant 

pene t ra t i on  o f  app l iance  

p roduc t i on  o f  ho t  t a p  water  

s to rage  o f  hot  tap. water  

tap water  

v a r i a t i o n  i n  energy consumption 

waste water  



I V  b  Household energy and domestic tap  water 

- t he  occupant-s use of tap  water and appl iances 

Th is  'chapter deals w i t h  the  operat ions o f  the  occupant where t ap  water and 

domestic appl iances a r e .  used. I n  t he  f i r s t  sec t i on  i t  w i l l  be discussed what 

fac to rs  i n f l uence  the  consumption o f  energy by tap  water and domestic 

appl iances. The f o l l ow ing  two sect ions deal w i t h  t he  mon i to r ing  o f  a  

r e s i d e n t i a l  b u i l d i n g  f o r  the  measurement o f  t h i s  energy consumption. 

A  d iscuss ion  on d i f f e r e n t  ways o f  ob ta i n i ng  da ta  on t h e  consumption of t ap  
water and domestic appl iances can be f ound . i n  ch. I V  a. A  c o l l e c t i o n  o f  data 

of t h i s  k i n d  i s  found i n  App. I V .  For a  d iscuss ion  about what v a r i a t i o n  can be 

expected i n  the  occupantss use of ho t  t ap  water and domestic appl iances,  we' 

r e fe r  t o  ch. I e. 

The importance o f  the  operat ions performed by the  occupant must be judged 

r e l a t i v e l y  t o  t h e i r  impact on the  t o t a l  energy consumption o f  a  r e s i d e n t i a l  

bu i ld ing .  The energy used f o r  t ap  water consumption and by domestic appl iances 

may vary from ten  per cen t , - f o r  a  badly i nsu la ted  o l d  bu i l d i ng ,  t o  f i f t y ,  f o r  an 

extremely w e l l  i n su la ted  modern r e s i d e n t i a l  bu i l d i ng .  The heat  produced by t he  

occupants through metabulism must .a lso  be taken i n t o  account. However, n o t  a l l  

o f  the  energy from these d i f f e r e n t  heat sources, the  so c a l l e d  " f r e e  heat", w i l l  

c o n t r i b u t e  t o  t he  energy balance o f  the  bu i l d i ng .  An es t imate  o f  t he  magnitude 

of t h i s  c o n t r i b u t i o n  i s  made' i n  ch. I e. 

It i s  important  t o  r e a l ~ z e  t h a t  t h e  consumption o f  tap  water and 

e l e c t r i c i t y  f o r  domestic appl iances var ies  w i t h  the  t ime o f  the  day and - - 
throughout  the  year. Some examples are g iven i n  f i g .  I V  b -  1 through 3. - 

Many fac to rs  a f f ec t  t he  consumption of household energy a d t a p  water. The 

p r i c e  and t he  form o f  meter ing i s  o f  importance f o r  the  consumption. I n  France 

consumption o f  ho t  tap  water w i t h  c o l l e c t i v e  meter ing may be 50% l a r g e r  than 

w i t h  i n d i v i d u a l  meter ing (CGE 1970). S i m i l a r  numbers, 36 %, have been obta ined 

i n  Munich i n  ' ~ e r m a n ~  (Coe 1978). I n  most count r ies  t he re  i s  a  l a r g e  v a r i a t i o n  

i n  t he  numbers g iven f o r  t he  amount o f  water and household energy consumed pe r  

cap i t a  o r  household. This i s ,  however, p a r t l y  due t o  the  d i f f i c u l t i e s  .of 



c o l l e c t i n g  data o f  t h i s  k i n d  (see ch. I V  a).  

Household energy consumption i s  a l so  af fected by the  livinq and working 

pa t t e rns  o f  people. These may be con t inuous ly  changing l i k e  the  number of 

persons i n . a  dwe l l ing .  Dur ing t he  i n v e s t i g a t i o n  on t he  e f f ec t  of a  r e t r o f i t  one 

has t o  t ake  these changes i n t o  account. Some examples a re :  

- c h i l d r e n :  an increase i n  ho t  water consumption 

- husband and w i f e  bo th  work: less  household energy consumption 

- e l e c t r i c  appl iances have been replaced by more economic ones:less consumption 

- i n t r o d u c t i o n  o f  new types o f  appl iances:  c l o thes  d r i e r s  and d i s h  washers. 

Therefore, apar t  from determining t he  energy consumption o f  t he  heat ing  

system i n  the  b u i l d i n g ,  one w i l l  have t o  determine o the r  k i n d  o f  energy 

consumption. When per forming t he  r e t r o f i t ,  one has t o  check whether, and t o  

what ex ten t ,  t h i s  has any e f f e c t  on t he  household energy consumption. I f  t he re  

i s  an important  e f f e c t ,  i t  i s  advisable t o  measure i t .  So~ne exam:~les of t he  

e f f e c t  of a  r e t r o f i t  are,  i n  t he  case t h a t  e x t r a  i n s u l a t i o n  i s  added t o  the  

dwe l l i ng :  

The temperature i n  t h e  adjacent  rooms increases,as a  r e s u l t  more roolns a re  used 

e f f e c t :  h i ghe r  e l e c t r i c a l  energy consumption (more lamps on) 

The temperature i n  t he  k i t c h e n  may r i s e :  

e f f e c t :  more energy i s  used f o r  coo l i ng  and l ess  f o r  heating. 

I n s t a l l a t i o n  o f ,  f o r  instance,  a  b e t t e r  temperature con t ro l .  The k i t chen  i s  

co lde r  i n  t he  evening and a t  n i gh t .  

e f f e c t :  l e s s  energy i s  consumed fo r  coo l i ng  and heat ing.  

Lower temperature o f  hot  water. 

e f f e c t :  l e ss  energy i s  consumed f o r  hot  water. 

The f i n a l  energy consumption o f  domestic appl iances depends on: 

- t h e i r  capac i ty  . 
- pene t ra t i on  

- demand p r o f i l e  

I n  App. I V  t he  average energy consumption f o r  var ious types of household 

energy consumption i n  var ious  count r ies  i s  analysed. There i s  a  g rea t  

d i f f e r e n c e  between t h e  USA on t he  one hand and the  European coun t r i es  on t he  

o ther .  The h igh  values f o r  r e f r i g e r a t o r s ,  f reezers and o the r  appl iances i n  the  

USA i s  caused by t he  ho t  c l ima te  and t h e  use o f  coo l i ng  u n i t s  i n  dwe l l ings .  



electric 
power ( W )  June 

f electric 
power ( W l  December 

F i g .  IV b-1 Load of appl iances fo r  a f l a t  i n  t h e  w i n t e r  and 

i n  t h e  summer ( a f t e r  Favre and Trachsel  1982)  



I V  'b- 4 

Fig.  I V  b-2 Heat requirement f o r  hot t a p  uater  on days u i t h  
. . heavy consumption, as measured i n  a b u i l d i n g  u i t h  

150 f l a t s  ( a f t e r  Svensson 1973) 

hwh/llal and doy 

H O L  top water 

Domestic e l e c t r i c i t y  

Fig. I V  b-3 Energy consumption during a year o f  hot tap  u a t e r  
and domestic e l e c t r i c i t y  i n  6 r e s i d e n t i a l  bu i ld ings  
u i t h  113 f l a t s  ( a f t e r  Byggnadsenergigruppen 1974) 



An impor tan t  p o i n t  i s  t h a t  i n  these data t h e  pene t ra t i on  i s  t h e  average fo r  

a  country .  I n  a  c e r t a i n  . r e t r o f i t  p r o j e c t  t h e  pene t ra t i on  may d i f f e r  

cons iderab ly  from t h i s  average.   here may a l so  be g rea t  v a r i a t i o n s  o f  t h e  

demand p r o f i l e .  Here the  s i ze  of t h e  fami ly  and t h a t  of the  d w e l l i n g  p l ay  an 

impor tan t  r o l e .  Therefore, i t  i s  adv isab le  t o  determine the  pene t ra t i on  and the  

opera t iona l  pe r i od  of use v i a  an i n q u i r y .  To draw'up an adequate i n q u i r y  i t  i s  

impor tan t  t o  know what appl iances cause the  g rea tes t  energy consumption i n  

average cond i t ions .  

I n  many coun t r i es  t h e  f o l l ow ing  t&s have been observed i n  the  frequehcy 

of use, type of household appl iances and the  r e s u l t s  t he reo f  f o r  the  energy 

consumption: 

(1) ho t  t a p  water: an inc rease  i n  energy consumption. 

( 2 )  choking:  an increase i n  energy consumption. 

( 3 )  a  deepfreezer o r  r e f r i g e r a t o r  the i n t r o d u c t i o n  o f  low energy types 

decreases the energy consumption 

( 4 )  a  dishwasher o r  a  c l o t hes  d r i e r  pene t ra t i on  i s  r i s i n g :  t h i s  causes an 

increase i n  energy consumption. 

(5 )  l i g h t i n g  o f  the  house i n t r o d u c t i o n  o f  low-energy lamps causes 

a  decrease i n  energy consumption. ' . 
(6 )  a  c l o t hes  washer: the  i n t r o d u c t i o n  of s yn the t i c  detergents 

a l l ow ing  wash a t  .600C t o  c lean the  

"wh i te "  wash ( t h i s  p rev i ous l y  r equ i r ed  

9 5 ' ~  t o  be adequately cleaned) a l s o  

causes a  decrease i n  energy consumption. 

- mon i t o r i ng  o f  domestic hot  t a p  water systems 

i )  systems 

It may be i s e f u l  t o  rev iew some o f  the  d i f f e r e n t  p roduc t ion  p o s s i b l i t i e s  

f o r  ho t  water. General ly  one can make the  f o l l o w i n g  c l a s s i f i c a t i o n :  

1) Appl iances s p e c i f i c a l l y  designed f o r  water hea t ing  a lone 

E l e c t r i c  o r  gas b o i l e r s  are gene ra l l y  i n d i v i d u a l  appl iances.  They can be: 

a) w i t hou t  accumulat ion 

b )  w i t h  accumulat ion 



I n  the  f i r s t  case water i s  " ins tan taneous ly "  heated when a  t ap  i s  opened 

( f i g .  I V  b-4). I n  t he  second case a  water s torage volume i s  mainta ined 

a t  a  g iven temperature (see f i g .  I V  b-5). 

2) Centra l  hea t ing  appl iances 

For h o t  water p roduc t ion  systems i n teg ra ted  w i t h  t he  main b o i l e r  t h e r e  a re  

two k inds  o f  system 

a) instantaneous o r  heat exchanger type  ( f i g .  I V  b- 6)  where ho t  water i s  

produced ins tan taneous ly  by means o f  a  c o i l e d  tube incorpora ted  i n  ' the  
' 

main b o i l e r  o r . i n  a  separate water tank,  which i s  heated up by t h i s  main 

b o i l e r .  

b )  appl iances w i t h  sto.rage which can be d i v i ded  i n t o  

- incorpora ted  storage ( f i g .  I V  b-7) : ho t  water p r o d u c t i o n ~ u s i n g  a  

storage tank incorpora ted  i n  t h e  main b o i l e r .  

- separate storage , 
. w i t h  heat exchanger ( f i g .  I V  b-8) : ho t  water p roduc t ion  us ing  a  

separate tank heated by a  c o i l e d  tube l i n k e d  t o  t he  main b o i l e r .  

. c e l l u l a r  (modular) heat p roduc t ion  system ( f i g .  I V  b-9) w i t h  separate 

double envelope c e l l s .  

There a re  3 main types of d i s t r i b u t i o n  systems: 

- l o c a l  production of h o t  water a t  each t ap  p o i n t  

- d i s t r i b u t i o n  t o  t a p  p o i n t s  from one c e n t r a l  p roduc t ion  u n i t  ( f i g .  I V  b-10) 

- c i r c u l a t i o n  loop  w i t h  r e t u r n  o f  unused water t o  p roduc t ion  u n i t  ( f i g  I V  b-11) 

I t  may be i n t e r e s t i n g  t o  focus a t t e n t i o n  on aging e f f e c t s ,  which can a f f e c t  

measurements made over lung  per iods  ( f o r  example c a l c i f i c a t i o n ) .  

i i )  t h e o r e t i c a l  eva lua t ion  of t h e  product ion,  s torage and d i s t r i b u t i o n  

e f f i c i e n c i e s  

\ 

Since t he  system can be descr ibed as a  heat ing  system, one has t o  analyse 

t he  , same e f f i c i e n c i e s  as i n  a  heat ing  system: product ion,  storage, and 

d i s t r i b u t i o n .  I n  t h e  case of c e n t r a l  hea t ing  appl iances, a l so  producing 

domestic h o t  water, t h e  losses can be  d i v i ded  i n t o :  

- losses  a t  t he  heat ing  appl iance 

- losses  i n  t he  pr imary c i r c u l a t i o n  pipework (between app l iance  and storage 

vessel ) 

- losses  from the  storage vessel 

- losses i n  t he  draw-off pipework. 



Fig. I V  b-4 I n d i v i d u a l  appl iances f o r  hot  ua te r  genera t ion  
wi thout  accumulation. Gas (Le f t )  and e l e c t r i c  ( r i g h t )  

Fig. I V  b-5 Legend as i n  f i g .  I V  b-4 b u t w i t h  accumulat ion 

Fig. I V  b-6 Cent ra l  hea t ing  o f  hot  water wi thout  storage. With 
c o i l e d  tube i n  t he  main b o i l e r  ( l e f t )  and w i t h  c o i l e d  
tube i n  a separate tank heated by the  b o i l e r  ( r i g h t ) .  



F i g .  I V  b - 7 '  Legend as,in f i g .  I V  b-6 b u t  u i t h  t ank  i n c o r p o r a t e d  
i n  t h e  b o i l e r .  

F i g .  I V  b-8 C e n t r a l  h e a t i n g  o f  ho t  u a t e r  u i t h  separa re  s to rage  
t a n k  and hea t  exchanger.  

F i g .  I V  b-9 C e n t r a l  h e a t i n g  of ho t  u a t e r  u i t h  s e p a r a t e  s to rage  
tank  and c e l l u l a r  o r  modular hea t  p r o d u c t i o n  system. 



I n  some cases one o r  more o f  these losses are'absent. 

Knowing the  losses o f  the  heat ing appl iance on an experimental o r  

systemat ic  basis,  one can then determine t h e  p roduc t ion  e f f i c i e n c y  of t h e  system 

on t he  same bas is  as descr ibed i n  ch. I d and I 11  f. 

The storage e f f i c i e n c y  depends on t he  na ture  and th ickness o f  t he  i nsu la ted  

j acke t ,  t he  mean temperature o f  the  stored water, and t he  mean temperature o f  

ambient a i r ,  and a l so  on the  geometrical con f i gu ra t i on  and the  s t r u c t u r a l  design 

o f  the  vessel.  

The d i s t r i b u t i o n  e f f i c i ency  depends on t he  consumption p r o f i l e  (programme 

of draw-offs),  t h e  temperature o f  t he  ho t  water, and t he  geometrical fea tu res  of 

t he  network ( i n c l u d i n g  leng th  of plpework, i t s  diameter and nature,  and a l so  'the 

environment through which i t  passes: unheated o r  heated rooms). 

The consumption p r o f i l e  i s  more complicated t o  est imate c o r r e c t l y :  f o r  

each draw-of f  one needs t o  know: 

- the  t ime a t  which i t  occurs 

- the  volume o f  water 

- t he  temperature o f  u t i l i z a t i o n  

- t he  type of draw-of f :  one can d i s t i n g u i s h  two types: 

. draw-off w i thou t  accumulation of water i n  san i t a r y  f i t t i n g s  ( e.g. showers) 

. draw-off w i t h  accumulat ion o f  water i n  san i t a r y  f i t t i n g s  ( e.g. bathtubs)  

The f o l l ow ing  t e x t  con ta ins  a d iscuss ion  on t he  k i n d  o f  losses which can be 

d i s t i ngu i shed  (see f i g :  I V  b-12). 
I 

1) I n  the  case of a dead-leg d i s t r i b u t i o n  ( f i g .  I V  b-10) the  losses f a l l  i n t o  

the  f o l l o w i n g  ca tegor ies  

stand-by losses du r i ng  t he  draw-off per iods.  

stand-by heat  losses between the  draw-of periods. 

. draw-off w i t h  accumulation. 

. draw-o f f  w i thou t  accumulation. 

energy losses  from the  ho t ,water  v i a  the  pipework, a f t e r  tu rn ing-on  the  tap  
I 



Fig.  I V  b-10 Hot t a p  u a t e r  d i s t r i b u t i o n  system u i t h  i n d i v i d u a l  
d i s t r i b u t i o n  t o  each t a p  p o i n t  (dead-Leg d i s t r i b u t i o n ) .  

F ig.  I V  b-11 Hot tap  u a t e r  d i s t r i b u t i o n s y s t e m  u i t h  c i r c u l a t i o n  
Loop u i t h  r e t u r n  of unused u a t e r .  



Fig. I V  b-12 U t i l i z a t i o n  temperature o f  hot t a p  uater .  I f  t he re  

no drau-off, the  temperature f a l l s  from the  maximal 

ua te r  temperature a t  the  t a p  p o i n t  (tH) t o  t h e  room 

temperature ( tA) .  

T1 = p e r i o d  when ua te r  temperature has f a l l e n  t o  room 

temperature 

r2  and T; = ua te r  temperature j u s t  a f t e r  d r a u ~ f f  

r 3  T; = p e r i o d  u i t h  maximal ua te r  temperature 
l 4  and T' = p e r i o d  u i t h  f a l l i n g  water temperature 

4 



Assuming t h a t ,  du r i ng  t h i s  per iod ,  the  co ld  water temperature i s  constant ,  

one can assume t h a t  t h e  water temperature r i s e s  l i n e a r l y  w i t h  t ime,  from the  

temperature o f  t he  p i pe  and .the water when t h e  draw-off s t a r t s  t .  t o  the  

e q u i l i b r i u m  water  temperature du r i ng  draw-of f  ( t . ) .  (Schel lenberg 1967). The 

sum o f  t he  losses depends again on t he  type  o f  draw-off: 

. w i thou t  accumulat ion 

. w i t h  accumulat ion 

2 )  I n  t he  case i l l u s t r a t e d  by f i g .  I V  b-11, t he re  a re  on l y  two k inds  o f  

losses:  

- stand-by losses du r i ng  t h e  draw-of f  and 

- stand-by losses between the  draw-off periods. 

iii) measurements 

For t he  measurements and mon i to r ing  o f  hot-water systems, d i f f e r e n t  l e v e l s  

of complexi ty  can be chosen and combined. ,The most elementary measurement t o  be 

made i s  t he  t o t a l  energy i npu t  demanded by a  system. Since most i n d i v i d u a l  

p roduc t ion  systems are  based on gas o r  e l e c t r i c  energy, measurement devices 

provided by energy supbly companies (gas o r  e l e c t r i c i t y  meters) can be used. 

S u f f i c i e n t  accuracy i s  o f  course required.  

The s i gna l  emi t ted  by such a  meter can be analysed by means o f  a  pu lse  - 
rate ,  p ropo r t i ona l  t o  t he  r a t e  o f  consumption o f  the  q u a n t i t y  monitored. Note 

a l s o  f o r  some gas. appl iances t he  importance o f  record ing  the  p i l o t l i g h t  

consumption. Some o f  t h i s  energy i s  used t o  heat up t he  water content ,  t he  r e s t  

i s  converted i n t o  f r e e  heat  i n  t he  room. 

For t h e  case o f  f u e l - o i l  i n t eg ra ted  ho t  water b o i l e r s ,  on ly  measurements 

under s u m e r  cond i t i ons  can g i v e  some i n d i c a t i o n  o f  t he  energy consumption. 

Otherwise i t  i s  p r a c t i c a l l y  impossib le t o  make a  d i s t i n c t i o n  between energy 

consumed f o r  ho t  water  and f o r  space heating. 

The pu lse  stream from the  meter can be - f ed  i n t o  a  counter  which producei  an 

analogue s igna l ,  p ropo r t i ona l  t o  t he  number o f  pulses received i n  a  t ime 

i n t e r v a l .  These analogue s i gna l s  can then be recorded by a  data acqu i s t i on  

system. A t  the  o the r  end o f  t he  system, readings may be needed a t  each tap  

po in t .  From an energy balance p o i n t  o f  view, one needs data on t he  t o t a l  water 

volume f low and on t h e  temperatures as descr ibed i n  i i ) .  



