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lti
ng

 E
ng

in
ee

rs
 a

ct
in

g 
as

 t
he

 O
pe

ra
ti

ng
 A

ge
nt

. 
N

in
e 

co
un

tr
ie

s 
w

er
e 

in
vo

lv
ed

 i
n 

A
nn

ex
 1

7:
 B

el
gi

um
, 

F
in

la
nd

, 
Fr

an
ce

, 
G

er
m

an
y,

 
It

al
y,

 S
w

ed
en

, T
he

 N
et

he
rl

an
ds

, t
he

 U
ni

te
d 

K
in

gd
om

 a
nd

 t
he

 U
ni

te
d 

S
ta

te
s,

 w
ith

 
B

el
gi

um
 (

U
ni

ve
rs

ity
 o

f 
L

i5
ge

) 
as

 O
pe

ra
ti

ng
 A

ge
nt

. T
he

 s
ep

ar
at

e 
ta

sk
s 

un
de

rt
ak

en
 in

 
A

nn
ex

es
 1

6 
an

d 
17

 a
re

 li
st

ed
 in

 T
ab

le
 1

.1
. 

P
ar

ti
ci

pa
ti

ng
 in

st
itu

tio
ns

 a
re

 li
st

ed
 in

 A
pp

en
di

x 
l,

 to
ge

th
er

 w
ith

 t
he

ir
 a

bb
re

vi
at

io
ns

. 
T

he
 w

or
k 

is
 c

om
pl

et
e 

an
d 

ha
s 

re
su

lte
d 

in
 9

 r
ep

or
ts

 c
on

ta
in

in
g 

a 
su

bs
ta

nt
ia

l a
m

ou
nt

 
of

 i
nf

or
m

at
io

n.
 T

he
 ti

tle
s 

ar
e 

su
m

m
ar

is
ed

 in
 T

ab
le

 1
.2

 a
nd

 a
 b

ri
ef

 s
um

m
ar

y 
of

 e
ac

h 
re

po
rt

 is
 g

iv
en

 in
 A

pp
en

di
x 

2.
 

T
hi

s 
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e 
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A
nn

ex
es

 1
6 

an
d 
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. W

ith
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h 

a 
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rg
e 

bo
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of

 w
or

k,
 it

 is
 im

po
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ib
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 d
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ul

l j
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e 
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rt
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um
m

ar
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s 
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ed
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 b
e 
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le
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e 
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n-
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pe

rt
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o 
gi
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e 
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er
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n 

in
tr

od
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ti
on
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 th

e 
be

ne
fi

ts
 o

f 
th

e 
ap

pl
ic

at
io

n 
of
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E

M
S 

in
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ui
ld
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 a
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 t
o 

di
re

ct
 t

he
 r

ea
de

r 
to

 t
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 f
ul

l 
re

po
rt

s 
w
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 m
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e 
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io

n 
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 re
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xa

m
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 c
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D
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n 

T
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e 
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g 
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fi
ni

ti
on
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f 
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B
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B
uilding E

nergy M
anagem

ent System
s 

A
n electrical control and m

onitoring system
 that has the ability to com

m
unicate data 

betw
een control nodes (m

onitoring points) and an operator term
inal. T

he system
 can 

have attributes from
 all facets of building control and m

anagem
ent functions such as 

H
V

A
C

, lighting, fire, security, m
aintenance m

anagem
ent and energy m

anagem
ent. 

T
able 1 .I Separate tasks in A

nnexes l6
 and 17 

A
nnex 16 

T
ask 

A
. S

pecifications 
B

. S
tandards 

C
. Profitability 

D
. S

ensors 
E

. C
ase studies, 

exam
ples 

F. U
ser 

experiences 

L
ead country 

U
nited K

ingdom
 

U
nited K

ingdom
 

Finland 
Japan 
N

etherlands 

G
erm

any 

A
nnex 17 

T
ask 

A
. 

C
ontrol strategies for 

air-conditioning 
system

s 
B

. 
C

ontrol strategies for 
w

ater radiator system
s 

C
. 

E
valuation 

m
ethodology for 

control system
s 

(em
ulators) 

T
able 1.2 Source reports 

A
nnex 16: B

E
M

S 1. A
 U

ser G
uide 

S
pecifications and standards for B

E
M

S 

C
ost benefit assessm

ent m
ethods for B

E
M

S 

A
 guide to sensors for B

E
M

S 

C
ase studies of B

E
M

S installations 

U
ser experiences in B

E
M

S A
pplications 

A
nnex 

17: 
B

E
M

S 
2. 

E
valuation 

and 
E

m
ulation 

T
echniques 

E
valuation and E

m
ulation of B

E
M

S: S
ynthesis R

eport 

Sim
ulation exercise (R

esidential heating system
) 

Sim
ulation exercise (A

ir C
onditioning System

s) 

D
evelopm

ent of E
valuation m

ethods 

L
ead country 

Italy 

Finland 

G
erm

any 

L
ead 

B
SR

IA
, U
K
 

V
T

T
, S

F
 

U
N

g, J 

T
N

O
, N

L
 

ID
B

, D
 

U
L

g, B
 

IK
E

, D
 

PT
, IT

 

V
T

T
, S

F
 

R
ef. 
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1.
2 

O
bj

ec
ti

ve
s 

T
he

 o
bj

ec
ti

ve
s 

of
 c

om
pu

te
ri

se
d 

co
nt

ro
l, 

re
gu

la
ti

ng
 a

nd
 m

on
ito

ri
ng

 s
ys

te
m

s 
ca

n 
be

 
lis

te
d 

as
 f

ol
lo

w
s:

 

l.
 

T
o 

pr
ov

id
e 

a 
he

al
th

y 
an

d 
pl

ea
sa

nt
 in

do
or

 c
lim

at
e 

2.
 

T
o 

en
su

re
 th

e 
sa

fe
ty

 o
f 

th
e 

us
er

 a
nd

 th
e 

ow
ne

r 
3.

 
T

o 
en

su
re

 e
co

no
m

ic
al

 r
un

ni
ng

 o
f 

th
e 

bu
ild

in
g 

in
 r

es
pe

ct
 o

f 
bo

th
 p

er
so

nn
el

 a
nd

 
en

er
gy

 

2 
B

ui
ld

in
g 

E
ne

rg
y 

M
an

ag
em

en
t S

ys
te

m
s 

2.
1 

B
ac

kg
ro

un
d 

A
ll 

sy
st

em
s 

in
 a

 b
ui

ld
in

g 
re

qu
ir

e 
so

m
e 

fo
rm

 o
f 

co
nt

ro
l;

 th
e 

si
m

pl
es

t o
n-

of
f 

sw
it

ch
 

co
ul

d 
be

 d
es

cr
ib

ed
 a

s 
en

er
gy

 m
an

ag
em

en
t. 

H
ow

ev
er

, 
th

e 
te

rm
 B

ui
ld

in
g 

E
ne

rg
y 

M
an

ag
em

en
t S

ys
te

m
 h

as
 b

ec
om

e 
re

st
ri

ct
ed

 t
o 

ad
va

nc
ed

 s
ys

te
m

s 
us

in
g 

so
ph

is
ti

ca
te

d 
co

m
pu

te
r b

as
ed

 c
on

tr
ol

s.
 

T
he

 a
tt

ri
bu

te
 w

hi
ch

 s
et

s 
a 

B
E

M
S 

ap
ar

t 
fr

om
 o

th
er

 s
ys

te
m

s 
is

 c
om

m
un

ic
at

io
n:

 
in

fo
rm
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io

n 
on

 t
he

 s
ta

te
 o

f 
th

e 
bu

il
di

ng
's
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st
em

s 
ca

n 
be

 r
ec

ei
ve

d 
at

 a
 c

en
tr

al
 

op
er

at
in

g 
te

rm
in

al
 a

nd
 c

on
tr

ol
 i

ns
tr

uc
ti

on
s 

ca
n 

be
 t

ra
ns

m
itt

ed
 f

ro
m

 t
he

 o
pe

ra
ti

ng
 

te
rm

in
al

 to
 re

m
ot

e 
ac

tu
at

or
s.

 T
he

 a
va

ila
bi

lit
y 

of
 s

ub
st

an
ti

al
 a

m
ou

nt
 o

f 
in

fo
rm

at
io

n 
at

 
th

e 
ce

nt
ra

l 
po

in
t 

al
lo

w
s 

th
e 

ap
pl

ic
at

io
n 

of
 

so
ph

is
tic

at
ed

 c
on

tr
ol

 a
nd

 o
pe

ra
ti

on
 

al
go

ri
th

m
s 

to
 o

pt
im

is
e 

th
e 

op
er

at
io

n 
of

 
th

e 
bu

ild
in

g 
an

d 
ac

hi
ev

es
 t

he
 g

re
at

es
t 

ef
fi

ci
en

cy
 i

n 
en

er
gy

 u
se

. 
C

al
cu

la
ti

on
s 

ca
n 

be
 a

ut
om

at
ed

 a
nd

 d
is

pl
ay

ed
 g

ra
ph

ic
al

ly
 

so
 th

at
 tr

en
ds

, e
.g

. i
n 

en
er

gy
 c

on
su

m
pt

io
n,

 ca
n 

be
 v

ie
w

ed
 s

im
pl

y.
 

T
he

re
 h

as
 b

ee
n 

ra
pi

d 
de

ve
lo

pm
en

t i
n 

th
e 

ha
rd

w
ar

e 
as

so
ci

at
ed

 w
ith

 B
E

M
S;

 s
en

so
rs

, 
co

m
m

un
ic

at
io

n 
hi

gh
w

ay
s,

 a
nd

 a
bo

ve
 a

ll 
pr

oc
es

si
ng

 p
ow

er
 h

av
e 

im
pr

ov
ed

 g
re

at
ly

. 
H

ow
ev

er
 

th
e 

al
go

ri
th

m
s 

us
ed

 
to

 
co

nt
ro

l 
bu

ild
in

g 
op

er
at

io
ns

 h
av

e 
no

t 
be

en
 

de
ve

lo
pe

d 
at

 t
he

 s
am

e 
ra

te
. 