An i n d i c a t i o n  o f  t h e  u t i l i s a t i o n  temperature c o u l d  be use fu l ,  b u t  r a t h e r  

d i f f i c u l t  t o  ob ta in .  Genera l l y ,  t h e  measurement techniques f o r  temperature a r e  

based on temperature d i f f e r e n c e s  between t h e  water  temperature a t  t h e  t a p  p o i n t  

( t H )  and a  f i x e d  p o i n t ,  which c o u l d  be, f o r  i ns tance ,  t h e  temperature o f  t h e  

main water  supp ly  o r  a  room temperature ( t  ) .  A  

As i n d i c a t e d  above, i f  t h e  temperature of t h e  main wa te r  supp ly  i s  used, 

t h e  ba lance i s  comp l i ca ted  by any t i m e  lag ,  o c c u r r i n g  due t o  a  s to rage  system 

i n t e r p o s e d  between t h e  main wa te r  supp ly  and t h e  t a p  p o i n t .  Th is  remark o n l y  

a p p l i e s  t o  t h e  energy ba lance on a  s h o r t  te rm a n a i y s i s .  

The measurement of t h e  t a p - p o i n t  temperature can.  be made by u s i n g  a  

thermocouple i n  t h e  wa te r  d i s t r i b u t i o n  system i t s e l f ,  o r  by u s i n g  a  c o n t a c t  

thermocouple ( l e s s  accura te )  on t h e  e x t e r n a l  sur face on t h e  p i p e  s u p p l y i n g  ' t h e  

t a p  p o i n t .  

The r e c o r d i n g  of t h e  hea t  l o s s  c o u l d  be o f  impor tance i n  unheated spaces 

such as c e l l a r s  ( a f f e c t i n g  f l o a t i n g  tempera tu res ) ,  o r  i n  heated spaces 

( a f f e c t i n g  hea t  emiss ion e f f i c i e n c i e s  o f  h e a t i n g  app l iances ) .  . 

The r e c o r d i n g  o f  t h e  w a t e r  volume used by each t a p  can be done i n  t h e  same 

manner as t h e  read ings  f o r  gas o r  e l e c t r i c i t y  consumption: a  p u l s e  stream 

conver ted  t o  coun te r ,  and an analogue s i g n a l  recorded a t  f i x e d  t i m e  i n t e r v a l s .  

The b a s i c  water  measurement can t h e n  be made u s i n g  a  diaphragm meter o r  o t h e r  

dev ices  such as v o l u m e t r i c  water  meters. If a v o l u m e t r i c  o r  t u r b i n e  meter  i s  
used, one should make s u r e  t h a t  every  water  hammering i s  s u f f i c i e n t l y  damped t o  

a v o i d  damage t o  t h e  dev ice ,  and a v o i d  any e r r o r s  due t o  r e v e r s e  f l ow.  

One can e a s i l y  a p p r e c i a t e  t h a t  due t o  t h e  random c h a r a c t e r  o f  ho twa te r  use, 

read ings  based on a  t i m e - i n t e r v a l  o f  5 t o  10 minutes i s  a  minimum requi rement  

f o r  p r e c i s e  a n a l y s i s .  Otherwise d a i l y  o r  weekly averages can be s u f f i c i e n t .  

For  t h e  wa te r  mete r  an accuracy o f  1 t o  2% (wa te r  q u a n t i t y )  i s  a  minimum 

requi rement  ( f o r  example 0.5 l t r ) .  For  the. temperature readings,  an accuracy 

o f  a t \ l e a s t  1 K i s  requ i red .  It shou id  be no ted  t h a t  c a l i b r a t i o n  o f  t h e  meters  

f o r  pressure,  temperature and water  f l o w  v a r i a t i o n s  i s  g e n e r a l l y  necessary. 

A l s o  a  f i l t e r  i s  g e n e r a l l y  requ i red .  

Ins tead  of u s i n g  separate measurements f o r  water  f l o w  and temperature 

l e v e l s ,  conver ted  b y  counters ,  and recorded as analogue s i g n a l s  a t  g i v e n  t i m e  

i n t e r v a l s  by t h e  same c e n t r a l  da ta  a c q u i s t i o n  system, one can use i n t e g r a t i o n  



devices f o r  each t a p  po in t .  I n  t h i s  case a  micro-processor can be used t o  

i n t e g r a t e  t he  temperature d i f f e r e n c e  and t he  water f low f o r  t he  t ap  per iod.  

When t h e  t a p  i s  opened, a  f l ow  swi tch  can "open" t he  measurement devices 

and heasurement cou ld  t ake  p lace  when, f o r  example, t he  water  temperature a t  t he  

t a p  p o i n t  exceeds t he  room temperature. The measurement would then t ake  p lace  

on a  r a p i d  bas is  ( v e r y  shor t  i n t e r v a l s )  using, f o r  example, t he  above mentioned 

devices. 

For x  l i t e r s  measured, n  pulses a re  emi t ted  and t he  number o f  pulses can be 

m u l t i p l i e d  by a  temperature d i f f e r e n c e  t o  o b t a i n  an energy balance. The energy 

ou tpu t  can then  be reconverted t o  pulses, which can be counted, reconverted i n t o  

analogue s i g n a l s  and processed by t he  cen t ra l  data acqu i s t i on  system as a  s i ng le  

s i gna l  on i t s  r egu la r  t ime  i n t e r v a l  s c r u t a t i o n  ( i ns tead 'o f  two separate s i gna l s :  

temperature and water f low).  

One should, however, note t h a t  t he  measurement i n t e r v a l  used by t he  

microprocessor should be as shor t  as possibe t o  t ake  i n t o  account t he  f o l l ow ing  

d i f f i c u l t i e s :  

- temperature i s  no t  always constant  du r i ng  t a p  use: m ix ing  p o s s i b i l i t i e s  w i t h  

ho t  and co ld  water, "co ld"  water s to red  i n  t he  pipework be fore  heat ing  up, 

bu t  r eg i s te red  when t h e  f l o w  swi tch  actuates measurement a t  t he  t ap  

- pressure d i f f e rences  a r i s i n g  when simultaneous t ap  use occurs i n  houses, and 

thus  water f low di f ferences.  

On t he  bas i s  of these data one can attempt t o  determine t he  energy balance and 

e f f i c i e n c i e s  of t he  water  p roduc t ion  and d i s t r i b u t i o n  system. 

i v )  Waste water 

For t h i s  p a r t i c u l a r  problem, t h e  same measurement devices cou ld  be used as 

f o r  hot-water systems ( f lowmeters and temperature measurements). But due t o  t he  

two-phase f l ow  t h i s  remains r a t h e r  d i f f i c u l t .  A s o l u t i o n  cou ld  be found by 

i nco rpo ra t i ng  a  tap-seal .  



- mon i to r ing  o f  domestic appl iances 

When s tudy ing  t he  e f f ec t  of a r e t r o f i t ,  the  domestic energy consumption ;ay 

be determined by t he  meter readinqs per  month or .per  hea t ing  season. This may 

be combined w i t h  an inquiry determining the  penet ra t ion  and per iod  of use o f  the  

var ious domestic appl iances and the  number o f  members of the  fami ly .  When 

i n v e s t i g a t i n g  t he  penet ra t ion ,  one a l s o  wants t o  know the  capac i t i es  i n s t a l l e d .  

I n  d rac t i ce  t h i s  i s  d i f f i c u l t ,  because many people do no t  know these data. 

Add i t iona l  supply meters w i l l  be necessary when domestic energy consumption 

i s  p a r t l y  o r  e n t i r e l y  combined w i t h  the  way i n  which the  heat ing i n s t a l l a t i o n  

consumes energy. 

This i s  so, when heat ing  i s  done by e l e c t r i c i t y  o r  i f  gas i s  used f o r  

cooking o r  f o r  the  p rov i s i on  of ho t  water. If one wants t o  determine t he  t ime  

p a t t e r n  of use of the  appl iances, one may want data about t he  frequency and 

du ra t i on  o f  use, t he  t ime o f  ' the day when' the  appl iance i s  used,and the  

u n i t - t i m e  consumption o r  load. Th is  can be done i n  two ways: 

1) by record ing  the  t ime when appl iances are used 

2) by de termina t ion  o f  the  energy consumed by t he  appl iance 

I n  t he  f i r s t  case the  appl iance may be connected t o  a c lock.  I t  i s  then - 
possib le  t o  record the  t ime when t h e  appl iance i s  used. The capac i ty  o f  t he  

appl iance then has t o  be assumed known o r  be determined by o the r  means. 

I n  t he  second case t he  appl iance may be connected t o  a wat t  hour meter. 

The energy consumption can then be measured cont inuously.  

I n  bo th  cases data can be s to red  w i t n  a chosen t ime- reso lu t ion .  An 

a l t e r n a t i v e  i s  t o  record on ly  t he  t o t a l  elapsed "on" t ime o r  t he  t o t a l  energy 

consumption by the  appl iance. The consumption p r o f i l e  then has t o  be determined 

by o the r  means. Survey techniques can be used. The co-operat ion w i t h  experts  

i n  t h i s  f i e l d  i s  then necessary. 
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I V  c  Occupancy and human behaviour 

- general i n t r o d u c t i o n  

I n  t h i s  chapter  we w i l l  deal w i t h  operat ions and a c t i v i t i e s  o f  the  occupant 

t h a t  do n o t  i nvo l ve  the  use o f  energy con'suming domestic appl iances o r  tap  

water. The l a t t e r  t o p i c s  a re  t r e a t e d  i n  ch. I V  b. Here we w i l l  d i scuss ,  

opera t ions  of the  occupant t h a t  a re  re l evan t  t o  the energy consumption of a  

r e s i d e n t i a l  b u i l d i n g  b u t  a re  n o t  e a s i l y  quan t i f i ed .  The d iscuss ion  w i l l  

there fo re  be, t o  a  l a r g e  ex ten t ,  a  q u a l i t a t i v e  one. Plany examples w i l l  be 

given. Some fac to rs  o f  importance f o r  the  monitori 'ng o f  a  r e s i d e n t i a l  . b u i l d i n g  

w i l l  a l so  be po in ted  out .  

It has already been po in ted  ou t  (see ch. I e) t h a t  t he  occupant w i l l  

always t r y  t o  modify t he  indoor c l i m a t e  u n t i l  he experiences i t  as being 

canfor table.  This w i l l  a f fec t  t he  demand f o r  hea t ing  o f  t he  dwe l l ing .  The 

occupant can .influence t he  indoor c l i m a t e  by opera t ing  on: 

' - p o s i t i o n s  of manual ly .operated r e d i a t o r  valves 

- p o s i t i o n s  o f  thermostats (space t h e k o s t a t . t h e r m o s t a t i c  

r a d i a t o r  valves, b o i l e r  thermostat  o r  i n s t a l l a t i o n  thennostat ,  

n i g h t  and day set  back) 

- pos i t i ons  of doors, windows and v e n t i j a t i n g  g ra tes  

- indoor heat loads ( l i g h t i n g ,  ho t  water appliances, cooking 

appl iances and o the r  domestic e l e c t r i c  appl iances)  

- sh ie l d i ng  o f  windows (sunshades, cu r t a i ns  and b l i n d s )  

- use of open stove and a u x i l i a r y  heat ing  

- use o f  mechanical v e n t i l a t i o n  

Owing t o  d i f f e rences  i n  the  behaviour and a t t i t u d e s  o f  t he  occupant, t he  

demand f o r  hea t ing  may vary l a r g e l y  from one dwe l l i ng  o r  room t o  another. It i s  

poss ib l e  t o  moni tor  many of the  above operat ions o f  the  occupant. Th is  i s .  

however, o f t en  associated w i t h  g rea t  p r a c t i c a l  d i f f i c u l t i e s .  One t he re fo re  

o f ten  has t o  c o l l e c t  data by means o the r  than d i r e c t  measurements (see ch. 111 

a  and I V  a). One should i n  any case t r y  t o  asce r t a i n  wether t he  r e t r o f i t  has 

changed any o f  the  above h a b i t s  o f  the  occupant (see ch. I 1  a) .  Often 

mon i to r ing  o f  the  heat d i s t r i b u t i o n  (see ch. 111 f )  becomes necessary i f  one 
, . 



wants t o  know the  occupant-s i n f l uence  on t he  opera t ion  and c o n t r o l  o f  t he  

heat ing  i n s t a l l a t i o n .  This may be t he  case i f ,  e.g., 

- p a r t  o f  t he  dwe l l i ng  i s  i nsu la ted  

- the  p ipes emit much heat 

- t he  sun has a  g rea t  i n f l uence  on c e r t a i n  rooms 

- t he  i n t e r n a l  heat t r a n s p o r t  between rooms i s  l a r g e  

This chapter  s t a r t s  by a  sec t i on  d e a l i n g  w i t h  t he  presence a t  home by the  

occupant. Th is  i s  fo l lowed by t h ree  sec t ions  dea l i ng  w i t h  t he  operat ions by the  

occupant where one Cannot d i r e c t l y  measure t he  consumption o f  energy associated 

w i t h  these operat ions.  The headings o f  these sec t ions  a re  

- presence o f  t he  occupant a t  home 

- opera t ion  o f  shu t t e r s ,  b l i n d s  and c u r t a i n s  

- con t ro l  o f  v e n t i l a t i o n  and a i r i n g  by occupant 

- opera t ion  o f  se t  po in t s  and heat ing  system 

As the  e f f e c t  o f  t he  occupant-s behaviour and a t t i t u d e s  on t he  v a r i a t i o n  o f  

the  energy consumption has a l ready been d e a l t  w i t h  i n  ch. I e, we r e f e r  t o  th is ,  

chapter. The b i b l i og raphy  and references fo r  ch. I V  c  a re  found i n  . those 

canmon f o r  Par t  I V .  

- presence o f  t he  occupant a t  hane 

Whether t h e  occupant i s  a t  home o r  n o t ,  du r i ng  daytime w i l l  be o f  some 

importance f o r  energy consumption. ~t has a  d i r e c t  e f f e c t  v i a  t he  heat produced 

by t h e  human metabolism, t h e  use of appl iances f o r  cooking, TV, etc. ( f o r  data 

c o l l e c t i o n  see App. IV) .  

Energy consumption w i l l  a l so  be a f f ec ted  by operat ions as window-opening, 

use of b l i n d s  and cu r t a i ns ,  and t he  c o n t r o l  o f  temperature se t  points.  

Various i n fo rma t i on  about occupant h a b i t s  and behaviour i n  twe lve  coun t r i es  

has been c o l l e c t e d  by Szala i  i n  t he  framework o f  a  m u l t i n a t i o n a l  comparative 

t ime-budget research p r o j e c t  (Sza la i ,  1972). I n  f i g .  I V  c - 1  a-c we present  t he  

percentage, o f  t he  popu la t i on  being a t  home a t  var ious  t imes o f  t he  day f o r  sane 

Western European coun t r i es  and t he  US. The occupants have been d i v i ded  i n t o  



F i g  IVc - l a  Percentage o f  occupants be ing  a t  home. Employed 
men ueekdays i n  Belgium, France, FRG, Sweden and 
and t h e  US. 
Dot ted  Line: France. Hatched Line:  The US. 
( A f t e r  S z a l a i  1972 and Schulman 1977)  



F i g  I V C  - l b  Percentage of occupants being a t  home. Employed 
uomen weekdays i n  Belgium, France, FRG, Sweden 
and t h e  US. 
Dotted Line: France. Hatched Line: The US. 
(A f te r  S z a l a i  1972 and SchuLman 1977) 



F i g  1Vc - l c  Percentage of occupants being a t  home. Houseuives 
weekdays i n  Belgium, France, FRG, Sweden and t h e  US. 
( A f t e r  S z a l a i  1972 and Schulman 1977) 
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th ree  categor ies,  employed men, employed women, and housewives. Th is  d i v i s i o n  

i s  p r a c t i c a l  as t he  f r a c t i o n  o f  housewives var ies  between t he  count r ies .  

From these data i t  i s  poss ib le  t o  est imate t he  average f r a c t i o n  of women 

being a t  home du r i ng  t he  day. This f r a c t i o n  d i f f e r s  from the  percentage of , 

housewives. I n  Table I V  c -1  below, we have l i s t e d  the  p ropor t ions  of women i n  

t he  a c t i v e  labour  . force. 

The percentage o f  employed women has probably increased i n  most coun t r i es  

s ince  t h i s  i n v e s t i g a t i o n  was performed. It i s  t he re fo re  i n t e r e s t i n g  t o  no te  

t h a t  even i f  t he  f r a c t i o n  o f  employed women i s  very l a r g e  i n  t he  s o v i e t '  Union, 

Inore than 90%, s t i l l  about 30% are a t  home a t  daytime due t o  pa r t - t ime  jobs, 

i l l n e s s ,  and f o r  o the r  reasons. I n  coun t r i es  where t h e  f r a c t i o n  of housewives 

i s  la rge ,  many w i l l  no t  be a t  home because of shopping, soc ia l  a c t i v i t i e s  e tc .  

One would guess t h a t  i n  most Western European coun t r i es  and t h e  US today 

more than 40% o f  t he  women are  a t  home i n  t he  daytime. 

As one can see i n  f i g .  I V  c-1, t he  t ime -pa t t e rn  ,of a  week i s  r a t h e r  a l i k e  

i n  d i f f e r e n t  count r ies .  The most note-worthy d i f f e r e n c e  i s  t h a t  i n  some 

coun t r i es ,  e s p e c i a l l y  i n  France, a  h i gh  p ropo r t i on  of the  i nhab i t an t s  have t h e i r  

lunch a t  home. 

There a l s o  e x i s t  i n v e s t i g a t i o n s  where a  f u r t he r  subd i v i s i on  of t he  

occupants has been performed. As an example o f  t he  use o f  t ime  by occupants of 

d i f f e r e n t  ages, see f i g  I V  c-2 (WalldCn 1974 and Sear le 1978). 

To i l l u s t r a t e  how some a c t i v i t i e s  may vary between coun t r i es  and change 

w i t h  t ime,  we present  i n  f i g  I V  c-3 t he  r e s u l t s  from two B r i t i s h  i nves t i ga t i ons ,  

the  data o f  which were c o l l e c t e d  i n  1961 and 1973 (BBC' 1965 and 

~hapcot t -s teedman 1978), and one Swedish i n v e s t i g a t i o n  made i n  1977 (Schulman 

1977). 

The percentage o f  occupants per fo rming : the  a c t i v i t i e s  o f  household du t ies ,  

ea t ing ,  and watching t e l e v i s i o n  a t  home a t  var ious  t imes of t he  day a re  given. 

There a re  c e r t a i n l y  d i f f e rences  among t he  r e s u l t s  o f  these t h r e e  studies,  most ly  

due t o  t h e  d i f f e r e n t  p a r t i c i p a t i o n  o f  women i n  t he  labour  force,  b u t  S t i l l  t he  

o v e r a l l  p a t t e r n  i s  s i m i l i r .  
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Fig I V c  - 2 Percentage of occupants being a t  home 
a t  d i f f e r e n t  times of  day. (Af ter  
Wallden 1975) 

Average time (min) 

---- youth age 14-15 ' 868.0 915.9 ------- Couples, husbands " 22-31 791.7 11'1'1.8 
" 35-44 788.9 1161.8 - . .- Single " 35-44 793.8 849.2 -.-.-. Single " 67-75 1238.6 1280.4 ............ Couple, husbands " 67-75 1218.5 1297.4 
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I Men. Eating 

Fig  I V c  - 3b Legend as i n  f i g  I V c  - 3a. Eating. 



Women. Watching television 

F i g  I V c  - 3 c  Legend as i n  f i g  I V c  - 3a. Watching t e l e v i s i o n  



From i n v e s t i g a t i o n s  o f  t h i s  k i n d  i t  i s  p o s s i b l e  t o  draw c o n c l u s i o n s  about 

when c e r t a i n  energy consuming a c t i v i t i e s  t a k e  p lace .  

There a l s o  e x i s t  i n v e s t i g a t i o n s  about  where i n  t h e  d w e l l i n g  t h e  occupants 

spend t h e i r  t i m e  when per forming '  d i f f e r e n t  a c t i v i t i e s .  As examples o f  such 

s t " d i e s  we r e f e r  t o  Holm (1956) ,  Meyers-Ehlers  (1968) .  B a c h t o l d  (1964) .  Cornuau 

and Re te l  (1966) .  Hole  and A t tenbur row (1966),  B o a l t  (1965) and S e a r l e  (1978).  