W
hi

le
 t

he
 b

eh
av

io
ur

 o
f 

in
di

vi
du

al
 s

ub
sy

st
em

s 
is

 w
el

l 
un

de
rs

to
od

, 
th

e 
in

te
ra

ct
io

n 
of

 t
he

 s
ub

sy
st

em
s 

w
ith

 e
ac

h 
ot

he
r,

 w
ith

 t
he

 b
ui

ld
in

g 
en

ve
lo

pe
 

an
d 

w
ith

 
th

e 
un

pr
ed

ic
ta

bl
e 

di
st

ur
ba

nc
es

 i
nt

ro
du

ce
d 

by
 

th
e 

ex
te

rn
al

 
en

vi
ro

nm
en

t a
nd

 th
e 

us
er

s 
is

 v
er

y 
co

m
pl

ex
. 

A
nn
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on
si

de
rs

 a
sp

ec
ts

 o
f 

th
e 

co
nt

ro
l 

al
go

ri
th

m
s 

us
ed

 t
o 

op
ti

m
is

e 
en

er
gy

 
ex

pe
nd

it
ur

e 
an

d 
th

e 
w

ay
s 

in
 w

hi
ch

 B
E

M
S 

sy
st

em
s m

ay
 b

e 
te

st
ed

. 

B
E

M
S 

ar
e 

no
w

 w
id

el
y 

em
pl

oy
ed
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n 

al
l t

yp
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f 
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ild
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he
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of

 t
he
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en

ef
its

 to
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e 
ga

in
ed
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re

 g
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en
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B
uilding E

nergy M
anagem

ent System
s 

2.2 
C

entral vs. distributed system
s 

T
he first B

E
M

S system
s w

ere introduced in the 1960s and consisted of a single 
central processing unit (C

PU
) w

here all executive control w
as carried out and all 

system
 intelligence w

as based. T
he C

PU
 polled the sensors to collect inform

ation on 
the state of the building, calculated the required control action and transm

itted 

T
able 2.1 Som

e com
m

on functional capabilities of B
E

M
S 

I A
utom

atic sw
itching on and off (e.g. on a tim

e basis) 

O
ptim

isation 
of 

plant 
operation 

and 
services. 

T
ypical 

application 
includes 

balancing of chiller plant to required air conditioning loads and boiler plant tim
ing 

and scheduling 
M

onitoring of plant status and environm
ental conditions 

Provision of energy m
anagem

ent inform
ation 

M
anagem

ent of electrical loads 

R
em

ote m
onitoring and control e.g. of plants and services of buildings that are 

dispersed geographically 

T
able 2.2 C

om
m

on benefits from
 the use of a B

E
M

S 

Increased 
energy 

efficiency 
by 

optim
ising 

plant 
operation 

and 
m

inim
ising 

unnecessary use of energy 
Im

proved environm
ental conditions 

1 Im
proved standards of plant com

m
issioning and future design 

l Im
proved energy m

anagem
ent and m

aintenance of the engineering services e.g. 
data on energy flow

s, consum
ption and overall building perform

ance can enable 
an assessm

ent of the energy efficiency im
provem

ent m
easures that are desired 

; Im
proved fire, security and other em

ergency procedures 

M
ore efficient use of staff by centralising operations 

control com
m

ands to the actuators. A
 central system

 has the disadvantage that no 
control action can take place in the event of a com

m
unication or C

PU
 failure. In 

addition, as B
E

M
S system

s becam
e m

ore com
plex and handled functions in addition 

to heating and air conditioning, the tim
e spent polling the sensors in sequence 

reduced the speed of operation. 

T
he developm

ent of 
the low

 
cost m

icroprocessor has enabled the 
concept of 

distributed intelligence to evolve. F
igure 2.1 show

s a schem
atic diagram

 of 
a 



E
ne

rg
y 

C
on

se
rv

at
io

n 
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 S
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te
m
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di
st

ri
bu

te
d 

in
te

lli
ge

nc
e 

sy
st

em
; i

n 
pr

ac
tic

e,
 th

e 
de

si
gn

 o
f 

sy
st

em
s 

va
ri

es
 w

id
el

y,
 b

ut
 

th
e 

ex
am

pl
e 

sh
ow

s 
th

e 
es

se
nt

ia
l c

om
po

ne
nt

s,
 w

hi
ch

 a
re

 li
st

ed
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 T
ab

le
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.3
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L
oc

al
 in

te
lli

ge
nt

 m
ic

ro
pr

oc
es

so
r 

ou
ts

ta
tio

ns
 a

re
 n

ow
 c

ap
ab

le
 o

f 
pe

rf
or

m
in

g 
ro

ut
in

e 
op

er
at

io
ns

 o
n 

a 
st

an
d 

al
on

e 
ba

si
s.

 T
hi

s 
fr

ee
s 

th
e 

ce
nt

ra
l 

st
at

io
n 

fr
om

 t
he

 n
ee

d 
to

 
m

ai
nt

ai
n 

co
nt

in
uo

us
 c

om
m

un
ic

at
io

n 
w

ith
 th

e 
se

ns
or

s 
an

d 
ac

tu
at

or
s.

 T
he

 fu
nc

tio
ns

 o
f 

P
S

TN
 

C
en

tr
al

 s
ta

tio
ns

 
I 

or
 c

on
tr

ol
 u

ni
ts

 

~
e

~
e

d
h

o
n

e
 

lin
k 

P
or

ta
bl

e 
un

it 

Lo
ca

l i
nt

el
lig

en
t 

ou
ts

ta
tio

ns
 

S
en

so
rs

 
A

ct
ua

to
rs

 

T
w

is
te

d 
pa

ir 
ca

bl
es

 
1 

D
at

a 
hi

gh
w

ay
 

K
ey

bo
ar

d 
P

rin
te

r 
P

lo
tte

r 
D

is
c 

dr
iv

es
 

K
ey

bo
ar

d 
P

rin
te

r 
P

lo
tte

r 
D

is
c 

dr
iv

es
 

F
ig

ur
e 

2.
1 

Sc
he

m
at

ic
 d

ia
gr

am
 o

f a
 d

is
tr

ib
ut

ed
 in

te
lli

ge
nc

e 
bu

ild
in

g 
m

an
ag

em
en

t 
sy

st
em

 

an
 

in
te

lli
ge

nt
 

ou
ts

ta
tio

n 
m

ay
 

in
cl

ud
e 

tim
e 

of
 

da
y 

co
nt

ro
l, 

op
tim

al
 

st
ar

tls
to

p 
te

m
pe

ra
tu

re
 c

om
pe

ns
at

io
n,

 m
ax

im
um

 d
em

an
d 

an
d 

po
w

er
 m

on
ito

ri
ng

, 
an

d 
fr

os
t 

pr
ot

ec
tio

n.
 

T
he

 r
ol

e 
of

 
th

e 
ce

nt
ra

l 
co

nt
ro

l 
st

at
io

n 
is

 
to

 
su

pe
rv

is
e 

a 
gr

ou
p 

of
 

ou
ts

ta
tio

ns
. C

om
m

un
ic

at
io

n 
lin

ks
 a

re
 b

y 
a 

co
m

m
on

 b
us

. 
S

ev
er

al
 b

us
 s

ys
te

m
s 

ar
e 

in
 

us
e 

an
d 

th
er

e 
ar

e 
m

ov
es

 t
ow

ar
ds

 a
do

pt
io

n 
of

 a
 s

ta
nd

ar
d 

co
m

m
un

ic
at

io
ns

 p
ro

to
co

l, 
w

hi
ch

 w
ou

ld
 a

llo
w

 d
ev

ic
es

 f
ro

m
 d

if
fe

re
nt

 m
an

uf
ac

tu
re

rs
 t

o 
co

m
m

un
ic

at
e 

fr
ee

ly
 

w
ith

 e
ac

h 
ot

he
r.

 



B
uilding E

nergy M
anagem

ent System
s 

T
able 2.3 C

om
ponents of a B

E
M

S 

O
perating station 

M
odem

 

C
om

m
unications links 

S
ensors 

A
ctuators 

M
ay include a m

aster station if there areseveralcentral 
stations 

Interface betw
een com

puter and com
m

unications 

e.g. P
ublic sw

itched telephone netw
ork, tw

isted pair, 
pow

er line carrier, optical fibre 

e.g. tem
perature, hum

idity, lighting level, 
sm

oke detector, security 

A
 bus is characterised both by its hardw

are, e.g. tw
isted pair, pow

er line carrier, and 
by the com

m
unications protocol. D

iscussion is outside the scope of this report; for 
m

ore details see [l]. 

W
ith the detailed control functions delegated to outstations, the role of the central 

control station is now
 to supervise a group of outstations, T

able 2.4. T
he central 

station incorporates a visual display unit, keyboard and printer and often 
incorporates third party softw

are, w
hich deals w

ith energy m
anagem

ent and 
reporting functions. 

T
able 2.4 C

entral control station tasks 

p
-
 
P

 

C
ontact each outstation at pre-set tim

es for routine reports 

R
eceive inform

ation from
 any outstation to indicate the condition of the plant and 

display any alarm
 calls 

A
llow

 direct contact w
ith any outstation under com

m
and of the operator 

S
tore the control param

eters of each outstation and allow
 changes to be m

ade to 
the user definable settings 

T
ransfer data to other devices e.g. an off-line processor 
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C
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tr
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3.
1 

Sy
st

em
 si

m
ul

at
io

n 
m

et
ho

ds
 

T
he

 
ta

sk
 

of
 

A
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 w

as
 

to
 

co
ns

id
er

 t
he
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3.2 
R

adiator system
s 

3.2.1 
Sim

ulation technique 

T
he behaviour of 

a conventional radiator heating system
 installed in an office 

building w
as investigated [7]. F

irst the participants com
pared results for continuous 

and interm
ittent heating w

ith fixed start and stop tim
es, to establish confidence in 

the m
ethods used. T

hen the savings in heating energy consum
ption that could be 

achieved w
ith 'perfect' optim

al start w
ere investigated as a function of boiler and 

radiator sizing. T
he third part of the investigation evaluated different algorithm

s that 
can be used in practice to calculate the optim

al start for a heating system
 in a period 

of changeable w
eather. 