For a  more d e t a i l e d  r e v i e w  o f  domest ic  h a b i t s  we r e f e r  t o  Grandjean (1973) 

and S z a l a i  (1972).  Data on number o f  r e s i d e n t s  p e r  d w e l l i n g  and t h e  s i z e  o f  

dwellings can be found i n  p u b l i c a t i o n s  f rom t h e  ECE (1979) and t h e  UN (1974) .  

Pe rcen t  o f  women b e i n g  i n  t h e  a c t i v e  l a b o u r  f o r c e  o f  t h e  persons 

ques t ioned  i n  t h e  c i t e d  i n v e s t i g a t i o n  ( S z a l a i ,  1972) and b e i n g  a t  

home d u r i n g  day- t ime on weekdays ( e s t i m a t e ) .  

Employed. A t  home a t  day t ime  

USSR (Pskov) 92 29 

USA 49 49 

F r a n c e ' ( s i x  c i t i e s )  48 52 

FRG (Osnabruck) 44 57 

Eel g i  um 4 1  63 

FRG ( N a t i o n a l )  36 66 

Sweden (1973) 55 42 

- o p e r a t i o n  o f  s h u t t e r s ,  b l i n d s  and c u r t a i n s  

S h u t t e r s ,  b l i n d s ,  and c u r t a i n s  se rve  severa l  purposes. C l o s i n g  s h u t t e r s  

and opening windows w i l l  i n c r e a s e  t h e  v e n t i l a t i o n  b u t  s t i l l  p r e v e n t  s o l a r  

r a d i a t i o n  f rom h e a t i n g  t h e  i n t e r i o r  o f  t h e  b u i l d i n g  and, t o  some e x t e n t ,  'damp 



no ise  from the  outs ide.  Venetian b l i n d s  can be used t o  modi fy  i l l u m i n a t i o n  and 

indoor  overheat ing by s o l a r  r ad ia t i on .  Cur ta ins  can be used i n  the  same way bu t  

the; can a l s o  serve an aes the t i ca l  purpose. 

At n i g h t  these devices can be used t o  increase t he  thermal i n s u l a t i o n  o f  

t he  b u i l d i n g  i n  w i n t e r  and damp o h s i d e  l i g h t  i n  summer. F i n a l l y  they he lp  the  

occupant t o  keep h i s  p r i vacy .  

It has been noted t h a t  the  h a b i t  o f  window-covering can d i f f e r  even between 

coun t r i es  t h a t  i n  o the r  respects are o f t e n  considered t o  have much i n  common. 

It i s ,  e.g., o f t e n  s ta ted  t h a t  i n  t he  Netherlands, where l a r g e  windows are  

common, shu t t e r s  a re  seldom used w h i l e  i n  Belgium, where l a r g e  windows a re  not  

so common, shu t t e r s  a re  used very f requent ly  a t  n i g h t . ' .  

From an energy p o i n t  o f  view t h i s  hab i t  i s  important  f o r  two reasons: 

1) The h a b i t  o f  shielding'windows a t  n i g h t  decreases t he  U-value o f  t he  

window. Laboratory measurements - i n d i c a t e  t h a t  t he  magnitude of t h i s  e f f e c t  

depends on what hea t ing  system i s .  used i n  t h e  b u i l d i n g  (Caluwaerts- 

Verougstraete 1978) 

2)  Sh ie l d i ng  o f  windows as a  p r o t e c t i o n  aga ins t  s o l a r  r a d i a t i o n  reduces t he  

heat gains from i nso la t i on , . as  compared t o  when no s h i e l d i n g  i s  performed. 

I n  a  Swedish i n v e s t i g a t i o n  (Lyberg 1983) two thousand dwe l l i ngs  were 

observed a t  n i g h t  i n  t he  heat ing  season t o  study t h e  use o f . b l i n d s  and cu r t a i ns .  

Excluding t h e  cases where t he  need f o r  p r i vacy  p layed an important  r o l e ;  between 

30 and 40% o f  t he  window area was covered a t  day and between 40 and 50% a t  

n i gh t .  It was noted t h a t  t he  covered window area o f  Southern facades was 

g rea te r  than t h e  average on sunny days i n  t he  spr ing,  b u t  t he  increment was on ly  

about 5  % . F r m  t h i s ,  one cou ld  conclude t h a t  t he  f i r s t  o f  t h e  f a c t o r s  l i s t e d  

above was r e l a t i v e l y  unimportant  f o r  t he  heat balance o f  t he  r e s i d e n t i a l  

bu i l d i ng .  However, s h i e l d i n g  o f  windows cou ld  reduce t he  heat gains by shor t  

wave s o l a r  and sky r a d i a t i o n  through windows by up t o  one t h i r d  compared t o  an 

unshie lded window. 



- con t ro l  of . v e n t i l a t i o n  and a i r i n g  by t he  occupant 

I 
To the  occupant t he  con t ro l  of v e n t i l a t i o n  may serve many purposes. 

P r ima r i l y ,  i t  o;viously serves t o  con t ro l  t he  r a t e  o f  a i r  change, b u t  i t 'may 

a l so  serve t o  con t ro l  t he  indoor  temperature i f  the  v e n t i l a t i o n  system i s  such 

t h a t  t h i s  can e a s i l y  be done. I n  an i n v e s t i g a t i o n  forming p a r t  o f  the  Twin 

R ivers  p r o j e c t  (Seligman, Dar ley and Becker 1978) an at tempt was made t o  

determine the  impact o f  the  a t t i t u d e s  o f  s i ng le - f am i l y  house occupants on the  

consumption o f  e l e c t r i c  energy du r i ng  t he  summer. 

It was found t h a t  the  only a t t i t u d e  c o n s i s t e n t l y  p r e d i c t i v e  o f  actual  

energy consumption was t he  concern fo r  comfort and heal th.  This a t t i t u d e  was, 

espec ia l l y  fo r  women, s t r o n g l y  l i n k e d  t o  a i r  cond i t i on ing  usage. Thus, the  more 

a  household perceived energy conservat ion as lead ing  t o  d iscomfor t  and 

i l l - h e a l  th ,  t he  more energy t h e  household'consumed. 

For many reasons i t  i s  important  t h a t  t he  occupant does no t  have t h e  

p o s s i b i l i t y  o f  shu t t i ng  o f f  t he  v e n t i l a t i o n  system completely so t he  a i r  change 

r a t e  becomes t oo  small (see ch. I c ) .  

From an energy p o i n t  o f  view, i t  i s  ev ident  t h a t  the  r a t e  of a i r  change i s  

o f  g rea t  i i p o r t a n c e  f o r  t he  heat balance o f  a  bu i l d i ng .  I n  b u i l d i n g s  equipped 

w i t h  a  mechanical system fo r  v e n t i l a t i o n ,  t he  r a t e  of a i r  change due t o  t h e  

opera t ion  of t h i s  system can be measured d i r e c t l y .  This t o p i c  i s  d e a l t  w i t h  i n  

ch. I 1 1  f .The measurement o f  t he  thermal ly  d r i v e n  o r  wind- d r i v e n  i n f i l t r a t i o n  

i s  discussed i n  ch. 111 e  . Here we w i l l  t r e a t  i n  more d e t a i l  t h e  a i r  exchange 

due t o  a-g.0ne then  requ i res  i n f o rma t i on  about. 

1) the  occurrence of a i r i n g  

2) t he  r a t e  o f  a i r  change when a i r i n g  i s  performed 

There e x i s t  many r e s u l t s  from observat ions of a i r i n g  du r i ng  the  day, ma in ly  

from Sweden and t he  U.K. (D ick -  Thomas 1951. Holm- P l e i j e l -  Ronge 1964, 

Brundre t t  1979, Lyberg 1983 and Hartmann- P f i f f n e r -  Barge tz i  1978) .  Also survey 

techniques have been used (Dick- .  Thomas 1951, Holm- P l e i j e l -  Ronge 1964, Neunan- 

Day 1975,  din- Persson 1978 and CNR 1979) .  O f  specia l  i n t e r e s t  are the  

observat ions where the  occurrence o f  a i r i n g  du r i ng  t he  day as we l l  as a t  n i g h t  

has been s tud ied  (D i ck -  Thomas 1951,Holm- P l e i j e l -  Ronge 1964 and Ed&- pe;sson 

1978) .  I t  tu rns  out  t h a t  i n  these s tud ies  t he  degree o f  a i r i n g  a t  n i g h t  was 



about as f requent  as a t  day. However, i n  a  s t u d y  o f  a  m u l t i f a m i l y  r e s i d e n t i a l  

b u i l d i n g  i n  Swi tzer land  where magnetic swi tches were used t o  record  t h e  

frequency o f  open windows, it was found t h a t  a i r i n g  was more f requent  a t  n i g h t  

than du r i ng  t h e  day (Favre-Trachsel 1982). 

A  s t r ong  c o r r e l a t i o n  between t h e  degree o f  a i r i n g  and t h e  ex te rna l  a i r  

temperature i s  found i n  most i n v e s t i g a t i o n s .  A  c o r r e l a t i o n  between a i r i n g  and 

wind speed has a l s o  been noted. Even the  outdoor  humid i t y  may be r e l evan t  

(B rund re t t  1979). However, from an energy p o i n t  o f  view t h e  impor tan t  r e l a t i o n  

i s  the  one between a i r i n g  and t h e  i n t e r n a l -  ex te rna l  a i r  temperature d i f f e rence .  

One way o f  expressing t h i s  r e l a t i o n  i n  a  q u a n t i t a t i v e  manner i s  t o  r e l a t e  the  

f r a c t i o n  o f  rooms having a  window open, n  , t o  the  i n t e r n a l -  ex te rna l  a i r  

temperature d i f f e r e n c e ,  A T  (Lyberg 1983). It then  t u rns  ou t  t h a t  t h e  product  

n t A T  takes  a  cons tan t  va lue  f o r  .AT g rea te r  than  5 K, t h e  cons tan t  va lue be ing  

rough ly  between 2  and 2.5 K i n  a l l  t h e  measurements discussed above. This 

r e s u l t  seems t o  be independent o f  the  hea t i ng  system and t h e  ex te rna l  and 

i n t e r n a l  a i r  temperature. These r e s u l t s  have been summarized i n  Table I V  c-2. 

Studies of v a r i a t i o n s  i n  t h e  occupants- h a b i t s  of a i r i n g  have been 

performed (Conan 1982). It was found t h a t  t h e  v a r i a t i o n  between households i n  

terms o f  t h e i r  t o t a l  d a i l y  window opening was g rea te r  than t h a t  w i t h i n  

households. The i r  were i n d i c a t i o n s  t h a t  occupants adopt cons i s t en t  a i r i n g  

pa t t e rns .  

Even if i t  i s  poss i b l e  t o  determine t h e  degree o f  a i r i n g ,  one s t i l l  has t o  

determine the  r e s u l t i n g  a i r  exchange i f  one wants an es t imate  o f  t h e  energy 

losses  due t o  a i r i n g .  The a i r  f l o w  through a  window open o r  a j a r  has then  t o  be 

determined. This  a i r  f l o w  w i l  1  depend on wind speed, d i f f e r e n c e  between 

i n t e r i o r  and e x t e r i o r  temperature of t h e  b u i l d i n g ,  wind d i r e c t i o n ,  geometr ic 

p r o p e r t i e s  o f  t h e  b u i l d i n g  facade, p o s i t i o n  o f  t h e  window on the  facade, and t o  

what ex ten t  the  window i s  oDen. 

Some at tempts t o  determine t h e  a i r  f low through a  window, open o r  a j a r ,  

have been made i n  model sca le  (see e.g. Cockroft-Robinson 1976 o r  

Ether idge-Nolan 1979). A lso t e s t  boxes have been used f o r  t h i s  purpose. Case 

s tud ies  o f  the  r a t e  o f  i n f i l t r a t i o n  when one o r  more windows a re  open have bee" 

performed. I t  is,however, u n c e r t a i n  whether t h e  r e s u l t s  of these measurements 

can be genera l i zed  t o  g i v e  a  p r e d i c t i o n  o the r  b u i l d i n g s .  A t  present  i t  i s  

t h e r e f o r e  r a t h e r  f u t i l e  t o  t r y  t o  es t imate  t h e  c o n t r i b u t i o n  o f  open windows t o  

t h e  v e n t i l a t i o n  o f  a  r e s i d e n t i a l  b u i l d i n g  i n  t h i s  way. 



Another way o f  approaching t h i s  problem i s  t o  . use  simple models o f  a i r  

i n f i l t r a t i o n  (Lyberg 1983). Then i npu t  data from a few i n f i l t r a t i o n  

measurements on the  r e s i d e n t i a l  b u i l d i n g  i n  ques t ion  are needed. Some o f  these 

measurements must be performed w i t h  a l l  windows closed, and somewi th  one o r  

more windows open. By model c a l c u l a t i o n s  o f  the, k i n d  mentioned above i t  has 

been est imated t h a t  up t o  5 % o f  the  t o t a l  energy consumption o f  a r e s i d e n t i a l  

b u i l d i n g  may be ascr ibed t o  a i r i n g .  

Another approach t o  t h i s  problem i s  t o  use in fo rmat ion  from psychophysical 

experiments under c o n t r o l l e d  l abo ra to r y  condi t ions.  The l i m i t s  of the  
- - 

temperature i n t e r v a l  where an occupant wearing a g iven c l o t h i n g  ensemble fee ls  

comfortable i s  r a t h e r  we l l  known. Assume t h a t  t he  a i r  temperature o f  a room 

reaches the  upper l i m i t  of t h i s  i n t e r v a l .  An occupant present i n  t h i s  room w i l l  

then t r y  t o  ad jus t  t he  temperature t o  probably below t h i s  i n t e r v a l ,  e.g., by 

opening a window. The temperature d i f f e rence  i s  known. Assuming t h a t  the  

exchange of a i r  i s  instantaneous, i t  i s  poss ib le  t o  c a l c u l a t e  t he  requ i red  

energy.This approach w i l l  not  g i ve  t he  actual  energy loss  when opening a window, 

bu t  r a t h e r  a lower l i m i t  o f  t h i s  value. 

. -. 
We w i l l  end t h i s  sec t ion  w i t h  some observat ions t h a t  have been made i n  

s tud ies  of a i r i n g  and energy saving. Some s tud ies  have i nves t i ga ted  t he  

occurrence o f  a i r i n g  i n  b u i l d i n g s  equipped w i t h  a system f o r  mechanical 

v e n t i l a t i o n  (Berg 1979; Jonson 1980 and Eden- Persson 1978). It has then been 

observed t h a t  a i r i n g  was s t i l l  r a t h e r  frequent a l so  i n  t h i s  k i n d  o f  r e s i d e n t i a l  

bu i l d i ngs .  

I n  an i n v e s t i g a t i o n  o f  energy saving i n  two b locks  of f l a t s  i n  Sweden, the  

indoor  temperature i n  one b lock was lowered by 3 K and the  f low r a t e  o f  the  

supply a i r  was reduced by one h a l f  (Adamson e t  a l  1975). The occupants were 

subjected t o  a general energy saving campaign. This l ed  t o  an immediate energy 

saving o f  20%. When asked why they opened windows less.  abo~r t  75% o f  t he  

occupants gave t h e  reason t h a t  i t  was t oo  c o l d  i n  the  f l a t s  f o r  window-opening. 

The r e s t  of t he  occupants a i r e d  l ess  f r equen t l y  i n  order  t o  save energy. I n  

another b lock t he  thermostats o f  e l e c t r i c  r a d i a t o r s  were p rese t ,  r e s u l t i n g  i n  a 

much smal ler  lower ing of the  indoor temperature than i n  the  previous case. Here 

t he  r a t e  o f  v e n t i l a t i o n  was no t  a l te red .  I n  t h i s  case almost n i ne  o u t  o f  t en  

i nhab i t an t s  s ta ted  t h a t  they opened windows l ess  i n  o rder  t o  save e l e c t r i c  

ene rgy .  The i nves t i ga t i ons  c i t e d  above i n d i c a t e  t h a t  the  e x t e r i o r  and i n t e r i o r  

a i r  temperature a re  o f  g rea t  importance f o r  the  ac tua l  window-opening hab i t s  

(see aboae). . 



Experimental s tud ies  of a i r i n g  h a b i t s  

re fe rence b u i l d i n g  t ype  and ' heat ing  system average temp range n7dT 

l eng th  o f  i n v e s t i g a t i o n  indoor  ("C) AT (K)  

-- 
Dick and 8 detached 2-storey c e n t r a l  hea t ing  14 6-12 2.6 

Thomas houses. Shel tered s i t e  water-heated 

UK 1951 One heat ing  season c e i l i n g  panels 

15 2-storey rowhouses. var ious  14 5-11 1.9 

Exposed s i t e .  One 

heat ing  season 

Brundre t t  25 2-storey h i g h l y  e l e c t r i c  16 3-20 2.2 

UK 1979 i nsu la ted  houses. One 

winter .  v< 5 m/s 

Holm-Ronge 10-storey MFO.200 water-heated 22 1-24 2.6 

and P l e i j e l  f l a t s .  One year  r a d i a t o r s  

Sweden I961 

3-storey MFD. 200 

p i l o t  study f l a t s .  One week 

Lyberg 3-5 s to rey  MFO d i s t r i c t  hea t ing  22 5-45 2.3 

Sweden 1983 1000 f l a t s .  3  months 

2-storey row-houses d i s t r i c t  hea t ing  22 5-45 2.4, 

1000 houses. 3  months 

Favre and 16 f l a t s  o f  4-storey water-heated 20 9-23 1.8 

Trachsel r e s i d e n t i a l  b u i l d i n g  r a d i a t o r s  

Swi tzer land  

1982 

n z f r a c t i o n  of rooms having a  window open o r  a j a r  v=wind speed 

A T=outdoor- indoor temperature d i f f e rence  



A number o f  unexpected h a b i t s  i n  connection w i t h  window- opening have been 

found i n  s tud ies  of energy saving. I n  one case the occupants had t he  h a b i t  o f  

s i t t i n g  nex t  t o  a warm r a d i a t o r  i n  t h e  k i tchen.  A f te r  t he  i n s t a l l a t i o n  o f  

thermostat r a d i a t o r  valves, the  r a d i a t o r  was no t  always warm. But as the 

r a d i a t o r  was s i t u a t e d  below a window the  occupants soon found ou t  t h a t  by 

opening t he  window f o r  a w h i l e  they cou ld  ensure t h a t  t h e i r  r a d i a t o r  ag$in 

became warm and cosy. 

The heat ing  system of the  r e s i d e n t i a l  b u i l d i n g  and the  p rope r t i es  o f  the  

w a l l  i n s u l a t i o n  may a l so  in f luence t he  window-opening hab i t s  of t he  occupant. 

I n  dwe l l i ngs  where t h e  indoor  temperature can r i s e  qu i ck l y  a f t e r  c l o s i n g  of the  

window, the  occupant w i l l  f i n d  t h a t  window-opening does no t  lead t o  lower 

indoor-temperatures and he w i l l  t he re fo re  have no compunction i n  opening t he  

windows. 

- opera t ion  o f  set  p o i n t s  and heat ing  system 

. The way t h e  occupant operates temperature set  p o i n t s  on r a d i a t o r s  seems 

h i g h l y  dependent upon h i s  expectat ions of how the  heat ing  system o f  the  

r e s i d e n t i a l  b u i l d i n g  i s  ' funct ioning.  I n  one i n v e s t i g a t i o n ,  us ing t he  

tes t - re fe rence design (Lange-Lundgren 1979). the  t e s t  b u i l d i n g s  were equipped 

w i t h  thermostat  r a d i a t o r  valves w i t h  a p rese t  max value f o r  the  indoor  

temperature.   he reference b u i l d i n g s  had ad jus tab le  r a d i a t o r  valves. It was 

found t h a t  i n  the  t e s t  b u i l d i n g s  almost a l l  thermostat  r a d i a t o r  valves were se t  

on t h e i r  maximum value wh i l e  i n  the  reference b u i l d i n g s  t h i s  was the  case f o r  

Only a small p ropo r t i on  o f  the  r a d i a t o r  valves. 