T
he office building is a conventional m

ulti-cellular block. E
ach office room

 is 5 X
 5 

m
 in plan, naturally lit and heated by radiators. T

he insulation of the building 
com

ponents is consistent w
ith the G

erm
an E

nergy S
aving C

ode. A
 m

odern high 
efficiency boiler is used, w

ith flow
 tem

perature controlled by a three w
ay m

ixing 
valve as a function of external tem

perature. R
oom

 tem
peratures are controlled by 

therm
ostatic 

radiator 
valves. 

T
he 

therm
al 

properties 
of 

the 
building 

and 
the 

behaviour of the heating and control system
s are m

odelled in considerable detail. 
T

he sim
ulation period has to be sufficiently long w

here adaptive control system
s are 

to be evaluated. D
ata of a G

erm
an reference m

onth w
ere used; the external dry bulb 

tem
perature is around -4 "C

 for a few
 days, falls to -16 "C

 for tw
o days, then m

oves 
betw

een 6 and -4 "C
 for the rest of the m

onth. O
verall m

ean tem
perature is about 

0.5 "C
. 

Firstly, the participants in the reference exercise calculated energy consum
ption for 

continuous heating and for interm
ittent heating w

ith given start and stop tim
es. 

G
ood agreem

ent w
as found betw

een the participants, w
ith m

axim
um

 deviation of 
6.2%

 in the continuous case and 3.0%
 in the interm

ittent case. T
he exam

ple w
as 

therefore accepted for further sim
ulation studies. M

uch of the sim
ulation in this and 

other studies w
as based on the T

R
N

SY
S [10], G

E
R

A
L

T
 [l21 and PIB

N
E

T
 [l31 

sim
ulation program

s. 

3.2.2 
C

om
ponent sizing and optim

al start 

S
avings in heating energy consum

ption m
ay be m

ade if the heating system
 is turned 

on at the latest possible tim
e for the occupied room

 tem
perature to reach com

fort at 
the start of the occupation period. T

he am
ount of energy saved depends on the 

pow
er of the heating system

; an oversized system
 w

ill heat up quickly, w
hile a 

system
 w

hich 
can just 

m
eet the 

steady state heat dem
and w

ill require to run 
continuously, show

ing no saving over continuous operation. 

T
he second part of the radiator heating sim

ulation investigated the effect of: 

4 sizes of boilers,, from
 75%

 to 200%
 of nom

inal size 
2 sizes of radiator, 100%

 and 200 %
 of nom

inal size 
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these to calculate gradients, w
hich are then stored. It is then straightforw

ard to 
calculate w

hen to turn on the heating to reach the desired internal tem
perature by the 

start of the occupancy period. T
he sam

e m
ethod m

ay be used for optim
al stop 

controllers. W
hen setting up a controller it is necessary to use fixed start tim

es for a 
few

 days w
hile the controller builds up inform

ation on building behaviour. 

3.2.3.1 
G

radient m
ethod optim

al start controller 

T
he IK

E
 optim

al start control algorithm
 w

as developed at the IK
E

, U
niversity of 

Stuttgart. W
hen tested over l m

onth of w
eather data, it w

as found that the IK
E

 
controller produced errors caused by neglect of the building structure tem

perature. 
In a situation w

here the w
eather had returned to norm

al after a cold snap, the 
structure of the building w

as cold, requiring longer pre-heat tim
es than provided by 

the optim
al start algorithm

. 

A
 possible solution w

ould be to equip the controller w
ith an additional sensor, 

w
hich w

ould m
easure the structure tem

perature. H
ow

ever, this w
ould have the 

disadvantage of increasing the learning tim
e of the controller. 

3.2.3.2 
G

radient m
ethod w

ith w
eather forecast optim

al start controller 

T
his controller w

as 
developed at the R

oyal T
echnical H

igh 
S

chool (K
T

H
) in 

S
tockholm

. It w
orks in a sim

ilar w
ay to the IK

E
 controller, but operates on a 

w
eighted average tem

perature profile over the last tw
o days; this im

plies that the 
tim

e constant of the building is not too short. 

S
om

e additional constraints to the control algorithm
 w

ere found necessary to avoid 
instabilities. 

A
n 

im
provem

ent 
w

as 
effected, 

by 
controlling 

the 
w

ater 
flow

 
tem

perature as a function of 
the forecast w

eather tem
perature. T

his gave good 
energy saving and also reduced the am

ount of tim
e that the occupied zone spent 

below
 the low

er com
fort lim

it of 19.5 "C
. 

3.2.3.3 
R

ecursive L
east S

quares m
ethod optim

al start controller 

T
his em

ploys the R
ecursive L

east S
quares m

ethod (R
L

S) and w
as developed at the 

T
echnical R

esearch C
entre of 

Finland. T
his also assum

es a linear relationship 
betw

een preheating tim
e and tem

perature differences betw
een desired tem

perature 
and both inside and outside tem

perature. T
he param

eters are estim
ated on-line using 

the R
L

S
 technique w

ith an exponential forgetting factor. T
his m

akes for sim
pler 

program
m

ing than the gradient m
ethod. 

A
fter several days of learning the error in start tim

e reduced to a sm
all value. 

H
ow

ever, the controller had difficulty in dealing w
ith a cold snap and predicted too 

short a pre-heat period follow
ing a w

eekend w
ith the heating sw

itched off. 

3.2.4 
R

esults 

T
he study of hydronic heating confirm

ed that sim
ultaneous com

puter sim
ulation of 

building, heating system
s and B

E
M

S can be a pow
erful analysis and developm

ent 
m

ethod, and confirm
ed that O

ptim
al S

tart control is the m
ost im

portant B
E

M
S 
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F
igure 3.1 D

iagram
 of the H

V
A

C
 system

 of the C
ollins office building 

T
he sim

ulation m
odelling w

as carried out using T
R

N
SY

S. A
nnex 10 had produced 

sim
ulation m

odules for the com
ponents of the system

. In addition a supervisory 
controller w

as introduced in the system
 sim

ulation, consisting of a single m
odule 

w
hose inputs are the quantities read by the sensors (tem

perature, relative hum
idities, 

etc) and w
hose outputs are the control functions going to the actuators of the plant 

controlled devices. T
he introduction of this control m

odule allow
s the m

axim
um

 
flexibility in im

plem
enting different control strategies. 

F
ive participants (P

T
, V

T
T

, T
N

O
, IK

E
, K

T
H

) reported daily results for the three 
m

easurem
ent periods. G

ood agreem
ent w

as found in the prediction of 
internal 

conditions. M
ost differences occurred w

hen the plant 
operation w

as 
changing 

operating m
ode, resulting in unstable conditions; this occurred m

ostly in sum
m

er. 
T

here w
ere convergence problem

s in spring and autum
n operation. 

T
he first part of the report concluded that the m

athem
atical m

odels used are quite 
capable of 

sim
ulating H

V
A

C
 com

ponents and are useful for the evaluation of 
control strategies. T

here w
ere still problem

s of getting good agreem
ent betw

een 
different participants, and 

it 
is 

necessary 
to 

use 
the 

sam
e input 

and 
output 

procedures and take care in the definition of control operation. Four participants 
undertook further sim

ulation studies. V
T

T
 proposed a supervisory control strategy 

w
hich w

ould optim
ise total energy consum

ption w
hile m

aintaining good indoor 
clim

ate. O
nly prelim

inary results w
ere reported [g], w

hich w
ere inconclusive and 

are not discussed here. 

3.3.2 
C

ase study: S
tatic P

ressure M
inim

isation 

T
his section reports the S

tatic P
ressure M

inim
isation (SPM

) algorithm
 developed by 

Politecnico di T
orino (PT

) [g]. It is designed to reduce the fan speed so that the 
static fan pressure is the m

inim
um

 possible necessary to m
eet the requirem

ents of 
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T
able 3.3 C

ontrol strategies evaluated by ZKE 

P
lant C

ontrol 

L
ow

er external air tem
perature set point below

 w
hich heating m

ode starts 

L
ow

er external air tem
perature heating set point and increase set point above 

w
hich cooling starts 

Postpone supply air tem
perature reset 

Introduce zero energy band for room
 hum

idity control 

E
nthalpy control 

N
o enthalpy econom

iser 

Introduce night ventilation 

Postpone boiler tem
perature reset 

C
ases 2,3,4,5,7,8 above 

R
oom

 C
ontrol 

L
ow

er set point of the reheat coil in the V
A

V
 box 

Z
ero energy band of +

/-l "C
 in room

 tem
perature 

Z
ero energy band of +/- 2 "C

 in room
 tem

perature 

C
ase 9, plus a room

 tem
perature zero energy band of +/- l "C

 

3.3.4 
R

esults 

T
he results are sum

m
arised in Figure 5.3. T

he largest savings com
e from

 increasing 
the zero energy band; in spring and sum

m
er increasing the band to +/- 2 'C

 results 
in energy savings of the order of 25%

. H
ow

ever, this inevitably reduces therm
al 

com
fort by providing less precise tem

perature control. In the sum
m

er sim
ulation 

period the average PPD
 value increased from

 10 to 14%
 on the introduction of the 

zero energy band. 
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l B

E
M

S 
is

 u
se

d,
 i

t 
is

 n
ot

 n
ec

es
sa

ry
 t

o 
kn

ow
 t

he
 a

lg
or

ith
m

s 
em

pl
oy

ed
 b

y 
th

e 
B

E
M

S,
 s

o 
th

at
 p

ro
du

ct
s 

fr
om

 
di

ff
er

en
t 

m
an

uf
ac

tu
re

rs
 

m
ay

 
be

 
co

m
pa

re
d 

w
ith

ou
t 

co
m

pr
om

is
in

g 
an

y 
pr

op
ri

et
ar

y 
in

fo
rm

at
io

n 
ab

ou
t 

th
e 

co
nt

ro
l 

st
ra

te
gi

es
. 

P
ri

or
 t

o 
th

e 
*

ar
k

 c
ar

ri
ed

 o
ut

 
un

de
r 

A
nn

ex
 1

7,
 fe

w
 e

m
ul

at
or

s 
ha

d 
be

en
 b

ui
lt.
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I 
- I 

E
m

ulator 
I 

I 
I 

I I I I I 

F
igure 4.1 A

 building em
ulator used for control system

 evaluation 

I I I 

I I I 
I 

I 

F
igure 61 illustrates the principle of a building em

ulator. T
he building sim

ulation 
m

odel is fundam
ental to the em

ulator. A
s w

ell as m
odelling the therm

al response of 
the building, the dynam

ic behaviour of the controls and actuators m
ust be m

odelled 
realistically. T

w
o 

sim
ulation program

s 
w

ere 
used 

in 
the 

A
nnex 

17 exercises, 
T

R
N

S
Y

S
 [l01 and H

V
A

C
S

IM
+

 [ll]. A
dditional softw

are is required to run the 
sim

ulation in real tim
e. T

he interface links the real B
E

M
S

 to the sim
ulation m

odel 
and converts the num

erical input and output of the sim
ulation m

odel to and from
 the 

form
 required by the B

E
M

S
, w

hich m
ay be analogue electrical signals or digital 

according to the B
E

M
S

 system
 chosen. 

(C
om

puter-based) 

S
im

ulation of B
uilding 

and H
V

A
C

 S
ystem

 

I I 

4.2 
A

nnex 17 em
ulators 

I I I I 

A
 

I I I 

S
ix em

ulators w
ere developed by A

nnex 17 participants [9]. T
he participants took 

part in exercises to com
pare and validate the perform

ance of the em
ulators, and to 

use the em
ulators to investigate B

E
M

S
 control strategies. In order to com

pare the 
operation of the em

ulators, a com
m

on building and H
V

A
C

 system
 w

as used. T
his 

w
as chosen to be the C

ollins building in G
lasgow

, the sam
e building as used in the 

air conditioning sim
ulation exercise described above. 

O
verall perform

ance of a system
 under investigation can be assessed, by taking into 

account energy 
cost, com

fort and 
m

aintenance cost. 
E

nergy cost includes the 
consum

ption of electricity, oil, etc converted into currency cost. A
n overall com

fort 
indicator is calculated as the average P

redicted P
ercentage D

issatisfied (P
P

D
), 

I 
v 

I I I I 

I I I 
H

ardw
are Interface 
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w

or
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U
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x 

w
or

ks
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n 
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M

H
z 
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Si
m
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at

io
n 

T
R

N
SY

S 
H

V
A

C
S

IW
 

T
R

N
SY

S 
T

R
N

SY
S 

H
V

A
C

SI
M

' 
H

V
A

C
SI

M
+

 

ca
lc

ul
at

ed
 

fr
om

 
F

an
ge

r's
 

co
m

fo
rt

 
eq

ua
ti

on
. 

W
he

re
 a

pp
ro

pr
ia

te
 a

n 
in

te
gr

al
 o

f 
ab

so
lu

te
 e

rr
or

 is
 u

se
d 

as
 a

n 
in

di
ca

to
r 

of
 c

on
tr

ol
 e

ff
ec

ti
ve

ne
ss

. T
he

 n
um

be
r 

of
 h

ou
rl

y 
st

ar
t/s

to
p/

re
ve

rs
al

s 
an

d 
tr

av
el

le
d 

di
st

an
ce

 o
f 

ac
tu

at
or

s 
ar

e 
ch

os
en

 a
s 

in
di

ca
to

rs
 o

f 
po

te
nt

ia
l m

ai
nt

en
an

ce
 c

os
ts

. 

T
he

 p
ar

tic
ip

an
ts

 
pe

rf
or

m
ed

 
th

re
e 

co
m

m
on

 
ex

er
ci

se
s.

 
T

he
 

fi
rs

t 
on

e 
(C

O
) 

w
as

 
in

te
nd

ed
 t

o 
fa

ci
li

ta
te

 t
he

 c
on

st
ru

ct
io

n 
an

d 
co

m
m

is
si

on
in

g 
of

 t
he

 e
m

ul
at

or
s.

 T
he

 
co

m
m

on
 e

xe
rc

is
e 

C
1 

re
qu

ir
ed

 
bo

th
 

lo
ca

l 
lo

op
 a

nd
 

su
pe

rv
is

or
y 

co
nt

ro
l 

to
 b

e 
ev

al
ua

te
d 

us
in

g 
a 

bu
ild

in
g 

an
d 

pl
an

t 
w

ho
se

 b
eh

av
io

ur
 i

s 
re

pr
es

en
ta

ti
ve

 o
f 

an
 a

ir
 

co
nd

iti
on

ed
 o

ff
ic

e 
bu

ild
in

g.
 T

he
 c

ho
ic

e 
of

 c
on

tr
ol

 s
tr

at
eg

y,
 it

s 
im

pl
em

en
ta

tio
n 

in
 th

e 
B

E
M

S 
an

d 
th

e 
tim

in
g 

of
 t

he
 c

on
tr

ol
 l

oo
ps

 w
as

 l
ef

t 
to

 i
nd

iv
id

ua
l 

pa
rt

ic
ip

an
ts

. 
P

ar
ti

ci
pa

nt
s i

n 
ex

er
ci

se
 C

1 
w

er
e 

en
co

ur
ag

ed
 to

 te
st

 a
t l

ea
st

 tw
o 

di
ff

er
en

t B
E

M
S 

an
d 

to
 v

ar
y 

th
e 

ev
al

ua
tio

n 
m

et
ho

do
lo

gy
. 

W
it

h 
th

e 
ex

pe
ri

en
ce

 o
f 

C
l,

 a
 n

ew
 c

om
m

on
 

ex
er

ci
se

 C
3 

w
as

 p
er

fo
rm

ed
 to

 v
al

id
at

e 
th

e 
B

E
M

S 
em

ul
at

io
n 

m
et

ho
d.

 

4.
3 

Sa
m

pl
e 

re
su

lt
s 

4.
3.

1 
E

ff
ec

t o
f 

te
m

pe
ra

tu
re

 z
er

o 
en

er
gy

 b
an

d 

T
he

 
ex

er
ci

se
s 

co
nd

uc
te

d 
in

 
A

nn
ex

 
17

 
ge

ne
ra

te
d 

a 
co

ns
id

er
ab

le
 

am
ou

nt
 

of
 

in
fo

rm
at

io
n,

 w
hi

ch
 i

s 
su

m
m

ar
is

ed
 i

n 
[6

]. 
E

ne
rg

y 
co

ns
um

pt
io

n 
in

 a
 h

ea
ti

ng
 a

nd
 

co
ol

in
g 

sy
st

em
 m

ay
 b

e 
re

du
ce

d 
by

 
sp

ec
if

yi
ng

 a
 t

em
pe

ra
tu

re
 i

nt
er

va
l 

in
 w

hi
ch

 
ne

ith
er

 h
ea

tin
g 

no
r 

co
ol

in
g 

is
 s

up
pl

ie
d.

 T
hi

s 
pr

ev
en

ts
 t

he
 s

im
ul

ta
ne

ou
s 

op
er

at
io

n 
of

 
bo

th
 

sy
st

em
s.

 
H

ow
ev

er
, 

th
er

m
al

 d
is

co
m

fo
rt

 m
ay

 
be

 
in

cr
ea

se
d 

by
 

le
ss

 p
re

ci
se

 
te

m
pe

ra
tu

re
 c

on
tr

ol
. 

F
ig

ur
e 

4.
2 

sh
ow

s 
th

e 
re

su
lt

s 
of

 v
ar

yi
ng

 t
he

 t
em

pe
ra

tu
re

 z
er

o 
en

er
gy

 b
an

d 
of

 t
he

 
V

A
V

 c
on

tr
ol

le
r 

of
 t

he
 C

ol
li

ns
 o

ff
ic

e 
bu

ild
in

g.
 T

he
 s

im
ul

at
io

ns
 w

er
e 

ru
n 

ov
er

 1
0 

ho
ur

s 
of

 J
un

e 
B

ri
tis

h 
w

ea
th

er
. 

It
 c

an
 b

e 
se

en
 th

at
 t

he
re

 i
s 

a 
si

gn
if

ic
an

t d
ec

re
as

e 
in

 
en

er
gy

 c
os

t a
s 

th
e 

ze
ro

 e
ne

rg
y 

ba
nd

 o
f 

th
e 

ro
om

 te
m

pe
ra

tu
re

 is
 in

cr
ea

se
d.

 

In
cr

ea
si

ng
 th

e 
ba

nd
 a

ls
o 

in
cr

ea
se

s 
th

e 
di

sc
om

fo
rt

 a
s 

m
ea

su
re

d 
by

 t
he

 a
ve

ra
ge

 P
PD

. 
H

ow
ev

er
 th

er
e 

is
 n

o 
co

m
fo

rt
 b

en
ef

it 
to

 b
e 

ob
ta

in
ed

 in
 r

ed
uc

in
g 

th
e 

ze
ro

 e
ne

rg
y 

ba
nd

 
be

lo
w

 2
T

. 
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H
 E

nergy cost 

6
 

4 
2 

1 
0 

Tem
perature zero energy band ("C

) 

F
igure 4.2 T

he effect of tem
perature zero energy band w

idth on energy cost and 
average com

fort [9] 

4.3.2 
A

verage error 

For 
exercise 

C
3, 

m
icroprocessor 

B
E

M
S 

w
ere 

supplied 
by 

tw
o 

different 
m

anufacturers based in the N
etherlands. T

hree different days w
ere used for the 

em
ulation test, a w

inter day in w
hich the boiler is required to operate throughout the 

occupancy period, a sum
m

er day during w
hich the chiller is required and a spring 

day that is cold enough for heating by boiler in the beginning of the day and also 
cool enough of the cooling load to be m

et entirely by the use of outside air. T
he 

'sam
e building m

odel w
as used as before. 

D
etailed tem

perature profiles and energy use w
ere calculated and com

pared. A
s an 

exam
ple of 

the results, F
igure 4.3 com

pares the errors of the calculated energy 
consum

ptions. T
he relative error is defined as the absolute difference betw

een the 
energy 

consum
ption 

calculated 
by 

one 
em

ulator 
and 

the 
average 

energy 
consum

ption for all four em
ulators in the test, expressed a percentage of the greatest 

average error over the three seasons. 