I n  another i n v e s t i g a t i o n  (Eden-Persson 1978), many occupants, in terv iewed,  

requested t h a t  t h e i r  dwe l l i ngs  were equipped w i t h  devices f o r  automatic c o n t r o l  

of room temperatures. It was a l so  found t h a t  t he  manually c o n t r o l l e d  r a d i a t o r  

valves were e i t h e r  o f f  o r  se t  on a value t h a t  was seldom changed, o f t e n  t he  

maximum value. For quick adjustments o f  t he  room temperature window-opening was 

t h e  p r e f e r r e d  operation. 

The s e t t i n g s  o f  r a d i a t o r  valves and thermostats chosen by t he  occupant a re  

n o t  determined by t he  requ i red  indoor  a i r  temperature alone. Indoor sur face 

temperatures and t he  occurence o f  draught  a re  important. 



I n  one survey i t  wasfound t h a t  about one t h i r d  o f  the  occupants adjusted 

t h e i r  thermostats more than once a day wh i l e  one qua r te r  d i d  t h i s  on ly  once a 

(Berg 1979). 

Heat ing systems, w i t h  i n d i v i d u a l  thermostats o r  r a d i a t o r  valves on the  

rad ia to r s ,  may sometimes be too  complicated f o r  t he  occupant t o  handle. T h i i  

may p a r t l y  exp la i n  why r a d i a t o r  valves are o f t e n  se t  on t h e i r  max value and 

quick adjustments o f  the  indoor  temperature i s  achieved by o the r  means than a 

change i n  the  se t -po in t .  I t  i s  t he re fo re  impor tan t  t o  in fo rm the  occupant about 

how such systems should be operated i n  an e f f i c i e n t  way i n  o rder  t o  save energy. 

With a design o f  the  con t ro l  system f o r  heat ing,  s u i t a b l e  t o  be handled by the  

occupants, and an improved i n s u l a t i o n ,  i t  may be poss ib le  t o  achieve an energy 

saving b e t t e r  than t he  one t h e o r e t i c a l l y  p red ic ted  (0 -Su l l i van -  McGeevor 1982). 

Sometimes i t  i s  no t  the  occupant t h a t  i s  t o  be blamed f o r  a room 

temperature con t ro l  system which i s  no t  working p roper ly .  I n  many cases i t  has 

been found t h a t  thermostat r a d i a t o r  valves have no t  been accura te ly  c a l i b r a t e d ,  

o r  have been wrongly assembled, o r  f i xed  t o  the  wa l l  i n  a f a u l t y  way, o r  t h a t  

the  whole heat ing  system i s  badly adjusted.  

The care taker  p lays  an important  r o l e  i n  energy-saving programnes. He has 

of ten a d i f f i c u l t  p o s i t i o n  between the  l a n d l o r d  and t he  occupants. He w i l l  

r ece i ve  a l l  the  complaints from the  occupants if the indoor  temperature of the  

r e s i d e n t i a l  b u i l d i n g  i s  lowered, complaints which are o f t e n  caused by the 

occupant-s l ack  of knowledge about the p rope r t i es  o f  the  heat ing  system and how 

i t  i s  working. I t  may be tempt ing f o r  him t o  e l i m i n a t e  t he  complaints by t ak i ng  

ac t i ons  t o  inc rease the indoor  temperature. On the  con t ra r y  t he  care taker  

should have s u f f i c i e n t  t ime  a t  h i s  d isposal  t o  i n v e s t i g a t e  whether the  

canp la i n t s  a re  j u s t i f i e d ,  measure t h e  indoor  temperature o f  t he  dwe l l i ng  i n  

ques t ion  and, if i t  i s  too  low, look f o r  t he  cause o f  t h i s .  Of ten t he  cause i s  

t h a t  t he  occupants thermaneter i s  no t  f unc t i on ing  p roper ly .  

I n  research programes i t  i s  a l so  important  t h a t  the  care taker  i S  p roper ly  

informed about what i s  going t o  be measured and why. I n  many such programnes, 

where the  indoor  temperature was lowered as p a r t  o f  t he  i n v e s t i g a t i o n ,  a f t e r  a 

w h i l e  i t  has been found t h a t  t he  care- taker  has received complaints, and as a 

consequence he has taken a c t i o n  t o  increase t he  indoor temperature i n  t he  middle 

o f  the  measurement per iod .  



The care taker  should a l s o  rece ive  proper in fo rmat ion  a l s o  concerning more 

general energy-saving programmes. It i s  no t  s u f f i c i e n t  j u s t  t o  t e l l  him what t o  

do, b u t  not  why he has t o  do it. 

~ssume t h a t  a  water-based heat ing  system i s  subjected t o  a  ba lanc ing  

procedure c o n s i s t i n g .  of e.g. p r e s e t t i n g  of a l l  values t o  ca l cu la ted  l e v e l s ,  

e s t a b l i s h i n g  t he  f l o w  i n  main d i s t r j b u t i o n  p ipes by d i r e c t  measurement, checking 

of t he  water d i s t r i b u t i o n  t o  heaters by measurement of pressure d i f f e rences  and 

pos t  adjustment i n  rooms where t he  r e s u l t i n g  temperature dev ia tes  t oo  much fran 

the  des i red  value. I n  t h i s  case i t  i s  v i t a l  t h a t  t he  man who has t o  survey and 

main ta in  t he  system i n  f u t u r e  years has an understanding o f  how the  system 

works. 

I n  t he  past ,  maintenance o f  a  heat ing  system has i n  p r a c t i c e  o f t e n  meant 

t h a t  i t s  performance has been checked every ten years. I f  t h i s  must be changed, 

t he  care taker  w i l l  have t o  p l ay  a  more a c t i v e  r o l e  i n  t he  maintenance o f  t he  

heat ing  system, e.g.. by per forming more regu la r  checks o f  i t s  performance as i t  

var ies  w i t h  time. The caretaker  should be i n s t r u c t e d  t o  r epo r t  a t  once,gaps i n  

the  i n s u l a t i o n ,  u n t i g h t  windows etc.  

I f  the  care taker  i s  i n s t r u c t e d  t o  t r y  t o  reduce energy consumption through 

a  more e f f i c i e n t  opera t ion  o f  the  heat p l an t ,  i t  i s  important  t h a t  he rece ives  a  

feed-back i n  t he  form o f  t he  r e s u l t  o f  h i s  e f f o r t s .  If he can observe a  lower 

energy consumption, t h i s  w i l l  encourage him t o  t r y  even harder. I n  the  long  

run, t h i s  may we l l  lead t o  a  permanent reduc t ion  of the  energy consumption f o r  

heating. 

Even i f  the  care taker  i s  p rope r l y  i ns t r uc ted  and g iven t he  basic knowledge 

o f  how t o  run the  heat ing  system o f  the  bu i l d i ng , t h i s  i s  no t  su f f i c i en t .  If n o t .  

i n  constant  use, t h i s  knowledge i s  q u i c k l y  f o rgo t t en  i n  everyday prac t i ce .  

Even if the measures desr ibed above may make the  caretaker  more observant 

on t he  importance of, saving energy, i t  should no t  be fo rgo t ten  t h a t  the  

care taker  w i l l  no t  be judged by the  l and lo rd  o r  the  tenants according t o  how 

much energy he can save, b u t  according t o  how we l l  he can keep t h i ngs  running i n  

t he  r e s i d e n t i a l  b u i l d i n g .  



CHAPTER I V  d 

Imp lemen ta t i on  o f  s imu la ted  occupancy 
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I V  d Implementation of s imulated occupancy 

- fac to rs  i n f l uenc ing  occupat ional  pa t te rns  r e l a t e d  t o  energy demand 

The essent ia l  background fo r  t he  implementation o f  s imulated occupancy, i n  

experiments on b u i l d i n g  r e t r o f i t s ,  i s  t he  knowledge o f  t he  general p r i n c i p l e s  on 

which such experiments a re  based (see Ch. I 1  e ) ,  and t h e  energy- r e l a t e d  

activities by occupants (see ch. IVb, IVc, and App. I V  ) .  A c t i v i t i e s  a iming 

a t  t he  con t ro l  of indoor c l ima te  can be mot ivated by a g rea t  number of fac to rs  

i n  the  environment of t h e  occupant, such as: 

1) ~ n d o o r  c l ima te  in f luences  t he  occupant, b u t  i t  can a l s o  beinf luenced by him: 

the  most representa t i ve  parameter f o r  the  d e f i n i t i o n  o f  indoor c l ima te  i s  

genera l l y  assumed t o  be the  a i r  temperature. 

2) t he  c l i m a t i c  and geographic zone can be s y n t h e t i c a l l y  def ined by t he  l o c a l  

degreedays. 

3)  t he  age of the  b u i l d i n g  can be important  whenever some p a r t i c u l a r  event 

(new b u i l d i n g  regu la t i ons  et.) has caused a change i n  b u i l d i n g  cons t ruc t i on  

techniques. 

4) t he  i n s u l a t i o n  of t he  b u i l d i n g  can be evaluated by, e.g., t he  mean ove ra l l  

heat t r a n s f e r  c o e f f i c i e n t  i n  r e l a t i o n  t o  t he  l oca l  c l imate .  

5 )  the  s i ze  o f  t he  bu i l d i ng ,  e.g. s i n g l e  fami ly  o r  m u l t i - f a m i l y  

6 )  the  l o c a t i o n  o f  t he  b u i l d i n g  e.g. countrys ide,  suburban o r  urban 

7) the  l o c a t i o n  of t he  heat ing  system o r  the  type  of metering, e.g., cen t ra l  o r  

i n d i v i d u a l  

8) the  form o f  con t ro l  system, e.g. cen t ra l ,  room l o c a l ,  o r  o thers  

9)  t he  socioeconomic s ta tus  of t he  occupants can have a g rea t  impact on t h e i r  

behaviour, but  t he  r e l a t i o n s  w i t h  energy consumption a re  not  we l l  known 

The most i n f l u e n t i a l  of these f ac to r s  on energy r e l a t e d  human behaviour a re  

1 ) .  2).  7), 8 ) .  and 9). From now on, on l y  these f ac to r s  w i l l  be considered. 

When performing a s imulated occupancy experiment, these fac to rs  and t he  ob jec t  

o f  i n v e s t i g a t i o n  a re  g iven beforehand, except the  f ac to r s  1) and 9)  which can, 

, t o  a c e r t a i n  ex ten t ,  be chosen by the  experimenter. The choice of t y p i c a l  

f ac to r s  i n  a reg ion  o r  country w i l l  lead t o  t he  establ ishment of t y p i c a l  

occupancy pa t t e rns  (s tandard occupancies). 



- in f luence of s imulated a c t i v i t i e s  on energy demand 

Only some of t he  a c t i v i t i e s  performed by people i n  t h e i r  hanes a c t u a l l y  

in f luence t h e  energy requ i red  f o r  hea t ing  the  bu i l d i ng .  Obviously, on ly  these 

a c t i v i t i e s  have t o  be taken i n t o  atcount  i n ' e x p e r i m e n t s  w i t h  s imulated 

occupancy. They i nc l ude :  

a) use o f  l i g h t  

b )  use o f  e l e c t r i c  appl iances 

c )  cooking 

d) use of co ld  and h o t  t ap  water 

e) opera t ion  of t h e  c o n t r o l  system se t  po in t s  

f )  presence a t  home of occupants 

g) opening o f  windows 

h)  opera t ion  o f  b l i n d s ,  shu t te rs ,  etc .  

TABLE 1V d-1. 

Re la t ions  among energy-re lated a c t i v i t i e s  and environmental fac to rs .  

-- -- - -- 

A c t i v i t i e s  a  b  c d  e  f 9  h  

Factors 

The q u a l i t a t i v e  r e l a t i o n s  among these a c t i v i t i e s  o f  t he  occupant and t he  

environmental f a c t o r s  mentioned above a re  g iven i n  Table I V  d-1. The 

geo-c l imat ic  zone and t he  socio-economic s ta tus  o f  t he  occupants appear as t h e  . 
most i n f l u e n t i a l  f ac to r s ,  w h i l e  t he  opera t ion  of se t  p o i n t s  and window systems 

appears as t he  a c t i v i t y  which can be inf luenced more. These a c t i v i t i e s  have a 
d i f f e r e n t  impact on t h e  energy consumption. Some o f  them are  usua l l y  not  



modi f ied by r e t r o f i t s  and exe r t  a "neu t ra l "  in f luence on the  energy cbnsumption 

o f  t he  b u i l d i n g ,  whether i t  i s  r e t r o f i t t e d  o r  no t  (e.g. t he  use o f  l i g h t s ,  

cooking, t h e  presence a t  home o f  occupants). Others w i l l  be mod i f ied  a f t e r  the  

r e t r o f i t ,  due t o  a change i n  environmental f a c t o r s  i n f l uenc ing  them (e.g. t he  

opera t ion  o f  set-points,  t he  use o f  appl iances, etc.). Others w i l l  n o t  on ly  be 

mod i f ied  by t he  r e t r o f i t ,  bu t  may have a d i f f e r e n t  impact on energy consumption 

(e.g. t he  operat ions on windows and b l i n d s  i n  before- a f t e r  experiments). 

The experimenter w i l l  t he re fo re  have t o  consider  c a r e f u l l y  t he  problem o f  

choosing t h e  energy r e l a t e d  a c t i v i t i e s  t o  be simulated, .and he might  i n  some 

cases consider  t he  p o s s i b i l i t y  of es tab l i sh i ng  d i f f e r e n t  occupancy pa t t e rns  i n  

r e t r o f i t t e d  and non r e t r o f i t t e d  bu i l d i ngs .  

- assessment of d a i l y  schedules r e l a t e d  t o  occupants- a c t i v i t i e s  

Every a c t i v i t y  can be represented as a d a i l y  schedule, charac te r ized  by a 
constant ,  pe r i od i c ,  o r  random pat te rn .  It i s  t h e  task of t he  experimenter t o  

'assess these schedules, making use o f  i n f o rma t i on  der ived  from s t a t i s t i c a l  

i nves t i ga t i ons ,  observations, in te rv iews,  and d i r e c t  measurements. The q u a l i t y  

o f  t h i s  i n f o rma t i on  i s  r a the r  uneven, and t he  data c o l l e c t e d  a re  o f t en  

con t rad ic to ry .  Moreover, t he  in fo rmat ion  has been c o l l e c t e d  f o r  purposes o ther  

than t h a t  of e s t a b l i s h i n g  energy r e l a t e d  pa t t e rns ,  and t h e r e f o r e  requ i re  f u r t h e r  

e laborat ion. .  

It should be pointed ou t  t h a t  the  experimenter i s  genera l l y  i n t e r e s t e d  i n  

reproducing t he  energy e f f e c t  o f  these a c t i v i t i e s ,  no t  i n  the  a c t i v i t y  i tself :  

However, when t he  e f f e c t  i s  uncer ta in ,  as f o r  operat ions on windows, the  rea l  \ 

a c t i v i t y  should be simulated. The experimenter w i l l  proceed as f o l l o w s :  

- c o l l e c t  a1 1 a v a i l a b l e  in fo rmat ion  on energy-re lated a c t i v i t i e s  

- choose t he  general features o f  t h e  occupancy 

- e s t a b l i s h  t he  schedules f o r  t he  energy-re lated a c t i v i t i e s  

- decide how t o  s imulate and record these schedules 

When c o l l e c t i n g  data on energy-re lated a c t i v i t i e s ,  t he  experimenter should be , 

a i m i n g a t :  

- when and where t h e a c t i v i t y  i s  performed 

- fo r  how l ong  t he  a c t i v i t y  i s  performed 



- what, the  energy e f f e c t  of t he  a c t i v i t y  i s  

Ava i l ab le  data, however, seldom re fe r  t o  the  ques t ions  above, r a the r  

p rov id i ng  t he  t o t a l  d a i l y  amount o f  t ime  devoted t o  t he  a c t i v i t y ,  o r  t he  average 

thennal power re leased when us ing  a  c e r t a i n  equipment, o r  t h e  g loba l  y e a r l y  

energy consumption . o f  the  equipment. The second t a s k  w i l l  be t h a t  o f  choosing 

t he  general fea tu res  o f  t he  occupancy df the  b u i i d i n g  t o  be inves t iga ted ,  t h a t  

i s :  

- number, composit ion, age o f  occupants e tc .  

- main a c t i v i t i e s  of the  occupants: sleeping, ea t ing ,  and working t ime  

- socio-economic data on occupants 

Usua l l y ,  one w i l l  r e f e r  t o  t he  "average-family" i n  t he  area where t he  

experiment i s  t o  be performed. For example, an average I t a l i a n  f am i l y  cou ld  be 

i d e n t i f i e d  as charac te r ized  by:  

- 3-4 persons (man 30-40 years,  woman 30-40 years, c h i l d r e n  5-12 years )  

- s leep ing  t i m e , f o r  parents:  23 t o  7  

- s leep ing  t ime  f o r  the  c h i l d r e n :  21 t o  7.30 

- e a t i n g  t ime f o r  t he  man: 7.30, 20 

- e a t i n g  t ime  f o r  t he  woman: 7.30, 13, 20 

- e a t i n g  t i m e ' f o r  the  ch i l d ren :  7.45, 13, 20 

- working t ime fo r  man ( i n c l u d i n g  t r a v e l s ) :  8  t o  17 

- work ing t ime  ou ts ide  t he  home f o r  woman: none (housewife) 

- school t ime f o r  t he  ch i l d ren :  none (age 0  t o  3)  

8  t o  15 (age 4  t o  5) 

8  t o  13 (age 6 t o  18) 

- average socio-economic s ta tus  

When e s t a b l i s h i n g  t h e  schedules o f  t he  a c t i v i t i e s ,  t he  f o l l ow ing  d i s t i n c t i o n s  

must be taken i n t o  account: 

1) a c t i v i t i e s  no t  performed i.0 modi fy  t he  indoor  temperature 

2) a c t i v i t i e s  performed t o  modi fy  t he  indoor . tenpera tu re  

A c t i v i t i e s  belonging t o  t he  f i r s t  category a re  (Hauglusta ine 1981): 

- presence o f  occupants a t  home 

- cooking 

- use o f  ho t  and co ld  t a p  water 

. - use o f  e l e c t r i c a l  appl iances 



- use o f  l i g h t  

- opening o f  windows f o r  hyg ienc ia l  purposes 

- opera t ing  o f  b l i n d s  f o r  keeping p r i vacy  o r  modi fy ing na tura l  i l l u m i n a t i o n  

For "presence a t  home o f  occupants" use f ig .  1V c - l a  f o r  employed men, 

f i g .  I v  c - l b  f o r  employed women and f i g  I V  c - l c  f o r  housewives. I n  the  case o f  

c h i l d r e n  no t  a t  school, o n e k o u l d  consider  t h e i r  presence a t  home t o  co inc i de  

w i t h  t h a t  o f  t he  housewife. 

The amdunt o f  heat from people per forming d i f f e r e n t  a c t i v i t i e s  can be found 

i n  t he  l i t e r a t u r e .  An average value o f 1 8 0  W ,  150 W, and 130 W cou ld  be used, 

r espec t i ve l y ,  f o r  men, wom'en and 'ch i ld ren .  The occupants- use of space, t h a t  i s  

t he  rooms where they use t o  spend t h e i r  t ime a t  home, should a l so  be decided. 

For "cooking", Tables App.' I V  - 4  and 5 g i ve  r e s p e c t i v e l y , t h e  d a i l y  amount 

o f  t ime spent on, and the  est imated net,energy consumed i n  a  year  f o r  cooking , 
i n  d i f f e r e n t  count r ies .  Cooking w i l l ,  i n  general,  occur j u s t  be fo re  meals (see 

Fig.  I V  c-3b). 

For "hot  water", Table App. IV-3 provides the  ne t  ( o r  use fu l )  energy used 

i n  the  b u i l d i n g .  To decide a t  what t ime of the  day t h i s  energy i s  used, one can 

use Table App. IV-2 t o  est imate t he  amount of water f o r  each end-use, a n d  one 

can then choose a  schedule f o r  each end use. For example, p lace  personal 

hygiene a f t e r  waking up and/or be fo re  going t o  bed, p lace  dish-washing j u s t  

, a f t e r  ea t ing ,  and d i s t r i b u t e  t he  remaining a c t i v i t i e s  randomly over t he  day. - 

Cold water i s  main ly  used t o  f l u s h  WC and i t s  volume can be deduced fran 

Table App. IV-2. Assuming a  c e r t a i n  c i s t e r n  capac i ty ,  one can es t imate  the 

number o f  f l u sh ings  and schedule them dur ing  the  day using canmon sense. 

There e x i s t  da ta  o f  t h e  most,common "domestic e l e c t r i c  appl iances" , data  

a re  a v a i l a b l e  f o r  the  most canmon ones such as r e f r i g e r a t o r s ,  clothes-washers, 

c lothes-dryers,  and dish-washers. The y e a r l y  average ne t  energy consumed by 

these appl iances, a long w i t h  t h e i r  penet ra t ion ,  i s  g iven i n  Tables App. IV-7, 

8, 10, 11, and 12. The penet ra t ion  index can be used t o  choose what appl iances 

should be considered according t o  t he  socio-economic s ta tus  of t h e  s imulated 

occupants. For instance,  an average occupancy w i l l  n o t  i nc l ude  those appl iances 

having a  pene t ra t i on  index smal ler  than 50%. 



A d i f f e r e n t  approach i s  t h a t  o f  cons ider ing  t h e  pene t ra t i on  as a  

"percentual  ownership". I n  t h i s  case, o f  course, o n l y  t h e  e f f e c t  o f  t h e  

app l iance  cou ld  be s imulated.  These two approaches w i l l  i n  general y i e l d  very 

c l ose  r esu l t s .  A  more d i f f i c u l t  t a sk  i s  t o  decide when these appl iances are 

used. 

For TY-sets one can use Fig. I V  c-3c, bu t  c h i l d r e n  watching TV should a l s o  

be considered. For r e f r i g e r a t o r s  a  f l a t  schedule can be adopted. For, c l o t hes -  

washers and d r i e r s  i n f o rma t i on  can be drawn from f i g .  I V  c-3a. The dish-washer 

w i l l  gene ra l l y  be operated a f t e r  t h e  main meal. I n  a l l ' c a s e s  t h e  use o f  common 

sense w i l l  be necessary. 

For  " l i g h t i n p " ,  the  data on y e a r l y  energy consumption a re  u s u a l l y  

determined as a  d i f f e r e n c e  between t h e  t o t a l  e l e c t r i c i t y  consumption and t h e  

e l e c t r i c i t y  consumption of the  main e l e c t r ~ c  abpl iances mentioned above. I n  

t h i s  case these data a r e  no t  separated from those r e f e r r e d  t o  as " o the r  

e l e c t r i c a l  appl iances" ,  t h e  importance of which va r i es  between c o u n t r i e s  (see 

Table App. IV-12). The f i r s t  task  i s  t o  s p l i t  t h e  data i n  some r e l i a b l e  way, 

assuming t h a t  t h e  schedule of ' 'o ther  appl iances"  i s  s i m i l a r  t o  t h a t  o f  "presence 

a t  home o f  occupants". The use o f  l i g h t s  shows a  seasonal dependance 

p a r t i c u l a r l y  r e l evan t  a t  h i gh  l a t i t u d e s .  I t  cou ld  be use fu l  t o '  ad j us t  t h e  

l i g h t i n g  schedule du r i ng  t h e  hea t i ng  season. 

"Opening o f  windowsL' i s  the  opera t ion  ih rough which indoor  a i r  q u a l i t y  i s  

' usua l l y  regu la ted  i n  many count r ies .  As a  h y g i e n i c a l l y  mot iva ted  a c t i o n  i t  w i l l  

depend on t h e  a c t i v i t i e s  performed i n  t h e  d w e l l i n g  and on t h e  sources of 

p o l l u t i o n .  Some i n f o rma t i on  on when and f o r  how long  a re  windows opened, as 

we l l  as emp i r i ca l  r e l a t i o n s  between window opening and indoor-outdoor  , a i r  

temperature d i f f e r e n c e  can be found i n  ch. I V  c. 

"Operat ions o f  shu t te rs ,  b l i n d s ,  etc." a r e  performed f o r  r e g u l a t i n g  the  

indoor  c l imate ,as  we l l  as na tu ra l  i l l u m i n a t i o n ,  and f o r  ensur ing  t h e  occupants- 

p r i vacy ;  See ch. I V  c  f o r  f u r t h e r  i n f o rma t i on  on t h i s  t o p i c .  

A c t i v i t i e s  performed t o  modify the  indoor  c l i m a t e  a re :  

- ' o p e r a t i o n  o f  thermal system c o n t r o l  se t - po i n t s  

- opening o f  windows 

- ope ra t i on  o f  b l in 'ds ,  e t c .  



The s imu la t i on  of these a c t i v i t i e s  r equ i r es  a  very d e t a i l e d  ana lys is .  

S t a t i s t i c s  a re  not  o f  g rea t  he lp  i n  t h i s  case, because of t h e  small  amount 'o f  

a v a i l a b l e  data,  and because these data do no t  a f f o r d  gene ra l i za t i ons .  

Therefore, i t  would probably be c o r r e c t  t o  assume t h a t  these a c t i v i t i e s  r ece i ve  

a  feed-back from some k i nd  o f  thermal comfort index, e.g., temperature measured 

by a  globe. thermometer. 

The d i f f i c u l t y  o f  p r e d i c t i n g  what ac t i ons  . . w i l l  be undertaken by t h e  

occupant when he does no t  fee l  comfor table w i t h  t h e  indoor  c l i m a t e  has a l ready  

been po in ted  ou t  i n  ch. I V  c. Given t h i s  fac t ,  t h e  experimenter w i l l  be f ree  

t o  make a p r i o r i t y  l i s t .  As an example, the  succession o f  ac t ions ,  performed by 

a  person when s o l a r  r a d i a t i o n  produces an overheat ing,  i s  t h e  f o l l ow ing :  

1) s h i e l d i n g  of t h e  window 

2) t ak i ng  o f f  c l o t h e s  

3) opening the  window 

4) opera t ing  t h e  r a d i a t o r  va lves o r  the  roomthermosta t  

Po in ts  1, 3, and 4 can be s imulated,  w h i l e  p o i n t  2  cannot. When choosing 

t h i s  sequence, one should n o t i c e  t h a t  the  ac t i ons  above produce t h e i r  e f f e c t  

w i t h  d i f f e r e n t  promptness, and t h a t  t h e  h igher  the  d iscomfor t ,  the  more prompt 

, t h e  e f f ec t  should be. These ac t i ons  w i l l  i n  general con t inue  even a f t e i  t h e  

thermal comfor t  cond i t i ons  have been reached, u n t i l  nea r l y  d iscomfor t  cond i t i ons  

a re  approached. 

. 

- s imu la t i on  o f  energy r e l a t e d  a c t i v i t i e s  

Once t h e  a c t i v i t i e s  of t h e  occupants have been expressed i n  terms o f  d a i l y  

schedules, t h e  exper imenter  w i l l  choose a  p r a c t i c a l  way of s imu la t i ng  such 

schedules. An under ly ing  assumption i s  t h a t  ( the  s imulated a c t i v i t i e s  can be 

e a s i l y  ad jus ted  and monitored. A  microprocessor  sequence c o n t r o l l e r  w i l l  be 

p a r t i c u l a r l y  s u i t a b l e  f o r  the  purpose. Fo l low ing  the  same order  as i n  t h e  

p rev ious  sec t ion ,  we f i r s t  f i n d  the  s imu la t i on  o f  occupants themselves. For  . 
energy purposes, j u s t  very simple devices cou ld  be used, such as a  lamp o r  any 

o ther  e l e c t r i c a l  res is tance.  I f ,  however, t he i ' r  i n f luence  on t h e  indoor  c l i m a t e  

has t o  be taken i n t o  account i n  a  more r e a l i s t i c  way, the  heat  ga in  from the  

occupants can be s imulated by means of hea te rs  t h a t ,  when swi tched on, have a  

surface temperature o f  about 3 0 ' ~  and d e l i v e r  about 50 g  o f  water vapour p e r  



hour t o  t h e  a i r .  There should be, i n  each room, a  number o f  heaters equal t o  

t he  maximal number o f  people who can contemporar i ly  be i n  t he  room. These 

heaters, e l e c t r i c a l l y  fed, can be e a s i l y  switched on and o f f  by tne  sequence 

c o n t r o l l e r .  . Only t he  f i n a l  e f f e c t  caused by the  occupants- a c t i v i t i e s  t o  t h e  

energy budget should, whenever poss ib le ,  be reproduced by means o f  e l e c t r i c  

res is tances.  We w i  11 a l s o  g i v e  some in fo rmat ion  on more soph i s t i ca ted  

s imu la t i on  techniques below. 

Cooking can be s imulated by an e l e c t r i c  cooker: vapour can be produced by 

a  simmering po t  whose water l e v e l  i s  res to red  by means o f  a  solenoid valve. 

Hot water from taps should be s imulated a t  t he  k i t chen  s i nk  and a t  the  

bathroom bas in  and bath. F isk and Morr ison (1979) suggest t h e  f o l l o w i n g  

procedure: "... f l o w  t o  each i s  c o n t r o l l e d  by a  solenoid va lve  which i s  opened 

a t  p rese t  t imes by t he  sequencer. A  thermocouple i n  the  f low p ipe  then 

i n t e g r a t e s  the  amount o f  heat  passing and c loses  t he  va lve  when t h i s  reaches a  

p rese t  l e v e l .  'The  warm water i s  al lowed t o  d r a i n  s low ly  away, s o t h a t  

a d d i t i o n a l  heat  ga in  i s  t r ans fe r red  t o  t he  house.'' 

As f o r  e l e c t r i c a l  appl iances, one could,  as s ta ted  above, e i t h e r  use rea l  

ones, o r  s imulate them. .Whenever the  opera t ion  o f  t he  appl iance i s  t e c h n i c a l l y  

hard t o  s imulate,  b u t  i t s  energy e f f e c t  i s  w e l l  known, as f o r  a  r e f r i g e r a t o r ,  

t he  second approach should be pre fe r red .  I n  the  o the r  cases r e a l  appl iances can 

be used. L i g h t i n g  w i l l  be s imulated by us ing  rea l  lamps. I n  t h i s  case. 

p h o t o e l e c t r i c  c e l l s  d e t e c t i n g  the  need f o r  a r t i f i c i a l  l i g h t  can be used,,along 

w i t h  i n f o rma t i on  on occupants- a c t i v i t i e s  and presence a t  home. 

The mechanical equipment f o r  window opening should be assessed according t o  

t he  window opening system. I n  many cases a  simple commercial d r i v e  can be used. 

S i m i l a r  devices can be used f o r  c u r t a i n s  and b l i nds .  
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App. I V  Data on energy consumption by t ap  water and appl iances 

- hot  and c o l d  tap  water 

Methods f o r  c o l l e c t i n g  data on the  occupants* use of t ap  watec has a l ready 

been t r ea ted  i n  ch. 1V a and I V  b. Here only a few comments w i l l  be made on 

t he  data contained i n  t he  tables.  How these data have been used i n  ch. I e, 

f o r  the es t imate  of the  c o n t r i b u t i o n  , to t he  heat ing  o f  a dwe l l i ng  w i l l  a l s o  be 

commented upon. 

I n  Table App 4- 1 we g i ve  some numbers f o r  t he  est imated average household 

water consumption f o r  a few c i t i e s  i n  sane count r ies  and f o r  d i f f e r e n t  types o f  

dwelling!.   he temperature o f  t he  i n l e t  water i s  important  f o r  an es t imate  o f  

t he  energy losses caused by t he  use of water. Th is  temperature w i l l  be 

in f luenced by t he  temperature of t he  ground. I n  Table App 4 -1  we have inc luded 

an es t imate  of t he  temperature d i f f e r e n c e  between t he  i n l e t  water and the  

b u i l d i n g  i n t e r i o r ,  du r i ng  t he  heat ing  season, f o r  Some c i t i e s .  1n' general ,  c o l d  

water w i l l  n o t  take  t he  .indoor temperature before d ischarge ( t h e  t ime  constant  

o f  a 10 l t r  water c l o s e t  i s  e.g. 7-8 hours). A good approximation i s  t o  assume 

t h a t  t he  water takes the  average..of feed temperature and t he  indoor  environment 

be fo re  discharge. 

I n  Table App I V -  2 data on t he  end use of t ap  water a re  given. One can - 
note the r e l a t i v e l y  uni form f r a c t i o n  ,about one t h i r d ,  used f o r  ba th i ng  and 

showers. 

I n  Table App I V -  3  t h e  est imated use of ne t  energy i s  g iven f o r  t he  

consumption o f  hot  t a p  water. I n  a few cases t he  f i gu re  presented re fe r s  t o  

useful energy. 

For an est imate of the  ho t  water consumption f o r  c l o thes -  washing and 

dish-washing see these sect ions below. 

The est imates o f  t he  amount of the  ne t  energy f o r  water heat ing t h a t  i s  

l o s t  t o  t he  b u i l d i n g  by heat losses from the  h o t  water s torage and t he  plumbing 

(be fo re  t he  tap)  du r i ng  t he  heat ing  season va r i es  from 15 t o  30% (Over 1974. 

Ebersbach 1977, Heap 1977, Wilson 1978, Mutch 1974, Lee 1976 and E l k i s  1977). 



The heat  gains t o  t he  b u i l d i n g  a f t e r  the  water i s  drawn from the  t ap  should 

no t  be very l a r g e  if most o f  t he  water goes d i r e c t l y  t o  the  d ra i n .  Hauglustaine 

(1980) has est imated t h a t  about 20 % o f  t he  heat content  r e l a t i v e  t o  t he  indoor  

temperature o f  the  water o f  a  shower i s  l o s t  t o  the  i n t e r i o r  o f  the  b u i l d i n g .  

The amount of water requ i red  f o r  a  ho t  ba th  has been est imated t o  100-150 

1, and t he  water  temperarure t o  35-40°c (Askensten 1977, Todd 1970, NQrgard 1979 

and Hauglusta ine 1980). Thus the  requ i red  energy f o r  t a k i n g  a ho t  ba th  can be 

est imated t o  range from 5  t o  20 MJ. There seems t o  be agreement between 

d i f f e r e n t  sources t h a t  the  water temperature when t ak i ng  a  shower i s  35-40°C, 

b u t  the amount of water  used can vary g rea t l y .  American sources g i v e  est imates 

from 45 t o  75 l i t r e s  (Hast ings-  C la rk  1977, Maadah- Maddox 1976 and Hopp- Darby 

1980). The amount of energy f o r  t ak i ng  a  shower has been est imated t o  vary from 

4  t o  36 EM (Askensten 1977). 

I f  t he  water temperature of a  150 l t r  ho t  ba th  i s  o r i g i n a l l y  between 35 and 

40 O C,  t h i s  temperature w i l l  under normal indoor  cond i t i ons  drop on ly  about 2 K 

i n  15 minutes and about 4 K i n  an hour. Therefore only a  small amount o f  t he  

energy spent f o r  ba th i ng  w i l l  c o n t r i b u t e  t o  t he  heat ing  of t he  b u i l d i n g ,  unless 

t h e  water i s  d e l i b e r a t e l y  al lowed t o  c o l d  be fo re  discharge. This energy-saving 

procedure i s  no t  l i k e l y  t o  be w ide ly  adopted as i t  leaves t he  t ub  r a t h e r  d i r t y .  

Most' sources do no t  consider  t h i s  poss ib l e  heat ga in  from the  h o t  t ap  water 

a t  a l l .  Those who do, g i ve  a  number of about 10 t o  25% o f  t he  ne t  energy used 

f o r  water hea t ing  (Ebersbach 1977, Seymour-Walker 1978, Socolow 1978 and 

Hauglusta ine 1980). 

I n  ch. I e  i t  has been assumed t h a t  25 f of the  ne t  energy used f o r  ho t  

water genera t ion  con t r i bu tes  t o  t he  heat ing  o f  a  dwe l l i ng  by losses from the  hot  

water s torage and t he  plumbing. I t  has a l so  been assumed t h a t  another 20 f o f  

t he  thermal energy of t he  ho t  water r e l a t i v e  t o  t he  indoor temperature i s  l o s t  

be fo re  being discharged. 

- cooking 

The source of energy used f o r  t he  opera t ion  of cookers and ovens i n  Western 

~ u r o p e  and Nor th  America i s  most ly  e l e c t r i c i t y  and gas. 



The e l e c t r i c  energy used f o r  cook ing  can probably  be w e l l  es t ima ted  by t h e  

u t i l i t y  i n  c o u n t r i e s  where t h e  p e n e t r a t i o n  of e l e c t r i c  cookers and-ovens i s  

between 20 and 80%. If t h e  p e n e t r a t i o n  i s  l a r g e  one can expec t  t h e  e s t i m a t e  t o  

be i n f l u e n c e d  by t h e  use of o t h e r  domestic e l e c t r i c  appl iances.  The ac tua l  

p e n e t r a t i o n  ranges f r a n  about 1% i n  I t a l y  t o  almost 100% i n  Norway. 

The e l e c t r i c  e f f e c t  of a  h o t  p l a t e  of an e l e c t r i c  cooker  i s  between 1500 

: and 2000 W. The f a c t  t h a t  about 50% of women a r e  a t  home d u r i n g  t h e  day i n  many 

, c o u n t r i e s  may i n d i c a t e  t h a t  l unch  i s  prepared a t  home i n  about h a l f  o f  a l l  

households. Assuming t h a t  t h e  p r e p a r a t i o n  o f  a  meal r e q u i r e s  t h e  use o f  two 

h o t - p l a t e s  h a l f  an hour  each w i l l  mean t h a t  t h e  energy consumption f o r  cook ing  

on an e l e c t r i c  cooker  i s  between 8  and 12 MJ per  day o r  between 3 and 4  GJ per 

year .  It has, however, been shown t h a t  t h e  energy used f o r  p r e p a r a t i o n  of t h e  

same meal may d i f f e r  by a  f a c t o r  of f i v e  (Smi th  1978). 

I n  Western Europe t h e  e f f i c i e n c y  o f  e l e c t r i c  cookers i s  p robab ly  r a t h e r  

un i form as 85% o f  a l l  h o t  p l a t e s  come from one manufacurer. The e f f i c i e n c y  of a  

gas cooker  has been es t ima ted  t o  40- 60 % (Over 1974, IHVE 1972, SW 1980, Smith 

1978, Maadah- Maddox 1976). I n  ch. 1  e  i t  has been assumed t h a t  t h e  e f f i c i e n c y  

o f  a  gas cooker  and oven i s  50 % whemconnected t o  a  f l u e .  

If, as i n  I t a l y ,  a  n o n - n e g l i g i b l e  percentage o f  t h e  households use more 

t h a n  one source of energy f o r  cooking, i t  can be d i f f i c u l t  t o  e s t i m a t e  t h e  

amount o f  energy used f o r  cooking. But  i n g e n e r a l  t h e  es t ima te  w i l l  be c l o s e  t o  

t h a t  ob ta ined  f o r  households us ing  o n l y  e l e c t r i c i t y .  

I n  Table App I V -  5  we g i v e  the  es t ima ted  amount of use fu l  energy used f o r  

cook ing  i n  some c o u n t r i e s .  The average va lue  f o r  t h e  p e r  c a p i t a  use i s  1.25 t- 

0.25 GJlyear.  Oue t o  t h e  e r r o r s  i n  the  d i f f e r e n t  es t ima tes  one c o u l d  t a k e  t h e  

p e r  c a p i t a  use t o  be approx imate ly  t h e  same i n  a l l  c o u n t r i e s .  

A  r e l a t e d  s i m i l a r i t y  can be deduced from d a t a  on the  t i m e  spent i n  cooking. 

The average t i m e  spent  i n  cook ing  by i n h a b i t a n t s  i n  f o u r  c o u n t r i e s  i s  g i v e n  i n  

Table App I V -  4. I n  Western European c o u n t r i e s  and t h e  USA employed women spend 

about one hour  and unemployed women about two hours i n  cook ing  every day. 