T
he average error of all the com

ponents of the four em
ulators w

ith B
E

M
S2 is 3%

. 
N

ote that there is no 
"true" 

figure w
ith 

w
hich to com

pare the estim
ates; the 

em
ulators are being com

pared w
ith each other. 

4.4 
C

onclusions of em
ulation study 

T
he w

ork in E
xercise C

l confirm
ed that the basic idea of evaluating the perform

ance 
of real B

E
M

S using em
ulation w

orks w
ell, but that test conditions need to be tightly 

specified. T
he com

parisons show
ed that the tests are not dependent on the design of 
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og
ra
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he
 a

gr
ee

m
en

t b
et

w
ee

n 
th

e 
re

su
lt

s 
of

 
di

ff
er

en
t 

pa
rt

ic
ip

an
ts

 w
as

 a
cc

ep
ta

bl
e.

 C
ar

ef
ul

 c
al

ib
ra

ti
on

 o
f 

se
ns

or
 a

nd
 a

ct
ua

to
r 

si
gn

al
s 

is
 r

eq
ui

re
d 

to
 a

ch
ie

ve
 a

cc
ur

at
e 

re
su

lt
s.

 I
n 

ad
di

ti
on

, w
he

n 
us

in
g 

sh
or

t p
er

io
d 

te
st

s 
th

e 
in

it
ia

l c
on

di
tio

ns
 h

av
e 

a 
no

ta
bl

e 
in

fl
ue

nc
e 

on
 th

e 
re

su
lt

s.
 In

 b
ri

ef
, e

m
ul

at
or

s 
ca

n 
be

 u
se

d 
to

: 

In
sp

ec
t 

or
 e

xa
m

in
e 

th
e 

so
ft

w
ar

e 
an

d 
ha

rd
w

ar
e 

of
 t

he
 c

on
tr

ol
 a

nd
 r

eg
ul

at
in

g 
sy

st
em

s 
A

ss
es

s 
th

e 
st

ru
ct

ur
e,

 c
on

tr
ol

 s
tr

at
eg

ie
s 

an
d 

al
go

ri
th

m
s 

of
 

th
e 

co
nt

ro
l 

an
d 

re
gu

la
tin

g 
sy

st
em

s 
F

in
e-

tu
ne

 th
e 

pr
e-

se
t v
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ue

s 
T

ra
in

 a
nd

 te
ac

h 
op

er
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g 

pe
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ne
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IT
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S
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m
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F
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4.
3 

C
om

pa
ri

so
n 

be
tw

ee
n 

th
e 

re
su

lts
 o

f f
ou

r 
pa

rt
ic

ip
an

ts
 w

he
n 

co
m

pa
ri

ng
 

th
e 

em
ul

at
io

n 
of

 c
on

tr
ol

le
r 

B
E

M
S2

 [
9]

 

5 
Se

ns
or

s 

S
en

so
rs

 a
re

 a
 v

it
al

 c
om

po
ne

nt
 o

f 
an

y 
B

E
M

S 
sy

st
em

. O
ne

 o
f 

th
e 

A
nn

ex
 1

6 
ta

sk
s 

w
as

 
to

 d
ra

w
 u

p 
a 

gu
id

e 
to

 t
he

 s
el

ec
tio

n 
of

 
se

ns
or

s;
 t

hi
s 

ta
sk

 w
as

 c
ar

ri
ed

 o
ut

 b
y 

a 
Ja

pa
ne

se
 w

or
ki

ng
 g

ro
up

 a
nd

 i
s 

re
po

rt
ed

 i
n 

[3
]. 

T
he

 r
ep

or
t 

st
re

ss
es

 t
ha

t 
se

ns
or

 
se

le
ct

io
n 

ca
n 

no
t 

be
 d

on
e 

in
 i

so
la

ti
on

; t
he

 c
ho

ic
e 

m
us

t 
ta

ke
 i

nt
o 

ac
co

un
t 

bo
th

 t
he

 
sy

st
em

 w
hi

ch
 i

s 
to

 b
e 

co
nt

ro
lle

d 
an

d 
th

e 
na

tu
re

 o
f 

th
e 

co
nt

ro
l 

sy
st

em
 a

nd
 i

ts
 

al
go

ri
th

m
s.

 
T

he
 s

en
so

r m
us

t o
f 

co
ur

se
 p

ro
du

ce
 a

n 
ou

tp
ut

 th
at

 is
 c

om
pa

tib
le

 w
ith

 th
e 

in
pu

t o
f 

th
e 

m
ea

su
re

m
en

t c
ir

cu
itr

y.
 T

he
 s

en
so

r 
m

us
t 

al
so

 h
av

e 
su

ita
bl

e 
re

sp
on

se
 c

ha
ra

ct
er

is
ti

cs
, 
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providing a suitable speed of response for both the m
easured variable and the 

control algorithm
. For 

instance a sensor m
ust have 

sufficiently fast speed of 
response to ensure that the necessary control action is taken in tim

e; how
ever a very 

sensitive sensor m
ay provide nuisance action on short-term

 transient inputs. 

C
are m

ust be taken over the relation of the sensor to the physical quantity being 
m

easured; air tem
perature m

ay vary considerably over an occupied room
, so that 

placem
ent of the sensor is critical to satisfactory operation. T

he report sum
m

arises 
the stages in sensor selection as follow

s: 

S
elect each sensor w

ith all aspects of its intended purpose in m
ind. 

A
ssess w

hether or not a com
plete space can be satisfactorily represented by 

m
easurem

ent m
ade at a single point. 

C
onsider carefully w

hether there are disturbing influences present w
hich m

ay 
affect the 

accurate operation of 
the 

sensor, such as tem
perature, hum

idity, 
radiation, vibration, contam

ination, electrom
agnetic fields, etc. 

S
pecial attention should be paid to the long-term

 reliability of integrating sensors, 
since errors are accum

ulated over tim
e. 

Pay special attention to the m
aintenance aspects, w

hich vary considerably am
ong 

types of sensor. 

W
ith the falling cost of electronics, there is a grow

ing tendency to incorporate signal 
processing w

ithin the sensor itself, to produce the 
so-called intelligent 

sensor. 
Intelligent sensors offer som

e or all of the follow
ing characteristics: 

signal 
processing 

w
ithin 

the 
sensor, 

including 
autom

atic 
calibration 

and 
com

pensation, 
detection and exclusion of abnorm

al values, 
built in control algorithm

s, 
m

em
ory, 

com
m

unication capability, offering direct linking to a com
m

unication bus, 
com

bination of several m
easured variables to produce an index. 

T
he report goes on to consider a very w

ide range of sensor types, from
 snow

fall 
detection to urinal flushing, from

 earthquake sensors to flue gas detection. S
everal 

case studies are given to dem
onstrate the process of sensor selection. T

he im
portance 

of considering the control softw
are w

hen choosing the m
ost appropriate sensor is 

stressed throughout the text. M
ost of the sensors considered are used throughout the 

participating countries. H
ow

ever, there are variations betw
een different national 

regulations, particularly w
ith respect to fire detection and prevention. 
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C

os
t B

en
ef

it
 A

na
ly

si
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6.
1 

O
bj

ec
ti

ve
s 

A
 c

om
pr

eh
en

si
ve

 B
E

M
S 

sy
st

em
 r

ep
re

se
nt

s 
a 

su
bs

ta
nt

ia
l 

in
ve

st
m

en
t, 

w
hi

ch
 i

s 
ex

pe
ct

ed
 t

o 
br

in
g 

a 
va

ri
et

y 
of

 b
en

ef
its

. 
In

 o
rd

er
 t

o 
m

ak
e 

a 
ra

ti
on

al
 d

es
ig

n 
ov

er
 th

e 
le

ve
l 

of
 i

nv
es

tm
en

t 
to

 c
ho

os
e,

 it
 i

s 
ne

ce
ss

ar
y 

to
 h

av
e 

so
m

e 
m

et
ho

d 
of

 c
om

pa
ri

so
n 

be
tw

ee
n 

al
te

rn
at

iv
e 

sy
st

em
s.

 C
os

t b
en

ef
it

 m
et

ho
ds

 o
f 

an
al

ys
is

 h
av

e 
be

en
 d

ev
el

op
ed

 
by

 e
co

no
m

is
ts

 w
hi

ch
 a

im
 to

 e
xp

re
ss

 a
ll

 c
os

ts
 a

nd
 b

en
ef

it
s 

as
so

ci
at

ed
 w

ith
 a

 p
la

n 
of

 
ac

tio
n 

in
 c

om
m

on
 u

ni
ts

, i
.e

. m
on

ey
, a

nd
 to

 m
ak
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 b
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 b
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 th
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m
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re
ce

iv
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 b
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e 
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n 
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at
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st
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B

E
M
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T
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nn

ex
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6 
ta

sk
 o

n 
C

os
t B

en
ef

it 
A

ss
es
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en

t 
M

et
ho

ds
 f

or
 B

E
M

S 
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] s
et
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ut

 t
o 

pr
od

uc
e 

a 
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he
re

nt
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na
ly

si
s 

pr
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ed
ur

e 
w
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ch

 c
ou
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e 
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y 
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e 
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ic

ip
at
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g 
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un
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 c
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E

M
S 
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d 
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e 

in
ve

st
m

en
t d
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is

io
ns

. A
ft

er
 

di
sc

us
si

on
s 

w
ith

 t
he

 p
ar

tic
ip

an
ts

, 
th

e 
re

po
rt

 c
on

cl
ud

ed
 n

o 
si

ng
le

 m
od

el
 w

ou
ld

 
be

co
m

e 
ac

ce
pt

ed
; t

he
 m

or
e 

co
m

m
on

 m
et

ho
ds

 o
f 

an
al

ys
is

 a
re

 g
iv

en
 in

 th
e 

re
po

rt
 a

nd
 

su
m

m
ar

is
ed

 b
el

ow
. M

or
e 

im
po

rt
an

t t
ha

n 
th

e 
m

et
ho

d 
ch

os
en

 is
 th

e 
ab

ili
ty

 to
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ro
vi

de
 

go
od

 q
ua

lit
y 

in
pu

t d
at

a,
 p

ar
tic

ul
ar

ly
 w

he
re

 it
 is

 n
ec

es
sa

ry
 to

 c
om

pa
re

 d
if

fe
re

nt
 ty

pe
s 

of
 c

os
ts

 a
nd

 s
av

in
gs

 e
.g

. i
nv

es
tm

en
t c

os
t v

s.
 p

ro
du

ct
iv

ity
 g

ai
n.
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m
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is
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d 
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ad
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ch
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e 
ex
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ed
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 c
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si

de
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y 

m
or

e 
de

ta
il.