For e l e c t r i c  cook ing  i t  would t h e o r e t i c a l l y  s u f f i c e  t o  use o n l y  15% o f  the  

energy t h a t  i s  a c t u a l l y  used ( ~ p r g i r d  1979). Therefore most o f  t h e  energy used 

would c o n t r i b u t e  t o  t h e  h e a t i n g  of a  d w e l l i n g .  However, due t o  t h e  l a r g e  amount 

of hea t  re leased  by cook ing and due t o  odours i t  i s  common i n  many households t o  



operate e l e c t r i c  fans o r  open windows when cooking. It i s ,  there fo re ,  c l e a r  

t h a t  t o  es t imate  the  c o n t r i b u t i o n  from cooking t o  t he  heat  balance o f  a  

b u i l d i n g ,  one must t ake  i n t o  account a l so  t he  v e n t i l a t i o n  o f  t he  k i t chen.  If 

the  r a t e  o f  a i r  change i s  measured, and appears i n  t he  heat  balance equat ion o f  

the  b u i l d i n g ,  the  energy used f o r  cooking should be added t o  t he  heat balance o f  

t he  bu i l d i ng .  I f  the  v e n t i l a t i o n  o f  t h e  k i t chen  du r i ng  cooking i s  n o t  known, i t  

i s  common t o  assume t h a t  o n l y  a  c e r t a i n  f r a c t i o n  o f  t he  energy used f o r  cooking 

con t r i bu tes  t o  t he  heat  balance o f  t he  b u i l d i n g .  I n  ch. I e  i t  has been 

assumed t h a t  75 % of the  n e t  energy f o r  cooking w i l l  c o n t r i b u t e  t o  t he  heat ing  

o f  a  dwe l l ing .  

- use o f  t e l e v i s i o n  

The amount o f  energy used by TV se ts  cannot be est imated from u t i l i t y  data 

as t he  pene t ra t i on  i n  most coun t r i es  i s  100% or'more. Th is  w i l l  t he re fo re  have 

t o  be est imated from data on t he  t ime  people spend i n  watching i t  and t he  

capac i ty  o f  a  t e l e v i s i o n  set. Also t he  e l e c t r i c  demand of a  co lou r  TV of ten 

exceeds t h a t  o f  a  b lack-whi te by 50% . The energy use w i l l  there fo re  depend on 

the  pene t ra t i on  o f  c o l o u r  TV. 

The t ime spent i n  watching t e l e v i s i o n  i n  Western Europe and t h e  USA was 

1-1.5 hourslcap. a  day about t en  years ago (Sza la i ,  1972). The t ime  t he  

t e l e v i s i o n  i s  used i n  a  household c o n s i s t i n g  o f  more than two persons can be 

assumed t o  be a t  l e a s t  tw i ce  as much now. The e l e c t r i c  demand o f  an average 

modern t e l e v i s i o n  se t  i s  50-150 W. The energy used by a  TV-set would then vary 

from 0.4 t o  2.5 t4J a  day o r  between 0.1 and 0.6 GJ a  year. An o l d  t e l e v i s i o n  

se t  may w e l l  more than double t h i s  energy consumption. 

I n  Table App I V -  6  we g i v e  some est imates from d i f f e r e n t  coun t r i es  on t he  

energy usage by TV-sets. The smal les t  es t imate  i s  f o r  coun t r i es  w i t h  the  

smal les t  pene t ra t i on  o f  co l ou r  TV. The major  p a r t  o f  t h i s  energy w i l l  be spent 

i n  t he  l a t e  a f te rnoon and i n  t he  evening (see ch. I V  c ) .  

I n  ch. I e  i t  has been assumed t h a t  a l l  t he  energy consumed by a  

t e l e v i s i o n  se t  i s  converted i n t o  heat i n s i d e  the  dwe l l ing .  
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- use o f  r e f r i g e r a t o r  and deep freeze 

I n  most households the  r e f r i g e r a t o r  o r  f reezer  w i l l  be used a l l  the  year  

round. The energy used w i l l  t he re fo re  depend on ly  on the  e l e c t r i c  demand o f  t he  

appl iance which f o r  a modern European r e f r i g e r a t o r  i s  60-90 W and f o r  a deep 

freeze i t  i s  about tw i ce  as much value. The demand f o r  e l e c t r i c i t y  does not  

depend very much on t he  s i z e  o f  the  appl iance because a small u n i t  i s  o f ten  less  

insu la ted .  For a combined deepfreezer and r e f r i g e r a t o r  t he  demand i s  about the  

same as f o r  a deepfreezer. 

The average capac i ty  o f  r e f r i g e r a t o r s  so ld  i n  Europe i s  gene ra l l y  100-300 

l i t r e s  compared t o  300-600 i n  t he  US. The l a t t e r  are o f t en  equipped w i t h  a t op  

f reezer and t he  energy consumption i s  l a r g e r  than f o r  a European one o f  t he  same 

s i z e  and o f ten  increases w i t h  t he  capdc i ty  (Hoskins, H i r s t  and Johnsson 1978). 

The energy consumption o f  a modern European deep f reeze and r e f r i g e r a t o r  w i l l  be 

r espec t i ve l y  5-7.5 K1 and 3.5-5 MJ a day. For households w i t h  o l d e r  equipment 

, t he  energy consumption may be tw i ce  t he  above. 

I n  Table App I V -  7 we g i v e  some est imates of t he  energy consumption fo r  

r e f r i g e r a t o r s  and freezers. The t o t a l  energy consumption i n  d i f f e r e n t  coun t r i es  

l a r g e l y  depends on t h e  penet ra t ion  o f  f reezers.  

Energy consumption w i l l  be constant  throughout t he  day and t he  n i g h t  and 

most of the  e l e c t r i c  energy w i l l  be converted t o  heat i n s i d e  t he  dwe l l ing .  

- clothes-washing and c lo thes-dry ing  

An es t imate  o f  t he  amount o f  energy used f o r  clothes-washing and 

c lo thes-dry ing  can be obta ined i n  two ways. One i s  t o  use data on the  

e l e c t r i c i t y  consumption from the  u t i l i t i e s ,  as discussed above i n  ch. I V  a. 

This method w i l l  be r e l i a b l e  i f  water i s  e l e c t r i c a l l y  heated i ns i de  t he  washer. 

The second method i s  t o  use t e s t  data f o r  a c e r t a i n  load. The average load and 

t he  frequency o f  use then has t o  be,est imated by o the r  means. Washers have been 

t es ted  using t e s t  procedures c lose  t o  those suggested by var ious  organizat ions.  



I n  a Swedish i n v e s t i g a t i o n  (KOV 1979) o f  19 washers so ld  i n  Western 

European count r ies  the  average energy consumption was found t o  be .8+- .1 W/kg  

dry laundry when washing wh i te  laundry a t  90°C and 1.0 +- .3 MJ/kg d r y  laundry 

when washing syn the t i c  f i b r e s  a t  60°C. The cold-feed temperature was 100C. 

S i m i l a r  r e s u l t s  have been obta ined elsewhere (SH 1971-76, SlFO 1979). . 

Washers common i n  t he  US a re  genera l l y  connected t o  t h e  ho t  water tap.  As 

the  e l e c t r i c  energy used by t he  motor and t he  automatic c o n t r o l  w i l l  on l y  amount 

t o  10-15% o f  t he  energy needed f o r  water  hea t ing  ( ~ & r ~ i r d  1979, A r r i - 0 -Em i l i o  

1974), i t  can be neglected. 

When t h e  above mentioned t e s t s  have been used t o  es t imate  the  energy 

consumed by washers, an amount o f  laundry per  c a p i t a  and year  o f  150 kg 

dry-weight  laundry and a c e r t a i n  load f o r  d i f f e r e n t  k inds  of washing cyc les  has 

been assumed. These est imates a re  p a r t i a l l y  based on i n te r v i ews  (KOV 1976) bu t  

they must be regarded as r a t h e r  uncer ta in .  

Other i n v e s t i g a t i o n s  on the  frequency o f  washing g i ve  on ly  t he  t ime used 

f o r  washing. Some data are g iven i n  Table App 1V- 8. Time va r i es  between 3 and 

5 hoursfweek and t he  number o f  t imes a week va r i es  between 2 and 3.5 f o r  the  

coun t r i es  i n  t he  l i s t .  The number o f  persons i n  an average household i n  these 

coun t r i es  va r i ed  from 3.3 t o  3.6 when t h i s  . i nves t i ga t i on  was performed. This 

means t h a t  each washing c y c l e  w i l l  c ons i s t  o f  t he  weekly laundry f o r  one o r  two 

persons. 

I n  Table App I V -  9  we present some est imates o f  the  ne t  energy used f o r  

washing. D i f f e r e n t  methods have been used t o  a r r i v e  a t  these est imates.  The 

amount o f  t h i s  energy t h a t  con t r i bu tes  t o  t he  heat ing  o f  the  dwe l l i ng  has been 

est imated t o  20-40% ( N g r g b d  1979). I n  ch. I e i t  has been assumed t h a t  20% of 

t he  ne t  energy used by washers i s  converted t o  heat  t h a t  s tays i n s i d e  t he  

dwe l l ing .  

- The energy requ i red  f o r  d r y i n g  the  laundry i s  o f t en  g rea ter  than t he  energy - 
requi red  by a washer (Smith- Marwich 1980). I n  t he  above mentioned Swedish 

i n v e s t i g a t i o n  i t  was found t h a t  i f  t he  laundry i s  sp in -d r i ed  i n  t he  washer i t  

w i l l  c on ta i n  .8 +- 0.15 l i t r e s  o f  water per  kg dry-weight  laundry and about h a l f  

t h i s  value i f  a more e f f i c i e n t  separate s p i n - d r i e r  i s  used. I n  t h i s  

i n v e s t i g a t i o n  it, was a l so  found t h a t  manual laundry i s  more energy-consuming 

than when a washer i s  used. 



Dry ing  the  laundry  w i l l  t h e o r e t i c a l l y  r e q u i r e  an energy o f  2.3 N l l i t r e  o f  

water .  If a d r i e r  i s  n o t  used t h i s  e n e r g y w i l l  be s u p p l i e d  by t h e  h e a t i n g  

system of t h e  b u i l d i n g  d u r i n g  t h e  h e a t i n g  season i f  t h e  d r y i n g  takes  p l a c e  

i n s i d e  a  r e s i d e n t i a l  b u i l d i n g .  I f  a  d r i e r  i s  used more energy w i l l  be needed. 

The e f f i c i e n c y  of European t u m b l e - d r i e r s  and d r y i n g  cupboards has been g i v e n  t o  

30- 60% (KUV 1976) and t h a t  o f  d r i e r s - i n  h e r i c a n  homes Lo 50% (Smi th  1977). 

I n  Table App 

consumption of  a  

d r y i n g  t h e  laundry  

IV-10 we present  some es t ima tes  o f  t h e  y e a r l y  energy - 
d r i e r .  Assuming an e f f i c i e n c y  of 50% the  energy needed f o r  

when a  d r i e r  i s  n o t  used can be assumed t o  be h a l f  t h e  va lues 

g i v e n  i n  Table App I V -  10. 

When a  d r y i n g  cupboard which c i r c " 1 a t e s  h o t  a i r  i s  u ied ,  t h e  temperature o f  

t h e  a i r  i n  t h e  room where t h e  d r y i n g  cupboard i s  s i t u a t e d  w i l l  r i s e .  To 

determine t h e  c o n t r i b u t i o n  o f  t h e  re leased  energy t o  t h e  hea t  ba lance o f  t h e  

b u i l d i n g ,  one must take  i n t o  account t h e  amount o f  a i r  exhausted from t h e  room 

by the  v e n t i l a t i o n ' s y s t e m .  The canments made a t  t h e  end of  t h e  s e c t i o n  about 

cook ing  then  app ly  a l s o  here. 

- washing up d ishes  

The energy r e q u i r e d  by a  dish-washer w i l l  depend on whether i t  i s  connected 

t o  t h e  c o l d  o r  t h e  h o t  water  tap. Here t h e  custom v a r i e s  from c o u n t r y  t o  - 
count ry .  I n  a  Swedish t e s t .  (KOV 1980) o f  14 dish-washers s o l d  i n  Western Europe 

i t  was found t h a t  t h e  r e q u i r e d  e n e r g y l p l a c e  s e t t i n g  was 1.1 W f o r  connec t ion  t o  

the  c o l d  water  tab  and 1.9 t o  t h e  h o t  one i f  i n c l u d i n g  and .3 if e x c l u d i n g  the  

energy r e q u i r e d  f o r  h e a t i n g  t h e  water  be fo re  i t  g e t s  t o  t h e  dish-washer. The 

average number o f  p l a c e - s e t t i n g s  i n  t h i s  t e s t  was 10. S i m i l a r  r e s u l t s  have been 

ob ta ined  i n  Denmark, Norway and F in land.  
I 

The energy r e q u i r e d  f o r  manual d ishwashing w i l l  va ry  much depending on how 

i t  i s  done. The conc lus ion  o f  a  Swedish es t ima te  (KOV 1976) . p a r t i a l l y  based on 

i n t e r v i e w s ,  i s  t h a t  a  dish-washer i s  b y  f a r  more energy e f f i c i e n t  t h a n  manual 

d ish-washing un less  the  occupant i s  r e a l l y  t r y i n g  t o  save energy when washing up 

d ishes.  
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I n  Table App I V -  11 we p r e s e n t ,  est imates o f  t he  energy consumed by 

dish-washers. I n  most households t h i s  energy w i l l  probably be consumed i n  the  

evening. 

Par t  o f  t he  energy consumed by a  dish-washer ( i n c l u d i n g  t h e  energy used f o r  

hea t ing  t he  water)  w i l l  be l o s t  t o  t he  i n t e r i o r  of the  dwe l l ing .  A  number o f  

2 0 4 0 %  has been g iven ( ~ d r g a r d  1979). I n  ch. I e  20% has been assumed.. 

- i l l u m i n a t i o n  and -o the r  appl iances-  

It i s  d i f f i c u l t  t o  est imate t he  energy consumed by i l l u m i n a t i o n .  I f  data 

from u t i l i t i e s  on e l e c t r i c  consumption i s  used as descr ibed above i n  ch. 1V a, 

t he  energy consumed by l i g h t i n g  can no t  be d i s t i ngu i shed  from t h a t  used by TV 

and r e f r i g e r a t o r s  which a l s o  have a  pene t ra t i on  o f  about 100%. 

Most u t i l i t i e s  there fo re  do n o t  t r y  t o  es t imate  t he  energy consumption by 

i l l u m i n a t i o n  b u t  they ins tead g i ve  a  f i g u r e  f o r  t he  energy consumption by -o ther  

appl iances-  i n c l u d i n g  l i g h t i n g .  Most est imates a re  based on t he  assumption t h a t  

a  c e r t a i n  number of e l e c t r i c a l  l i g h t s  are switched on f o r  a  c e r t a i n  number o f  

hours. A b e t t e r  es t imate  w i l l  probably be obta ined i f  i t  i s  based on t h e  sales 

and t he  expected l i f e - t i m e  of bulbs (SOU 1974). 

The d a y l i g h t  i n  dwe l l i ngs  i s  probably i n  general s u f f i c i e n t  f o r  most normal 

a c t i v i t i e s  from one hour a f t e r  sunr ise  t o  one hour be fo re  sunset. This i s  based 

on the,assumption t h a t  t h e  d a y l i g h t  f a c t o r  i s  1% and t he  outdoor i l l uminance 

, between 5000 and 15000 l u x  when t he  sun i s  10 above hor izon.  Dur ing w in te r  

months a t  h i gh  l a t i t u d e s  t he re  i s  never s u f f i c i e n t  d a y l i g h t  f o r  normal household 

work indoors and e l e c t r i c  l i g h t  must be used du r i ng  t he  whole day. 

A l l  o f  t he  e l e c t r i c i t y  f o r  l i g h t i n g  con t r i bu tes  t o  t h e  heat ing  o f  the  

dwe l l ing .  When t he  outdoor temperature i s  h i ghe r  the  d i r e c t  s o l a r  r a d i a t i o n  can 

c rea te  unp leasant ly  h i gh  temperatures indoors. Shut ters,  b l i n d s  o r  c u r t a i n s  a re  

then o f t en  used t o  reduce heat penet ra t ion .  The exc lus ion  o f  s o l a r  r a d i a t i o n  

o f t e n  reduces t he  indoor  i l luminances.  As a  f i r s t  approximation i t  can be 

assumed t h a t  enough d a y l i g h t  s t i l l  penetrates t he  sunshading dev ice  t o  a l l ow  

most normal a c t i v i t i e s  t o  be performed w i t hou t  t he  use o f  e x t r a  e l e c t r i c  

l i g h t i n g  indoors. 



I n  Table  App IV-12 we p resen t  some e s t i m a t e s  o f  t h e  energy consumed by  

l i g h t i n g  and by  - o t h e r  app l i ances '  ( i n c 1 u d i " g  l i g h t i n g ) .  F o r  c o u n t r i e s  where 

b o t h  e s t i m a t e s  a r e  a v a i l a b l e  t h e  f r a c t i o n  o f  energy consumed b y  i l l u m i n a t i o n  

v a r i e s  f rom 25 t o  75%. T h i s  g r e a t  v a r a t i o n  can be expected because o f  t h e  

u n c e r t a i n t y  i n  t h e  e s t i m a t e  o f  t h e  energy consumed by  l i g h t i n g  o r  by  - o t h e r  

app l i ances - .  These e n t i t i e s  a r e  o f t e n  es t ima ted  by  s u b t r a c t i n g  f rom t h e  t o t a l  

consumption o f  e l e c t r i c  energy by  a  household t h e  e l e c t r i c  energy consumed by  

a l l  o t h e r  app l i ances  

In ch. I e  i t  has been a s s u m e d t h a t  a l l  o f  t h e  e l e c t r i c  energy consumed by  

- o t h e r  a p p l i a n c e s -  i s  conver ted  t o  hea t  i n s i d e  t h e  d w e l l i n g .  
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TABLE App I V -  1 

3 Use o f  household water (m /cap., year )  and est imated temperature d i f fe rence 
between i n l e t  water and room temperature du r i ng  the heat ing  season (AT) 

3 
(m lcap,year)  AT(K) - 

BELGIUM: (Schmidt 1974) 28 
(Antwerpen, Coe 1978) 46 10-15 
(Bruxel  l es ,  Coe 1978) 33 

DENMARK: (Na t i ona l ,  Olsson e t  a1 1980) 64 
(Copenhagen, Coe 1978) 55 10-15 

FINLAND: ( H e l s i n k i ,  Coe 1978) 79 10-15 
( L a h t i ,  Coe 1978) 55 

FRANCE: (Na t i ona l ,  Olsson e t  a l  1980) 37 
(Na t i ona l ,  Coe 1978) 42 
(Pa r i s ,  Coe 1978) 56 8-12 

FRG: (1977) 49 
( 8 a t t e l l e  1969) 43 
(Ebersbach 1977) 46 
(Dortmund, Coe 1978) 65 
(Dussel 'dorf,  Coe 1978) 65 
(Hamburg, Coe 1978) 43 10-15 
(Munich, Coe 1978) 44 10-15 

ITALY: (Na t i ona l ,  Olsson e t  a l  1980) 82 
(Rome, Coe 1978) 80 5-10 
(Tor ino ,  Coe 1978) 100 8-12 

JAPAN: (Nat iona l ,  Olsson e t  a1 1980) 80 
NETHERLANDS: (Nat iona l .  Olsson e t  a1 1980) 50 

(Amsterdam, Coe 1978) 44 10-15 
(Rotterdam, Coe 1978) 5 1 10-15 

NORWAY :, (Oslo, Coe 1978) 66 10-15 
(Baerum, Coe 1978) 100 

SWEDEN; (Na t i ona l ,  Olsson e t  a1 1980) 72 10-15 
(N i l s son  1976) 65 a 
(K lebe r t  1974) 100 a 
(Svensson-Larsson 1978) 78 
(Lundstrom 1980) 60 b 

SWITZERLAND: (Na t i ona l ,  Olsson e t  a l  1980) 93 
(ease l ,  Coe 1978) 80 
(Zur ich ,  Coe 1978) 7 7 10-15 

UK: (Na t i ona l ,  Olsson e t  a1 1980) 74 
(Webster 1972) 50 a 
(Sharp 1969) 48 
(London) 5-10 

US: (Hopp-Darby 1980) 88 
(New York) 10-15 
(Washington O.C.) 8-12 

Notes t o  Table App I V -  I 

a) MFD b )  SFD 



TABLE App I V -  2 

3 End use o f  wa te r  (rn /cap.,year) 

Bath C lo thes  D ish  
Shower UC washing washing o t h e r s  T o t a l  

FRG: 

( B a t t e l l e  1969) 14 13 7 

(32%) (30%) (17%) 

(Ebersbach 1976) 11 20 4 

(23%) (43%) (10%) 

SWEDEN: 

(Larsson-  
Svensson 1979) , 25 15 11 15 13 

(33%) (19%) (14%) (19%) (10%) 

UK: 

(Sharp 1967) 17 18 . 5 4 3 

(35%) (38%) (10%) ( 8%) ( 7%) 

us: 

(Hopp-Darby 1980) 28 35 12 5 9 
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TABLE App I V -  3 
Net ( o r  u s e f u l )  energy f o r  ho t  t ap  water (GJlyear)  

pene t ra t i on  . .  
of e l e c t r i c  

per  dwe l l i ng  per  c a p i t a  hot  water(%) 

BELGIUM: (Po t i au  1979) 5.0 
DENMARK: (Pot iau  1979) 9.0 a 

( ~ o r ~ d r d  1 9 7 9 )  11.3 b,p 
FINLAND: (Po t i au  1979) 7.1 a 

FRANCE: 

FRG: 

IRELAND: 

ITALY: 

NETHERLANDS: 
NEW ZEALAND: 
NORWAY: 

SWEDEN: 

SWITZERLAND: 

( ~ t t e s t ~ l - ~ u n d  1980) 
(CSTB 1977) 
(Po t i au  1979) 
(LQe 1980) 
(Ebersbach 1977) 
(VDEW 1977) 
(Minogue 1973) 
(Knot t  1976) 
(Po t i au  1979) 
(ENEL and EN1 1978) 
(Po t i au  1979) 
(Over 1974) 
(Trethowen 198D) 
(Hagen 1975) 

(SOU 1975) 
( 'a " 1 
(Jonson e t  a1 1980) 
(Pot iau  1979) 

UK: (Webster 1972) 3.3 k,p 
(ECR 1972) 3.0 p 
(Courtney-Jackman 1976) 3.8 1.p 
(Brundre t t  1980) 3.3 m,p 
( ~ o t i a u  1979) 5.7 d 66 

US: (Smith 1976) 14 
(Maadah-Maddox 1980) 17 
(Mutch 1975) 16 
(Lee 1976) 24 
(Hast ings-Clark 1977) 22-23 i 
( 'O " 1 6  n 
( 'a " 1 0  0 

Notes t o  Table App I V -  3 

a) dwe l l i ngs  w i t h  e l e c t r i c  hea t ing  of h o t  t ap  water. b )  use o f  60 1 h o t  
waterlcap. and day heated 45K. c )  i n c l u d i n g  use o f  washer and dish-washer . 
d) i n c l u d i n g  dwe l l i ng  w i t h  a d d i t i o n a l  p o s s i b i l i t i e s o f  water heat ing apa r t  f rom. 
e l e c t r i c .  e) water hea t ing  by fue l .  f )  e l e c t r i c a l l y  heated SFD. g) e l e c t r i c a l l y  
heated MFD. h) MFO w i t h  e l e c t r i c  hea t ing  o r  d i s t r i c t  heating. i )  SFD. k )  l o c a l  
a u t h o r i t y  f l a t s .  1 )  d i s t r i c t  heating, c o l l e c t i v e l y  charged. m) e l e c t r i c a l l y  
heated SFD. n )  l ow - r i se  apartment u n i t .  o) h i g h - r i s e  apartment u n i t .  p) usefu l  
energy 
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TABLE App I V -  4 

~ i m e  i n  hours per day spent on cooking.by inhabitants. Data from 

Szalai (1972) ( 

Employed women House wives Women Men 
-- - 

BELGIUM 0.9 2.0 1.5 0.1 

FRANCE ( s i x  c i t i e s )  0.9 1.7 1.3 0.2 

FRG (100 e lect ion 
d i s t r )  1.1 2.0 1.7 0 .1  

USA (44  c i t i e s )  0.8 1.6 1.2 0.1 
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TABLE .App I V -  5 

Net Energy Consumption f o r  cook ing  (GJ/year)  

BELGIUM: 

CANADA: 

DENMARK: 

FINLANO: 

FRANCE: 

FRG: 

INDIA: 

IRELAND: 

ITALY: 

p e r  d w e l l i n g  p e r  c a p i t a  

( P o t i a u  1979) 3.0 1.1 

(Sch ipper -Ke to f f  1978) 3.5 1.2 

( P o t i a u  1979) 2.3 a 0.9 
(N@rg%rd  1979) 3.4 b 1.4 

( P o t i a u  1979) 2.2 a 0.8 

(CSTB 1977) 2.7 0.9 

(VDEW 1977) 2.2 a '0.9 

(Gupta, Rau and 1.1-1.4 i 
Vasudevaraju 1978) 

( P o t i a u  1979) 5.6 a - 1.4 
( K n o t t  1976) 6.3 c 1.6 

(ENEL and EN1 1978) 2.7 h ' 0.9 

NETHERLANDS: (Ferguson 1974) 
(van Brernen 1974) 

NORWAY: ( E F I  1979) 

SUEOEN: ( P o t i a u  1979) 

SWITZERLAND: ( P o t i a u  1979) 

UK: ( P o t i a u  1979) 
(Heap 1977) 

us: (Smi th  1976) 
(Maadah-Maddox 1976) 
( " " ) 

Notes t o  Table  App I V -  5 

a)  e l e c t r i c  cooker  and oven . b )  e l e c t r i c  cooker  and oven used 1 h r l d a y  . 
c )  e l e c t r i c  cooker  and oven 5.5 GJ/year and e l e c t r i c  k e t t l e  0.8 GJ/year . 
d)  gas cooker  and oven e x c l u d i n g  p i l o t  l i g h t .  e)  e j e c t r i c  cooker  and oven 
4.1 GJIyear  amd e l e c t r i c  k e t t l e  0.8 GJ/year. f )  e l e c t r i c  range w i t h  s e l f -  
c l e a n i n g  oven. Fami l y  o f  f o u r .  g )  energy consumpt ion i n  a m o s t l y  gas home. 
Fami l y  of four .  h )  i n c l u d i n g  e l e c t r i c  energy ConSumpt i~n  i n  d w e l l i n g s  w i t h  
mixed gas and e l e c t r i c  app l i ances .  i )  t h e  s m a l l e r  number r e f e r s  t o  semi-urban 
areas,  t h e  h i g h e r  number t o  r u r a l  areas. P r imary  energy i n  o r d e r  o f  impor tance 
i n  form o f  f i r ewood ,  cow-dung, and kerosene. 
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TABLE App I V -  6 

N e t  E n e r g y  C o n s u m p t i o n  f o r  TV ( G J l y e a r )  

P e n e t r a t i o n  
B l a c k - W h i t e  C o l o u r  T o c a l  (%) B-W/C* 

-- 
BELGIUM: ( P o t i a u  1 9 7 9 )  .6 5 9 / 4 0  

DENMARK: ( N d r g i r d  1 9 7 4 )  .6 1.0 
( P o t i a u  1 9 7 9 )  .75 6 3 / 4 7  

'FINLAND: ( P o t i a u  1 9 7 9 )  .4 8 5 / 2 5  

FRANCE: ( P o t i a u  1 9 7 9 )  

IRELAND: ( K n o t t  1 9 7 6 )  
( P o t i a u  1 9 7 9 )  

ITALY:  ( P o t i a u  1 9 7 9 )  

JAPAN: ( P o t i a u  1 9 7 9 )  , .9 3 4 1  1 2 0  

NETHERLANDS: (KEMA 1 9 7 5 )  .6 1.4 

NORWAY: ( E F I  1 9 7 8 )  .7 1.1 1.3 

SWEDEN: ( P o t i a u  1 9 7 9 )  

SWITZERLAND: ( P o t i a u  1 9 7 9 )  

UK: ( / l eap  1 9 7 7 )  
( 0 - C a l l  a g h a n  1 9 7 8 )  
( P o t i a u  1 9 7 9 )  

US: ( S m i t h  1978)  1.6 
( B a s i l e  1 9 7 6 )  1.5 
( N e w a n - D a y  1 9 7 5 )  6 4 / 5 3  
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TABLE App I V -  7 

Net Energy consumption f o r  r e f r i g e r a t o r s  and f reezers  (GJ/year) 

R' F' R+F* 
- - - 

BELGIUM: ( P o t i . 3 ~  1979) ' 1.5 a 

DENMARK: ( ~ d r g i r d  1976) 2.0 c 2.9 c 
(Naver 1976) 1.7 c 2.7 c 

FINLAND: (Pot iau  1979) 2.3 a 

FRANCE: (CSTB 1977) .9 c 
(Po t i au  1979) 1.5 a 

FRG: (VDEW, 1979) 1 . 4 ' ~  2.7 c 2.4 a 

IRELAND: (Knot t  1976) 1.5 c 2.6 c 1.6 a 

ITALY: (Pot iau  1979) .8 a 

JAPAN: (Pot iau  1979) 2.0 a 

NORWAY: (EFI  1979) 2.2 c 2.7 c 
(Poleszynski  1978) 3.6 a 

SWEDEN: (SOU 1974) ' 2.1 b 2.7 c 
(Po t i au  1979) 2.4 a 

UK: (CA 1979) 1.6 c 
10-Cal laahan 
i978) - 1.3 c 3.3 c 
(Po t i au  1979) 1.6 a 

Penet ra t ion  o f  
R+F ( 5 )  

US: (Maadah-Maddox 1976) 7.6 d 
(Hoskins-Hi rs t -Johnsson)  3.2-4.7 f 
( " ) 6.0 e 
(Smith 1976) 5.7 
(Neman-Day 1975) 134 

* R - r e f r i g e r a t o r ,  F - f reezer  ............................................................... 
Notes t o  Table App I V -  7 

a) w i t h  g iven penet ra t ion .  b )  r e f r i g e r a t o r  volume 250 1. c )  volume unknown. 
d )  t o t a l  energy consumption fo r  r e f r i g e r a t i o n  i n  a t y p i c a l  american home. 
e )  r e f r i g e r a t o r  w i t h  top- f reezer  volume 450 1 .  f )  r e f r i g e r a t o r  w i t h  f reezer 
volume 340 - 570 1 w i t h  improved i nsu la t i on .  
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TABLE App IV- 8 

The t ime  i n  hcurslweek and number o f  timesfweek spent by 

wmen on laundry.  Data  from S z a l a i  ( 1972 ) .  

Hourslweek Timesfweek 

BELGIUM 3.3 2.0 

FRANCE ( s i x  c i t i e s )  4.2 3.5 

FRG ( 1 0 0  e l e c t i o n  d i s t r i c t s )  3.9 2.2 

USA (44 c i t i e s )  4.8 3.4 



TABLE App I V -  9  

Net ( o r  Usefu l )  Energy Consumption o f  c l o thes  washer (GJIYear) 

penetra-  
per  dwe l l i ng  per  cap i t a ,  t i o n  (%)  

8ELGIUM: (Po t i au  1979) 0.95a 

DENMARK: (Naver 1976) 2.0 
(Nprgard 1979) 2.5 b 
(Po t i au  1979) 2.3 a 

FINLAND: (Po t i au  1979) 1.2 a 

FRANCE: (Pot iau  1979) 1.1 a 

FRG: (Ebersbach 1979). 1.8 c 

IRELAND: (Knot t  1976) 1.2 
(Po t i au  1979) 1.1 a 

ITALY: ' (Pot iau 1979) 2.0 a 

NETHERLANDS: (Ferguson 1974) 1.6 

NORWAY: (EFI  1978) 1.5 d 

SWEDEN: (Po t i au  1979) 1.5 a 
(KOV 1976) 1.5 e 

SWITZERLAND: (Po t i au  1979) 2.8 a 

UK: (CA 1978) 1.5 
(0-Callaghan 1978) 1.1 
(Po t i au  1979) 0.7 a 

US: (Smith 1976) 5.3 f 
(Maadah-Maddox 1976)3.7-5.6 g 
[Wi lson 1978) .3.2 h ... 
( ~ o p p - ~ a r b y  ~ i 9 8 ~ )  3.7 i 
(Neman-Day 1975) 

Notes t o  Table App IV- .9  

a ne t  energy. b )  8.8 w event, 4.5 eventslweek. c j  7  eventslweek using 47 I 
of h o t  water heated from 23 t o  55'~. i.e. 4.9 W leven t .  d) 3.6 W leven t ,  
2 kg d r y  laundry per  event, 150 kg d r y  laundry per  cap i t a  washed-every year 
e) assuming 40% hot  wash (85 '~ .  3.3 W l k g  d r y  laundry )  30% warm wash (60°c, 
4.1 KJIkg d r y  laundry )  and 30% luke-warm wash (40°c, 3.3 W l k g  d r y  laundry ) .  
150 kg d r y  l aund ry l cap i t a  and year and an average load o f  80% a t  ho t  wasn and 
40% else.  f )  7 eventslweek using 100 1 o f  ho t  water heated from 15 t o  60 OC,  
i.e. 14.6 MJIevent. g )  4.5 eventslweek, a l l  warm r inse .  h )  6 eventslweek, h a l f  
ho t  c y c l e  and h a l f  warm cyc le ,  ho t  c y c l e  us ing  90 1 and warm c y c l e  40 1 o f  hot  
water heated from 15 t o  63OC. i )  5  eventslweek, 190 l l e v e n t  o f  hot  water on 
the  average heated from 15 t o  3 5 ' ~  assuming 30% hot  loads (54OC), 50% warm 
( 3 8 ' ~ )  and 20% c o l d  (20°C). 



TABLE App I V -  10 
, . 

Net ~ n e r g y '  consumpt ion o f  c l o t h e s  d r i e j  ( G J l y e a r )  .. 

BELGIUM: 

-DENMARK: 

IRELAND: 

NETHERLANDS: 

NORWAY: 

SWEDEN 

SWITZERLAND: 

UK: 

us: 

p e r  d w e l l  i ng 

( P o t i a u  1979) .4 h 

( ~ q r g i r d  1979) 2.2 a 
( P o t i a u  1979) 2.2 h 

( K n o t t  1976) 1.4 h 
( P o t i a u  1979) 1.3 h 

(Ferguson 1974) 2.5 

( E F I  1978) 2.2 b 
(Solem and Songe- 
Mdl 1 e r  1974) 4.0 c 

(KOV 1976) 2.3 d 
( ', " ) 1.9 e 
( P o t i a u  1979) 2.5 i, 

( P o t i a u  1979) 2.1 h 

( S m i t h  1976) 3.0 g 
(Maadah-Maddox 1976) 3.6 
(~ewman-Day 1975) 

p e n e t r a t i o n  (%)  

7 

Notes t o  Tab le  App I V - ' 1 0  

a) t umb le  d r y e r .  3 kg  d r y - w e i g h t  l a u n d r y  c o n t a i n i n g  1 kg  o f  w a t e r  p e r  k g  
\ d r y - w e i g h t  l a u n d r y  t o  be d r i e d l e v e n t .  Assumed e f f i c i e n c y  o f  a p p l i a n c e  63%, 

i .e.  11 MJIevent.  4 events/week. b )  t umb le  d r y e r .  F o r  a 4-person househo ld  
600 k g  o f  d r y  l a u n d r y l y e a r .  Energy r e q u i r e d  3.6 W l k g  d r y - w e i g h t  l a u n d r y .  
c )  d r y i n g  cupboard .  Amount o f  l a u n d r y  as  i n  b b u t  6.5 MJIkg d r y - w e i g h t  l a u n d r y  
r e q u i r e d .  d )  d r y i n g  cupboard.  Per  3-person househo ld  450 kg  o f  d r y - w e i g h t  
l a u n d r y l y e a r  c o n t a i n i n g  0.8 kg  o f  w a t e r  p e r  kg  d r y - w e i g h t  l a u n d r y .  Energy 
consumpt ion 5 MJIkg d r y  l a u n d r y .  e )  t umb le  d r y e r .  Amount o f  l a u n d r y  as i n  d )  
b u t  assuming 4:3 M l k g  d r y  l aund ry .  f )  t umb le  d r y e r .  g )  50% e f f i c i e n c y .  
h )  unknown d i s t r i b u t i o n  o f  t umb le  d r i e r s  and d r y i n g  cupboard.  i )  m o s t l y  d r y i n g  
cupboard  
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Net Energy, consumption of dish-washers (GJIyear)  

BELGIUM: 

DENMARK: 

FINLAND: 

FRANCE: 

FRG: 

IRELAND: 

ITALY: 

NETHERLANDS: 

NORWAY: 

SWEDEN: 

SWITZERLAND: 

UK: 

us: 

( P o t i a u  1979) 

( ~ p r g i r d  1979) 
( P o t i a u  1979) 

p e r  d w e l l i n g  p e n e t r a t i o n  ( X )  

( P o t i a u  1979) 

(Ebersbach 1978) 
(VDEW 1977) 

. (Knot t  1976) 
( P o t i a u  1979) 

( P o t i a u  1979) 

(Ferguson 1974) 

(EFI  1978) 

(KOV 1979) 
(KOV 1979) 
( P o t i a u  1979) 

( ~ d t i a u  1979) 

(0-Cal laghan 1978) 
( P o t i a u  1979) 
(CA 1978) 

(Smi th 1976) 
(Hopp-Darby 1980) 
(Wi l son  19771 

Notes t o  Table App I V -  11 

a) 24 1 o f  wa te r  heated f r o m  10 t o  6 5 ' ~  (connected t o  c o l d  , tap water) .  5 
events/  week, t o t a l  energy consumption 9 M l l e v e n t  (average of 13 d i f f e r e n t  
models).  Connected t o  c o l d  t a p  water. b )  h o t  water  on ly .  c )  n o t  i n c l u d i n g  h o t  
water .  Assuming 3.6 MJ/ event  and 7 eventslweek. d )  average o f  t e s t e d  models 
manufactured i n  Sweden, Germany,I taly,  F i n l a n d  and Spain. 7 events/  week. 
Connected t o  c o l d  t a p  water.  e) average o f  t e s t e d  models manufactured i n '  
Sweden, Germany,I taly,  F i n l a n d  and Spain. 7 events/  week. Connected t o  h o t  t a p  
water.  f )  no t  i n c l u d i n g  h o t  water.  g) ho t  water  energy only .  47 1 o f  water  
heated from 1 5 ' ~  t o  60°c, i.e. 6.9 MJ/ event ,  7 events/  week. h)  h o t  water  
energy only .  57 1 o f  h o t  water  heated from 1 5 ' ~  t o  6 3 O ~ ,  i.e. 8.9 M1/ event ,  
7 events/  week. 



TABLE App I V -  12 

Net Energy consumption f o r  l i g h t i n g  and energy consumption 

f o r  - o t h e r  appl iances. ( i n c l u d i n g  l i g h t i n g )  (GJ lyear )  

l i g h t i n g  o t h e r  app l iances  

BELGIUM: ( P o t i a u  1979) 2.6 

DENMARK: (Naver 1975) 2.9 
( P o t i a u  1979) 3.4 

FINLAND: ( P o t i a u  1979) 2.5 

FRANCE : (CSTB 1977) .9 
( P o t i a u  1979) 1.6 

IRELAND: ( K n o t t  1976) 1.2 
( P o t i a u  1979) 3.6 

ITALY: ( P o t i a u  1979) 1.5 

NETHERLANDS: (van Bremen 1976) 2.5 

NEW ZEALAND: (Trethoven 1980) 3.0 

NORWAY: (EFI  ) 4.5 6.D 

SWITZERLAND: ( P o t i a u  1979) 2.5 

UK: (Heap 1977) .9 b 
(0-Cal laghan 1978) 2.0 
( P o t i a u  1979) 3.7 

(Smi th  1976) US: 7.2 
(Maadah-Maddox 
1976) 3.4 10 

Notes t o  Table Rpp I V -  12 

a) based on s a l e  and expected l i f e t i m e  o f  bu lbs  
b )  consumption d u r i n g  t h e  h e a t i n g  season 
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ANALYTICAL INDEX 

Absorptance, a b s o r p i t i v i t y  (see r a d i a t i v e  p rope r t i es )  

Accuracy o f  inst rument  

Accuracy of systems, see System 

ACH ( see A i r  i n f i l t r a t i o n ,  A i r  exchange r a t e )  

Actinometer (see Pyrhel iometer)  

Adaptive mechanism 

Air contaminants 

,measurement of 

A i r  entahlpy 

A i r  exchange r a t e  

" , r o l e  of t he  occupant 

A i r  f l ow models 

Air heat ing  systems, 

measurements 

f low from supply openings 

f l ow  i n  t he  ducts 

f low t o  exhaust openings 

temperature 

A i r  humidi ty  

e f f ec t  on b u i l d i n g  energy budget 

general in fo rmat ion  

measurement 

e f f ec t s  on human heat balance 

A i r  i n f i l t r a t i o n  

tempera tu re  dependence 

c a l c u l a t i o n  models 

l e v e l s  i n  e x i s t i n g  houses 

measurement (see a l so  Tracer gas)' 

wind dependance 

A i r  pressure 

general in fo rmat ion  

Rroduced by wind on facades 

A i r  temperature 

e f f ec t  on a i r  i n f i l t r a t i o n  

e f f ec t  on sur face  heat t r ans fe r  

general i n f o rma t i on  

measurement (see a l so  temperature) 

App I -3 , I Ib -3  



Index- 2 

e f f e c t  on human hea t  l o s s  

g r a d i e n t  

A i r  v e l o c i t y  

A1 bedometer 

A n a l y t i c a l  approach, see Approach 

A i r i n g  

" , c o n t r o l  o f  

Anemometer 

CUP 

d e f l e c t i n g  vane 

d i r e c t i o n a l  and n o n - d i r e c t i o n a l  

h o t  w i r e  

p r o p e l l e r  

r e v o l v i n g  wheel 

thermocouple 

t h e r m i s t o r  

Appl iances 

use o f  

c o l l e c t  da ta  on energy consumption o f  

energy consumption by, see Energy consumption 

p e n e t r a t i o n  o f  

Approach, a n a l y t i c a l  

Approach, s t a t i s t i c a l  

Arch ives 
. . 