 

E
st

im
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 re
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ef
er

en
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 n
or

m
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st
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ch
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e 

sa
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ng
s 

ar
e 
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 b
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m
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re
d.

 A
 c

on
tr

ol
 s

ys
te

m
 c

an
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t 
in
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f 

sa
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ne

rg
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n 

th
e 

w
ay

 t
ha

t 
im

pr
ov

ed
 th

er
m

al
 i

ns
ul
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io

n 
re

du
ce

s 
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e 
en

er
gy

 r
eq
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re

m
en

t 
of

 a
 b

ui
ld

in
g.

 A
 g

oo
d 

co
nt

ro
l s

ys
te

m
 re

du
ce

s 
w
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te
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at

he
r 

th
an

 r
ed
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 e
ne

rg
y 
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qu

ir
em

en
ts

. I
n 

a 
m

od
er

n 
of

fi
ce

 b
ui

ld
in

g,
 s

ta
ff

in
g 

co
st

s 
do

m
in

at
e 

ov
er

 e
ne

rg
y 

co
st

s.
 T

he
 b

en
ef

its
 o

f 
im

pr
ov

ed
 

st
af

f 
ut

ili
sa

tio
n 

m
ay

 t
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fo
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ut
w

ei
gh

 t
he

 s
av

in
gs

 i
n 

en
er

gy
 c

on
su

m
pt

io
n.

 T
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po
rt

 q
uo

te
s 
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at
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 w
hi
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te
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t 
th

e 
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fi
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f 
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 i
nt
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en
t 
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il

di
ng
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n 

te
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s 
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en

er
gy

 
sa
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ng

s,
 

in
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se

d 
pr

od
uc

tiv
ity

 
an

d 
re

du
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io
n 

in
 

bu
il

di
ng

 
m

an
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em
en

t 
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st
s 

ar
e 

ro
ug
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y 

eq
ua

l;
 p

ut
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no
th

er
 w

ay
, 

th
is

 m
ea

ns
 t

ha
t 

th
e 

ov
er

al
l 



B
uilding E

nergy M
anagem

ent System
s 

benefits 
of 

a 
good 

B
E

M
S 

m
ay 

be 
three 

tim
es 

the 
direct 

saving 
in 

energy 
consum

ption. 
A

nother 
rule 

of 
thum

b 
quoted 

is 
that 

an 
overall 

productivity 
im

provem
ent of 2.5%

 w
ould be enough to pay for the entire B

E
M

S system
. 

T
able 61 L

isting of costs and benefits 

F
irst cost 

Specification &
 design 

H
ardw

are 
Softw

are 
Installation, com

m
issioning 

O
n-going costs 

I 
I detection 

T
raining 

M
aintenance 

B
enefits 

1 
I Im

proved productivity 

C
om

m
unication costs 

S
taffing 

S
avings in energy costs 

S
avings in staffing costs 

B
etter m

aintenance and fault 

6.3 
A

ssessm
ent m

ethods 

T
he report considers several assessm

ent m
ethods, w

hich are all to be found in 
standard econom

ic texts, e.g. [15]. It is em
phasised again that good quality data is 

im
portant, and that the 

costs and 
benefits 

should be 
assessed from

 the 
sam

e 
standpoint. 

6.3.1 
N

et cash flow
 

C
ash flow

 analysis is the basis for all other cost benefit analyses. For a num
ber of 

periods, typically yearly, the costs and benefits of the investm
ent opportunity are 

w
ritten dow

n. T
he total period m

ay extend up to the expected life of the investm
ent. 

T
hus the cash flow

 table show
s both the total costs and benefits and w

hen they are 
expected to be achieved. 

6.3.2 
Payback m

ethod 

T
he payback period is com

m
only defined as the length of tim

e to recover the initial 
investm

ent from
 the benefits produced by that investm

ent; no account is taken of 
interest rates. U

sing the cash flow
 table described above, the net cash flow

 is 
accum

ulated. T
he year in w

hich the total benefits equal the total cost is the sim
ple 

payback period. i.e. it is the tim
e after w

hich the investm
ent cost is repaid. T

here are 
several variants on the payback period and it is im

portant to state w
hich one is used 

w
hen m

aking com
parisons. 

For instance, the payback period calculated by dividing the initial cost by the annual 
benefits does not take into account the initial period e.g. construction phase, during 
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6.
3.

3 
D

is
co

un
t t

ec
hn

iq
ue

s 

T
he

re
 a

re
 s

ev
er

al
 d

is
co

un
t 

te
ch

ni
qu

es
, 

al
l 

of
 

w
hi

ch
 u

se
 a

 d
is

co
un

t 
ra

te
 i

n 
th

e 
ca

lc
ul

at
io

ns
, 

re
fl

ec
tin

g 
th

e 
tim

e 
va

lu
e 

of
 m

on
ey

. 
T

he
 P

re
se

nt
 W

or
th

 m
et

ho
d 

is
 

ty
pi

ca
l;

 a
ls

o 
kn

ow
n 

as
 N

et
 P

re
se

nt
 V

al
ue

. A
ll 
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tu
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m
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 c
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fl
ow
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 b
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w
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B
uilding E

nergy M
anagem

ent System
s 

m
ost of the installation studies w

ere com
m

issioned in the m
id-1980s. T

he available 
technology of B

E
M

S has developed greatly since then. H
ow

ever, the basic 
principles of a distributed B

E
M

S system
 w

ere then w
ell established and m

any of the 
lessons are still relevant. 

T
able 7.1 R

ough estim
ates of payback periods by control function 

F
unction 

Scheduling 

O
ptim

al startlstop 

R
oom

 tem
perature reset 

Single room
 control 

Z
one control 

D
em

and lim
iting, fuel 

L
oad shedding, electrical 

D
uty cycling 

T
em

perature econom
iser 

E
nthalpy econom

iser 

Supply air reset 

W
ater tem

perature reset 

Z
ero energy band control 

H
ygrostat control 

B
oiler optim

isation 

C
hiller optirnisation 

L
ighting control 

A
utom

atic blind handling 

C
om

pressed air generation control 

H
eat redistribution w

ith heat pum
p 

W
arm

 w
ater storage and heat reclaim

 

Pavback h
ear 

C
onventional 

* <2 

<3 

>2 

>2 

<2 

>3 

<3 

<2 

<2 
* N

A
 

<3 

<3 

>3 

N
A

 

>4 

>5 

<
l 

N
A

 

>6 

B
E

M
S 

>3 

<2 

<3 

>3 

>
2 

<
2 

<
l 

<2 

<2 

<2 

<3 

>4 

<2 

<2 

>3 

<3 

>3 

>3 

<
l 

>5 

>5 

T
he exam

ples vary greatly in type and com
plexity. For exam

ple, the heating system
s 

in the U
K

 schools project w
ere relatively sim

ple. A
n outstation in each school 

provided optim
al start/stop control, coupled w

ith tim
e and type of day control. T

he 
outstations 

w
ere 

controlled 
and 

m
onitored 

from
 

a 
central 

station 
via 

the 
conventional 

public 
sw

itched 
telephone 

netw
ork. 

E
nergy 

consum
ption 

w
as 

m
onitored over a pre-installation season and tw

o seasons follow
ing installation. T

he 
schem

e w
as considered successful, w

ith a sim
ple payback period of 2.9 years and 

im
proved m

anagem
ent. In contrast the three Japanese offices described in 

[4] 
represent state of the art intelligent buildings of the m

id-1980s. T
he K

1 building in 
T

okyo included, am
ong other things, optim

ising control of an ice storage system
, 

m
onitoring of internal com

fort conditions including IA
Q

, autom
atic control of solar 

control blinds and lighting levels and peak lopping of electrical pow
er consum

ption. 
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T
he design of the extended system

, w
hich encom

passed a w
ide range of equipm

ent 
and building types, w

as not w
ithout difficulties. S

pecial attention had to be paid to 

Interactive 
D

ata analysis 
S

ystem
 

graphic 
system

 
printers 

system
 

R
B

M
 3000 

l.....
) 

C
O

N
T

R
O

L R
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O
M
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o
d

em
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D
D

C
 

D
istrict A
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inistration B

uilding 
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S
M
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S
M

T
 16 

Telecom
 

2
7
 

controller 
controller 

D
M

T
 16 A

D
 

S
M

T
 1

6
 

-
 

Large 
S

m
all 

M
edium

 size 
building 

building 
building 

(eg hospital) 
(eg m

unicipal 
(eg school) 

Johnson 
depot) 

C
ontrols 

F
igure 7.1 D

iagram
 of the B

E
M

S facility in Schw
andorf 

reliability of 
operation in the event of a com

m
unication break dow

n, since the 
technical staff qualified to deal w

ith control problem
s are located in the operations 

centre. F
irst results have been very encouraging, w

ith schools show
ing a reduction 

in energy consum
ption of the range 10 to 20%

. 

In addition, the im
proved load factors of plant operation m

ake for greater energy 
efficiency and reduced em

issions, together w
ith extended lifetim

e of the equipm
ent. 

T
his 

is 
helped 

by 
im

proved 
m

aintenance 
and 

m
ore 

rapid 
reporting 

of 
fault 

conditions. D
uring norm

al operation, the 22 buildings w
ill be operated by a single 

part tim
e energy m

anager, show
ing a considerable reduction in personnel costs. 
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considered the provision of good therm
al com

fort to be second only to reduction in 
energy costs, w

hile the users placed it w
ell dow

n the list. 

It w
as interesting to observe that the users had not alw

ays checked the extent to 
w

hich they had derived financial benefits from
 their investm

ent in B
E

M
S. S

ince 
m

ost of the system
s w

ere installed in new
 buildings, it w

as not generally possible to 
m

ake before and after com
parisons of energy savings. O

nly four com
plete before 

and after surveys w
ere available, w

hich produced the high figure of 27%
 savings. 