Atmospheric pressure,  see A i r  pressure 

Atmospheric r a d i a t i o n  

e f f e c t  on b u i l d i n g  energy budget 

genera l  i n f o r m a t i o n  

measurement (see a l s o  Pyrhe l iomete r )  

A t t e n u a t i o n  o f  i n t e r f e r e n c e ,  see l n t e r f e r e n c e  r e d u c t i o n  

A t t i t u d e s ,  o f  occupants 

A t t i t u d e s ,  o f  occupants towards energy sav ing  

Aud i t ,  See Energy a u d i t  

Behaviour 

human 

c o l l e c t i n g  da ta  on behaviour  o f  Occupants 

B e f o r e - a f t e r  exper iment ,  see Experiment 

B l inds ,  o p e r a t i o n  o f  

B o i l e r  
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combustion 

combustion e f f i c i e n c y  

d i r e c t  e f f i c i e n c y  

e f f i c i ency  

e f f i c i ency  o f  use 

energy consumption 

measurement 

Breakdown o f  energy consumption, see Energy 

Bu i ld ing ,  s t ruc tu re  

Bu i l d i ng  system 

Burner 

C a l i b r a t i o n  phase 

Ca l i b ra t i on  of energy consumption i n  b u i l d i n g  

Carbon d iox ide  

Carbon d iox ide  mon i to r ing  (see Tracer gds) 

Care t ake r  

Ceilometer 

Chimney e f f e c t  (see Stack e f f e c t )  

Choice o f  t he  model, see Model 

Climate 

average 

c o r r e c t i o n  

indoor, phys io log ic  and physical  

measurement of indoor c l ima te  

I 
measurment of outdoor c l imate  

outdoor 

C lo th ing  i n s u l a t i o n  

Cloudiness 

e f f ec t  on atmospheric   radiation 
1 general in fo rmat ion  

measurment 

Clothes d ry i ng  

Clothes washing, energy consumption 

Clothes washing, t ime f o r  

Coef fecient  o f  performance fo r  heat pump (COP) 

Comfort - human o r  phys io log ica l  

Comfort - thermal 

Canparison phase 

Component o f  b u i l d i n g  , 

Ib-8 

Ib-4 

I I I b - 8  

App IV-5 

App IV-5 

App 1V-6 

Id-17 

I I I C - 1  

111~-1 ,  12, 19 

I l d - 1  

I la-2  
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Computers f o r  data a c q u i s i t i o n  

Conduc t iv i t y ,  see Thermal c o n d u c t i v i t y  

Congruency 

Contro l  e f f i c i e n c y  

Contro l  group 

Contro l  system 

feed-forward 

feed-back 

general 

measurement 

modulat ing 

two-or mu1 t i p o s i t i o n  

weather-dependent 

Contaminants i n  a i r ,  see A i r  contaminants 

Convectors, see Terminals 

Cooking 

Curta ins,operat ion o f  

App 1-2 

Id-14 

I le-3 

Data 

ana l ys i s  and t reatment  

f i t  t o  

processing 

storage o f  

Data a c q u i s i t i o n  systems 

AID conver te rs  

ana lys is  

c lock  

l i n k  between components 

recorders see Recorders 

scanners see Scanners 

Deep freeze, see Re f r i ge ra to r  

Degree-day model, see Model 

D ia r y  111a-9, IVa-1 

D i g i t a l  vo l tmeter ,  see Vol tmeter  

d i s h  washer, energy consumption o f  , A P P  IV-7 , 

Desc r i p t i ve  model, see Model 

D i r e c t  measurement, see Measurement 

Domestic appl iances, energy consumption of, see Energy 

D r i v i n g  r a i n  measurement 

Ducts (see A i r  hea t ing  system) 
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Dummy, s imu la t ion  w i t h  I I Ic-23 

Eddy cur ren ts  1119-13 

E f f i c i ency  o f  b o i l e r s  (see B o i l e r )  

E f f i c i ency  of heat d i s t r i b u t i o n  system see Heat d i s t r i b u t i o n  

E l e c t r i c  heat ing Id-4 

Energy aud i t  la-1,111a-7 

Energy mon i to r ing  la -1  

Energy, breakdown of consumption IVa-2 

Energy consumption, v a r i a t i o n  o f  Ie-4, Ie-10 

Energy consumption by domestic appl iances IVb-2 
mon i to r ing  o f  IVb-15 

Energy, d e f i n i t i o n s  

Energy f low 

heat ing system 

general 

Energy saving campaign 

Energy s igna ture  

Envelope Thermal Test U n i t  

Environment, thermal I I lc-2  

Equivalent  thermal parameters, see Thermal parameters 

E r r o r  

c l a s s i f i c a t i o n  o f  

eva lua t ion  

maximal 

sources o f  

S t a t i s t i c a l  

systematic 

Experiment 

aim o f  

design o f  

be fo re-a f te r  

c o n t r o l l e d  

feedback i n  design o f  
i 

human beings i n  c o n t r o l l e d  l abo ra to r y  

on-of f  
i planning 

t e s t  reference 

App 1-1, App 111-1 

App 111-1 . 
App 111-2 

App 111-13 

App 1-1, App 111 

App 1-1, App I 1 1  
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t o  occupant f o r  energy saving 

i n  design o f  experiment see Experiment 

F i l t e r i n g  o f  s i gna l  (see I n te r f e rence )  

F i t  t o  data see Data 

F loo r  heat ing  

measurement o f  heat emission 

Formaldehyde p o l l u t a n t  

Free-heat  

Gas analyzer  o r  chromatograph (see a l i o  Tracer gas) 

Genera l i za t ion  o f  r e s u l t s  

Globe thermometer, see Thermometer 

Gross energy, see Energy , d e f i n i t i o n s  

Grounding 

Guarded ho t  box 

Guarded ho t  p l a t e  

Heat balance 

equat ion f o r  balance o f  human body 

metabo l i c  r a t e  o f  

Heat d i s t r i b u t i o n  

e f f i c i e n c y  

system 

Heat emission meter 

Heat f low meter (HFM) 

Heat generator  

Heat pump 

Heat res is tance ,  o f  body t i s s u e  

Heat te rmina l  

Heated s t r i p  o r  w i re  method 

Heat ing system 

coup l ing  t o  b u i l d i n g  

measurement 

opera t ion  o f  

Hel iograph, see Sunshine recorder  

Hellmann r a i n  gauge 

Hot t a p  water, see Tap water 

Hot w i re  anemometer, see Anemometer 

Household energy 

Humidity, indoor  



Hygrometer. 

dew-point 

l i t h i u m - c h l o r i d e  

mechanical 

I 1  1  m i n a t i o n ,  energy consumption o f  

Index, phys io log ica l  

Indoor a i r  p o l l u t i o n  

Indoor c l imate ,  see Climate 

I n f r a r e d  

radiometer, see pyrgeometer 

scanner 

thermography 

I n l e t  water, temperature o f ,  see Temperature 

I n s u l a t i o n  o f  c l o th i ng ,  see C lo th ing  i n s u l a t i o n  

I n teg ra ted  c i r c u i t  ( IC )  temperature t ransducers 

I n t e r a c t i o n  

I n te r f e rence  

conducted 

e l e c t r i c  

magnetic 

In te r fe rence reduc t ion  

f i l t e r i n g  

sh ie l d i ng  

w i r e  t w i s t i n g  

I n te r v i ew  

Lambda-probe 

Leakage de tec t i on  (see a l s o  Pressur iza t ion)  

L i gh t ,  measurement o f  

L i g h t i n g  

Luminance meter 

Measured e n t i t y  

Measurement 

campaign p lanning 

cyc le  

d e f i n i t i o n  

d i r e c t  

remote 

App IV-8 

I I e - 2  

I I Ie-6 

App 1-1 

Ia-11 

I l b - 1  

App 1-1 

I 11a-6 . . 
I I l C - 1  
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Measuring procedure 

Meter ing,  o f  t a p  water  and domestic e l e c t r i c i t y  

Meteoro log ica l  f a c t o r s ,  genera l  

Model 

c h o i c e  o f  

degree day 

dynamic 

d e f i n i t i o n  o f  

d e s c r i p t i v e  

g u i d e l i n e s  f o r  t h e  c o n s t r u c t i o n  o f  

l i n e a r  

p r e d i c t i v e  

M o i s t u r e  c o n t e n t  i n  r e s i d e n t i a l  b u i l d i n g  

M o n i t o r i n g ,  see Energy m o n i t o r i n g  

M o n i t o r i n g  o f  occupancy 

Movers a n d s t a y e r s  

M u l t i p l e x e r ,  see Scanner 

Net Energy, see ~ n e r g y , d e f i n i t i o n s  

N i g h t  temperature s e t  back 

O b j e c t i v i t y  

Observat ion 

Occupants, e f f e c t  on hea t  ba lance o f  b u i l d i n g  

occupants 

behaviour  

v a r i a t i o n  o f  behaviour  

c o l l e c t i n g  da ta  on behaviour  o f ,  see Behaviour 

presence a t  home 

On-off c y c l e  i n  experiments 

On-off exper iment ,  see Experiment 

Operat ions by t h e  occupant 

Ownership, change o f  

Parameter, e x t e r n a l  o r  env i ronmenta l  

Parameter, o f  model 

~ h ~ s i o l o g i c a l  i n d i c e s  

Pene t ra t ion ,  o f  domestic appl iances 

P e n e t r a t i o n ,  o f  cooking (see Cooking) 

Pipes (see Water h e a t i n g  systems) 

App 1-1 

I V b - I  

I b - 2  

l a - I 0 , I I a - 5 , I I a - I 1  

11a-17 

~ p p  1-4, I l a - 1 8  

App 1-4 

App 1-4, I Ia-5,17 

I I a - 1 9  

I I a - 1 8  

~ p p  1-4, 11a-17 

Ic -13  

App 1-3 

I I I a - 7  

Ie-14 
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Power f a i l u r e s  (see Power supply) 

Power supply 

P r e c i p i t a t i o n  

general i n f o rma t i on  

measurement 

Prec is ion  

Presence of hane by occupants, see Occupants 

Pressur iza t ion  

blower door 

l o c a t i o n  of, leakage s i t e s  

swedi sh standard 

Primary Energy, (see Energy,def in i t ions)  

Pos i t i on ing  of sensor (see Sensor) 

Psychraneter 

Py ranometer 

pho tovo l t a i c  , . 
Pyrgeometer 

Pyrhel iometer 

t r a c k i n g  device 

Pyrradiometer and Net Pyrradiometer 

Questionnare 

Radiat ion, nuclear ,  measurement of 

Rad ia t ion  

Rad ia t i ve  p rope r t i es  measurement 

Radiat ion,  surfaces heat 

Radiators,  see Terminals o r   eating u n i t s  

kadon moni tor ing,  see Tracer .gas 

Rain (see P r e c i p i t a t i o n )  

Recorder 

d i g i t a l  magnetic d i sc  

d i g i t a l  magnetic tape 

Reflectance, r e f l e c t i v i t y  (see Rad ia t i ve  p rope r t i es )  

Re f r i ge ra to r  and deep f reeze,  energy consumption 

R e l i a b i l i t y ,  o f  system (see System) 

R e l i a b i l i t y ,  ' d e f i n i t i o n  

Repea tab i l i t y  

Reproduc t iv i t y  

Reference b u i l d i n g  

Ib-4, 8 

III~-24 

App 1-3 

App. IV-5 

App 1-2 

~ p p  1-2, 11e-2 

App 1-2 

I Ia -13 ,  I I b -3 ,  
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Representat i  v i t y  

Reso lu t ion  

Resolut ion,  i n  t ime  

Resistance Thermometer Detec to r  (see a l s o  Temperature) 

R e t r o f i t  

c l a s s i f i c a t i o n  

d e f i n i t i o n  

exampl es 

s ide  e f f e c t s  

s t a t i s t i c a l  cons idera t ions  

R e t r o f i t  e f f ec t  

d e f i n i t i o n  o f  

eva lua t i on  o f  

Running i n  and l ea rn ing  per iod  

o f  mon i to r ing  crew 

Scanner 

CMOS mu1 t i p l e x e r  

FET m u l t i p l e x e r  

i n t e r f a c e  

reed m u l t i p l e x e r  

Scentometer 

Seasonal performance fac to r  o f  heat  pump (SPF) 

Secondary Energy, see Energy ,defi n i t i o n s  

' S e n s i t i v i t y  

Sensor 

connect ion o f  

p o s i t i o n i n g  o f  

Sel f -hea t ing  o f  sensors 

Set-points 

opera t ion  o f  

Sh ie ld ing ,  see I n te r f e rence  reduc t ion  

Sh iver ing  

Shut ters,  opera t ion  o f  

Signal  cond i t i on ing  

counters 

encoders 

i n t e g r a t o r s  

S i m p l i c i t y  

Simulated Occupancy 

App 111-3 

App 1-4, 11a-9 

11a-9, 11Ia-4 

I I l b - 1 9  

1a-4 

1a-3 

APP 11 
I Ie -1 , I la -21  

App. 1-5 

1a-5 

I I c - 2 ,  I I d - 3  

1a-14 

App 1-3 

1119-3 

111g73 

I 119-3 

11a-9 

IVd . 



assessment o f . s imu la ted  a c t i v i t i e s  

implementation o f  simulated a c t i v i t i e s  

i n f l uenc ing  f ac to r s  

s imulated a c t i v i t i e s  

Simulated occupancy experiment 

Sk in  depth, see Eddy cur ren ts  

Smoke pu f fe r  

Snow (see P r e c i p i t a t i o n s )  

Solar imeter  (see Pyranometer) 

Solar  r a d i a t i o n  

d i f f u s e  

d i r e c t  

e f f ec t  on b u i l d i n g  energy balance 

general in fo rmat ion  

g lobal  

r e f l e c t e d  

t o t a l  

Solar imeter ,  see Pyranometer 

Stack e f f ec t  

S t a b i l i t y ,  o f  inst rument  

S t a t i s t i c  e r r o r ,  (see E r r o r )  

S t a t i s t i c a l  Approach, (see Approach) 

Status,  o f  system 

Stoker 

Stress, (see Thermal s t r ess )  

sunshine recorder  

Campbell -Stokes 

' automatic 

Surface heat  t r a n s f e r  

a i r  temperature dependence 

measurement 

wind dependence 

Surface temperature, see Temperature 

Survey techniques 

Sweating 

Systematic e r r o r ,  see E r r o r  

System, accuracy o f  

System, r e l i a b i l i t y  o f  

Tap water 

Ib-6 

App 1-3 
, 
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co ld  

c o l l e c t i n g  data on 

connect ion t o  c l o thes  washer 

d i r e c t  measurement of usefu l  energy 

d i s t r i b u t i o n  o f  

mon i to r ing  o f  

p roduc t ion  o f  ho t  t a p w a t e r  

s torage o f  

use o f  

Teyperatu re  

e f f e c t  on human heat  balance 

grad ien t  

indoor, 

i n l e t  water 

measurement 

measurement i n  rooms 

ope ra t i ve  

p lane rad ian t  

p re fe r red  indoor  

r ad ian t  

range i n  room 

sensor se lec t i on  

surface 

t ime average 

v a r i a t i o n  of indoor  

window surface 

Terminal 

Test b u i l d i n g  

Test- referance experiment, see Experiment 

Thermal 

conduction, general 

c o n d u c t i v i t y ,  measurement 

parameters o f  b u i l d i n g s  

s t r a i n  

s t ress  

t ransmi t tance  o f  wa l l s ,  measurement 

t ransmi t tance  o f  windows, measurement 

Thenometer, g lobe 

Thermistor, v e n t i l a t e d  

Te lev i s i on  

IVa-6, App I V - 1  

IVa-4 

App IV-5 

IVa-5 

IVb-6 

IVb-5 

IVb-5 

IVb-6 

Ie-5, IVb-1 

App IV-1 

I I I b - 1 3  

I I IC -6 ,  I I I c L 7  

I c -4  

I c -7  

I c -4  

Ic-3, I I I c - 1 1  

Ic -5  

1119-2 

I 1  Ic-9 

I I IC -5  

Ie -4  

I I I C - 9  

Id-7, I l l f - 1 1  

11a-13, IVd 
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energy consumption and pene t ra t i on  

t ime f o r  watching 

Thermistors (see a l s o  Temperature measurement) 

Thermocouples (see a l so Temperature maeasurement ) 

decal i b r a t i o n  

ga lvan ic  ac t i on  
- .  

poor j u n c t i o n  connection 

shunt impedance 

thermal shunt ing 

Thermography, see I n f r a r e d  Thermography 

Time p lan  

Time-budget s tud ies  

Time reso lu t i on ,  see Resolut ion 

Tracer gas method 

h e r i c a n  standard 

carbon d i ox i de  mon i to r ing  

choice c r i t e r i a  

constant  conent ra t ion  technique 

constant  f l ow  technique 

conta iner  sampling 

decay technique 

experimental apparatus 

radon mon i to r ing  

Transducer (see Sensor) 

T rans fe r  f unc t i on  c o e f f i c i e n t s  experimental v a l i d a t i o n  

Transmittance, t r a n s m i s s i v i t y  (see Radiat ive p rope r t i es )  

App IV-4 

App IV-4 

I I I b - 2 1  

I I I b - 1 4  

I I I b -18  

I I I b - 1 8  

I I I b - 1 8  

I I I b - 1 8  

I I l b - 1 9  

Usefu l ,  energy, see Energy,def in i t ions 

U-value, see Thermal t ransmit tance 

V a l i d i t y ,  d e f i n i t i o n  of App 1-3 

V a l i d i t y ,  ex te rna l  and i n t e r n a l  App 111-4 

Var iab le  I l a - 2  

Va r i a t i on  of energy consumption, see Energy consumption 

Ven t i l a t i on ,  contro1 o f  IVc- I4 

Voltmeter I I I g - 6  

Volume f low meter I I I f - 1 0  

W a l l ,  measurements 

steady-state parameters, see Thermal t ransmit tance 



unsteady-state parameters 

Washing o f  c lo thes ,  see Clothes-washing 

Water heating, ne t  energy f o r  (see a l s o  Tap water)  

Water hea t ing '  system 

f l o o r  hea t i ng  

f l ow  

p ipes  

temperature 

t e rm ina l s  

Washing d ishes  (see Dish-washing) 

Uindow, measurements o f  thermal t ransmi t tance  

Window-shielding 

Wind 

e f f e c t  on b u i l d i n g  energy budget 

general i n f o rma t i on  

d i r e c t i o n  measurement 

be1 o c i t y  measurement 

p o s i t i o n i n g  o f  ins t ruments  