T
he report considers savings of 15 to 30%

 to be m
ore realistic for the general case. 

C
ost inform

ation w
as obtained. C

are should be taken w
hen interpreting cost data, 

since the figures are derived from
 a sm

all sam
ple taken over several different 

countries; no adjustm
ents have been m

ade for inflation. 

A
ggregating all the respondent buildings together, the m

ean density of inform
ation 

points w
as one point per 12 m

2 of floor area, w
ith a gross average installed B

E
M

S 
cost of 370 E

C
U

/point. A
 typical ratio of B

E
M

S cost to the total building and 
H

V
A

C
 cost w

as 1.5%
. O

n average, the annual running costs for operation and 
m

aintenance of the B
E

M
S system

s w
ere 3.1%

 of the original B
E

M
S investm

ent, 
w

hether the system
 is operated from

 w
ithin the building or is linked to an operating 

centre. T
he 33 system

s w
ere analysed in respect of their installed functions and the 

functions actually used in practice. Figure 8.1 show
s that alm

ost a quarter of the 
functions installed w

ere not used, either because the system
 had been fitted w

ith 
functions that w

ere not required, or because the functions w
ere too difficult to use. 

T
able 8.2 R

anking of B
E

M
S objectives by users and consultants 

Function 

Functionality of H
V

A
C

 system
 

E
nergy saving 

R
eduction in staffing costs 

R
eduction in m

aintenance costs 

R
eduction in dow

ntim
e 

T
herm

al com
fort 

G
ood air quality 

U
sers 

1 

2 3 4
 5 6 7 

C
onsultants 

3 1 

7 4 4 2 6 

H
ow

ever, it took betw
een three and four years for staff to learn all about the system

 
so that all functions could be properly utilised. N

ot surprisingly there w
as a strong 

correlation betw
een the B

E
M

S problem
s encountered and the degree of overall 

satisfaction M
ost of the users (70%

) reported a degree of satisfaction of 66%
 or 

m
ore, w

hile 30%
 w

ere m
ore or less content w

ith the system
. T

he m
ost disappointed 
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qualified or have received m
ore training. From

 this, it can be concluded that a 
system

 cannot be expected to run itself. T
he num

ber of problem
s is reduced w

hen 
extensive and detailed docum

entation is provided and w
hen staff are given thorough 

training. 

8.2 
C

onclusions of survey 

M
ore than 50%

 of the B
E

M
S installers or users noticed problem

s in one or m
ore of 

the phases of design, com
m

issioning or operation. 

A
s an average, 70%

 of the users declared them
selves satisfied w

ith their system
s. 

C
om

m
on problem

 areas w
ere the m

ore sophisticated control or operation strategies, 
the 

object 
specific 

softw
are 

adaptation, user 
program

m
ing, 

as 
w

ell 
as 

poor 
docum

entation and training offered by the m
anufacturers. 

O
nly in 

four 
cases 

w
ere 

energy 
savings reported 

to 
have 

resulted 
from

 
the 

installation of a B
E

M
S. 

T
he decision to install a B

E
M

S is m
ainly based on consideration of how

 to operate a 
large 

com
plex 

system
; energy 

savings 
and 

other 
m

otives 
are 

im
portant, 

but 
secondary. 

T
he highest degree of integration of non-E

nergy m
anagem

ent functions as w
ell as 

the highest density of instrum
entation w

as reported from
 Japan. 

T
o m

ake the best use of a B
E

M
S, a considerable investm

ent in tim
e and training 

courses of operating personnel is required. 
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A
ppendix l P

articipating Institutions 

Institution 
B

uilding 
S

ervices 
R

esearch 
and 

Inform
ation A

ssociation 
C

entre 
S

cientifique 
et 

T
echnique 

du 
B

iitim
ent 

Ingenieurbiiro D
r B

rendel 
U

niversity of S
tuttgart 

R
oyal Institute of T

echnology 
N

ational 
Institute 

of 
S

tandards 
and 

T
echnology 

O
scar Faber 

P
olitecnico di T

orino 
S

olar 
E

nergy 
L

aboratory, U
niversity 

of 
W

isconsin 
T

N
O

 B
uilding and C

onstruction R
esearch 

U
niversity of L

ikge 
U

niversity of N
agoya 

U
niversity of O

xford 
T

echnical R
esearch C

entre of Finland 

B
SR

IA
 

C
ST

B
 

ID
B

 
IK

E
 

K
T

H
 

N
IST

 

O
F

 
PT

 
S

E
L

 

T
N

O
 

U
L

g 
U

N
g 

u
o

x
 

V
T

T
 

L
ist of institutions and abbreviations 

L
ocation 

B
racknell, U

K
 

F
rance 

F
rankfurt, G

erm
any 

G
erm

any 
S

tockholm
, Sw

eden 
W

ashington, U
SA

 

S
t A

lbans, U
K

 
Italy 
U

SA
 

D
elft, T

he N
etherlands 

B
elgium

 
Japan 
U

K
 

E
spoo, Finland 
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 D
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 C
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at
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R
eijo K

ohonen, W
T

 
J H

yvkirinen, S K
5rki, K

 K
atajisto, P L

aitila, V
llT

 

Jean-C
hristophe V

isier, C
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 C
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A
ppendix 2 P

ublication Sum
m

ary 

A
nnex 16 and 17 Sum

m
ary R

eport 

M
A

nsson L
.-G

., Styra och reglera varm
e, kyla och ventilation M

etoder och exem
pel, 

S
w

edish C
ouncil for B

uilding R
esearch, Stockholm

, S
w

eden, ISB
N

: 91-540-57 19- 
1, 1995 (in Sw

edish). 

A
nnex 16. B

uilding E
nergy M

anagem
ent System

s: A
 U

ser G
uide 

F
ive reports w

ere published under A
nnex 16, and are sum

m
arised briefly below

. 
T

hey can be purchased from
: 

E
C

B
C

S B
ookshop, c10 

A
IV

C
, U

nit 3a, Sovereign C
ourt, U

niversity of W
arw

ick 
Science P

ark, Sir W
illiam

 L
yons R

d, C
oventry, C

V
4 7E

Z
, U

nited K
ingdom

, 
T

el: +
44 (0)1203 692050, F

ax: +
44 (0)1203 416306, E

m
ail: bookshop@

ecbcs.org 

S
pecifications and Standards [l] 

S
pecifications and Standards for B

E
M

S by A
.J.H

 T
eekeram

, and R
.W

. G
rey. 

P
art I: Specifications. Part I provides guidance w

hich w
ill be useful to users and 

consultants in w
riting a B

E
M

S specifications. Practices differ am
ong countries and 

the report sum
m

arises specifications docum
ents in use in the five participating 

countries: U
K

, Finland, Japan, G
erm

any and the N
etherlands. T

he report goes on to 
cover the im

portant early stages of a project before specifying starts. G
uidance in 

com
piling a B

E
M

S specification is given, w
ith exam

ple clauses. T
he report also 

gives the full contents lists of specification docum
ents in use in the participating 

countries. 

P
art 11. Standards for B

E
M

S. T
he second part of the report starts w

ith a review
 of 

the current (1991) status of standardisation of B
E

M
S in each of the participating 

countries. T
he state of developm

ent of the follow
ing standards is sum

m
arised: FN

D
, 

PR
O

FIB
U

S, B
A

C
net, B

A
T

IB
U

S ; fuller descriptions are given in A
ppendices. T

he 
next chapter lists S

tandards, G
uidelines and C

odes that m
ay be applicable to a 

B
E

M
S project. T

he report concludes w
ith a list of useful addresses and the IE

A
 

G
lossary of B

E
M

S term
s. 

C
ost B

enefit A
ssessm

ent M
ethods [2] 

C
ost B

enefit A
ssessm

ent M
ethods for B

E
M

S by J. H
yvarinen. 

T
he benefits of a B

E
M

S are realisable in different form
s e.g. saved energy, reduced 

m
anpow

er, m
ore favourable tariffs. T

he aim
 of cost benefit analysis is to express all 

costs and benefits in com
m

on financial term
s, to allow

 the best investm
ent decision 

to be m
ade. It is concluded that no com

m
on m

odel could be developed from
 

practices in the participating countries. Instead, the report discusses the principles of 
analysis and presents the m

ost com
m

only used m
odels. T

he report em
phasises that 
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 p
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 m
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t c
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m

et
ho

d,
 b

ut
 i

s 
m

os
t 

su
it

ab
le

 fo
r 

sc
he

m
es

 w
ith

 a
 r
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e 
pe

ri
od

 i
s 

ov
er

 3
 y

ea
rs

, m
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en

so
rs

 [
3]
 

A
 G

ui
de

 to
 S

en
so

rs
 fo

r B
E

M
S 

by
 N

. N
ak

ah
ar

a.
 

T
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 r
ep
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 c
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at
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 f
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 c
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t b
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nt
ro

l s
ys

te
m

 it
 s

er
ve

s.
 T

he
 m

ai
n 

bo
dy

 o
f 

th
e 

re
po

rt
 c

on
si

st
s 

of
 f

iv
e 

ch
ap

te
rs

 d
ea

li
ng

 w
ith

 d
if

fe
re

nt
 c

at
eg

or
ie

s 
if 

bu
ild

in
g 

se
rv

ic
es

. 
E

ac
h 

gi
ve

s 
gu

id
an

ce
 to

 t
he

 s
el

ec
tio

n 
of

 c
on

tr
ol

 s
ys

te
m

s 
an

d 
se

ns
or

s.
 E

m
ph

as
is

in
g 

th
e 

pr
oc

ed
ur

es
 t

o 
be

 f
ol

lo
w

ed
. 

A
 f

in
al

 c
ha

pt
er

 d
et

ai
ls

 n
in

e 
ca

se
 s

tu
di

es
 w

hi
ch

 
il

lu
st

ra
te

 se
ns

or
 s

el
ec

ti
on

 fo
r 

a 
va

ri
et

y 
of

 s
itu

at
io

ns
. 

A
 s

ep
ar

at
el

y 
is

su
ed

 A
pp

en
di

x 
gi

ve
s 

de
ta

il
s 

of
 t

he
 i

nt
er

na
ti

on
al

 s
ur

ve
y 

of
 s

en
so

r 
ap

pl
ic

at
io

ns
 

ca
rr

ie
d 

ou
t 

as
 

pa
rt

 
of

 
th

e 
st

ud
y,

 
to

ge
th

er
 

w
ith

 
re

fe
re

nc
es

 
an

d 
bi

bl
io

gr
ap

hi
es

 o
n 

se
ns

or
 a

pp
li

ca
ti

on
. 

C
as

e 
S

tu
di

es
 [4

] 

C
as

e 
S

tu
di

es
 o

f 
B

E
M

S 
In

st
al

la
ti

on
s b

y 
H

. N
ic

ol
aa

s.
 

T
he

 r
ep

or
t d

es
cr

ib
es

 1
0 

ca
se

 s
tu

di
es

 d
ra

w
n 

fr
om

 th
e 

U
K

, F
in

la
nd

, J
ap

an
, G

er
m

an
y 

an
d 

th
e 

N
et

he
rl

an
ds

. 
A

 
co

m
m

on
 r

ep
or

ti
ng

 f
or

m
at

 w
as

 
us

ed
 

an
d 

th
e 

sy
st

em
s 

de
sc

ri
be

d 
co

ve
r 

a 
w

id
e 

ra
ng

e 
of

 s
ch

em
es

, i
nc

lu
di

ng
 r

el
at

iv
el

y 
si

m
pl

e 
he

at
in

g 
on

ly
 

sc
ho

ol
 b

ui
ld

in
gs

, 
a 

w
id

el
y 

di
sp

er
se

d 
gr

ou
p 

of
 

lo
ca

l 
au

th
or

ity
 

bu
il

di
ng

s,
 

an
d 

ad
va

nc
ed

 s
in

gl
e 

of
fi

ce
 b

ui
ld

in
gs

. 
T

he
 s

ch
em

es
 w

er
e 

ge
ne

ra
lly

 s
uc

ce
ss

fu
l, 

th
ou

gh
 

th
e 

ne
ed

 f
or

 t
ra

in
in

g 
is

 e
m

ph
as

is
ed

. 
M

os
t 

of
 t

he
 s

ch
em

es
 d

es
cr

ib
ed

 d
at

e 
fr

om
 t

he
 

m
id

 1
98

0s
. 

U
se

r E
xp

er
ie

nc
e 
[5
] 

U
se

r E
xp

er
ie

nc
es

 in
 B

E
M

S 
A

pp
lic

at
io

ns
 b

y 
T

h.
 B

re
nd

el
 a

nd
 A

. S
ch

ne
id

er
. 

T
he

 r
ep

or
t d

es
cr

ib
es

 th
e 

m
et

ho
ds

 a
nd

 r
es

ul
ts

 o
f 

an
 in

te
rn

at
io

na
l a

ud
it 

pr
og

ra
m

m
e 

of
 

bu
ild

in
gs

 e
qu

ip
pe

d 
w

ith
 B

E
M

S.
 3

3 
si

te
 a

ud
its

 w
er

e 
pe

rf
or

m
ed

 i
n 

19
90

, r
ep

re
se

nt
in

g 
49

 b
ui

ld
in

gs
 

in
 

fo
ur

 
co

un
tr

ie
s.

 
In

 
ad

di
ti

on
, 

in
te

rv
ie

w
s 

w
er

e 
ca

rr
ie

d 
ou

t 
w

ith
 



B
uilding E

nergy M
anagem

ent System
s 

m
anufacturers and consultants. T

he findings are discussed in som
e detail, w

ith the 
follow

ing conclusions: 

T
he m

ain reasons quoted for installing B
E

M
S is the need to operate large com

plex 
system

s; energy saving and other m
otives w

ere im
portant, but secondary. Payback 

periods of over 10 years w
ere accepted. A

s an average, 70%
 of the users declared 

them
selves satisfied w

ith their system
s. M

ore than 50%
 of the installations had 

problem
s at som

e stage. C
om

m
on problem

s w
ere the m

ore sophisticated control and 
optim

isation strategies, softw
are provision, poor docum

entation and training. T
he 

need for experience and training of operating personnel is stressed. 

A
nnex 17 B

E
M

S E
valuation and E

m
ulation T

echniques 

F
our reports w

ere published under A
nnex 17, and are sum

m
arised briefly below

. 
T

hey can be purchased from
: 

E
C

B
C

S B
ookshop, c10 A

W
C

, U
nit 3a, Sovereign C

ourt, U
niversity of W

arw
ick 

Science P
ark, Sir W

illiam
 Lyons R

d, C
oventry, C

V
4 7E

Z
, U

nited K
ingdom

, 
T

el: +
44 (0)1203 692050, F

ax: +
44 (0)1203 416306, E

m
ail: bookshop@

ecbcs.org 

S
ynthesis report [6] 

Synthesis report. E
valuation and E

m
ulation of B

E
M

S by J. L
ebrun and S

. W
ang 

T
his docum

ent gives a sum
m

ary of the w
ork described below

 from
 references 

[7,8,9]. It gives a com
plete set of references to the interim

 reports issued under 
A

nnex 17. T
he report briefly describes the sim

ulation m
ethods and concludes that 

they are a pow
erful m

ethod of developm
ent of B

E
M

S control strategies. T
here is 

little discussion of the strategies them
selves. 

T
he report then sum

m
arises the six em

ulators constructed under A
nnex 17. A

n 
em

ulator is a com
puter sim

ulation of a building and its H
V

A
C

 system
, together w

ith 
an interface w

hich allow
s it to be connected to an actual B

E
M

S system
 and behave 

as if it w
ere a real building. T

he different em
ulators produced com

parable results 
and it is concluded that an em

ulator provides a very attractive testing approach for a 
real B

E
M

S under sim
ulated 'real' 

w
orking conditions. E

m
ulators can be used for 

evaluation of 
control strategies, controller pre-tuning 

and 
for 

the 
training 

of 
operators. 

R
esidential H

eating System
s [7] 

Sim
ulation E

xercises A
2 (R

esidential H
eating System

) by M
. M

adjidi. 

C
om

puter sim
ulation of a building, system

s and B
E

M
S is show

n to be a pow
erful 

analysis and developm
ent tool. O

ptim
al S

tart (O
S) is the m

ost im
portant function 

for B
E

M
S in the control of hydronic heating system

s. T
his report uses com

puter 
sim

ulation to investigate O
S algorithm

s in a residential and an office building 
equipped w

ith hydronic heating system
s. It is show

n that the size of boiler has no 
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 s
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ef
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en
er

gy
 c

on
su

m
pt

io
n 

of
 a

 
hy

dr
on

ic
 h

ea
tin

g 
sy

st
em

 c
on

tr
ol

le
d 

by
 a

n 
op

tim
al

 s
ta

rt
 c

on
tr

ol
le

r.
 

D
if

fe
re

nt
 p

ra
ct

ic
al

 O
S 

al
go

ri
th

m
s 

w
er

e 
ev

al
ua

te
d:

 th
e 

re
cu

rs
iv

e 
le

as
t s

qu
ar

es
 m

et
ho

d 
an

d 
tw

o 
ve

rs
io

ns
 o

f 
th

e 
gr

ad
ie

nt
 m

et
ho

d.
 A

ll 
sh

ow
ed

 in
ac

cu
ra

ci
es

, d
ue

 to
 th

e 
li

ne
ar

 
ap

pr
ox

im
at

io
n 

of
 t

he
 p

re
he

at
 t

im
e.

 T
he

 g
ra

di
en

t 
m

et
ho

d 
fa

il
s 

to
 c

om
pe

ns
at

e 
fu

ll
y 

fo
r 

th
e 

th
er

m
al

 i
ne

rt
ia

 o
f 

th
e 

bu
ild

in
g.

 A
 p

os
si

bl
e 

im
pr

ov
em

en
t 

is
 t

o 
ad

d 
a 

se
ns

or
 

w
hi

ch
 m

ea
su

re
s 

th
e 

st
ru

ct
ur

e 
te

m
pe

ra
tu

re
; t

hi
s 

sh
ou

ld
 im

pr
ov

e 
pr

ed
ic

tio
n 

in
 p

er
io

ds
 

of
 c

ha
ng

ea
bl

e 
w

ea
th

er
. 

A
ir

 c
on

di
ti

on
in

g 
sy

st
em

s 
[8

] 

F
in

al
 re

po
rt

: C
ol

li
ns

 b
ui

ld
in

g 
si

m
ul

at
io

n 
ex

er
ci

se
s 

(A
ir

 c
on

di
ti

on
in

g 
sy

st
em

s)
 b

y 
V

. 
C

or
ra

do
, A

. 
M

az
za

, 
S.

 K
ar

ja
la

in
en

, 
K

. 
K

at
aj

is
to

, P
. 

L
ai

ti
la

, W
. 

S
te

ph
en

 a
nd

 L
. 

G
. 

O
ls

so
n.

 

T
hi

s 
re

po
rt

 c
on

ta
in

s 
th

e 
th

er
m

al
 s

im
ul

at
io

n 
of

 a
 c

om
m

er
ci

al
 b

ui
ld

in
g 

fi
tt

ed
 w

ith
 a

 
V

A
V

 a
ir

 c
on

di
tio

ni
ng

 s
ys

te
m

. 
T

he
 f

ir
st

 p
ar

t 
of

 t
he

 r
ep

or
t 

co
m

pa
re

s 
th

e 
si

m
ul

at
io

n 
re

su
lt

s 
of

 t
he

 c
om

m
on

 e
xe

rc
is

e 
ca

rr
ie

d 
ou

t 
by

 t
he

 p
ar

ti
ci

pa
nt

s.
 T

hi
s 

de
m

on
st

ra
te

d 
th

at
 e

xi
st

in
g 

m
at

he
m

at
ic

al
 m

od
el

s 
ar

e 
qu

it
e 

ca
pa

bl
e 

of
 

si
m

ul
at

in
g 

bu
il

di
ng

 a
nd

 
co

nt
ro

l 
sy

st
em

s.
 I

n 
or

de
r 

to
 g

et
 g

oo
d 

ag
re

em
en

t 
be

tw
ee

n 
di

ff
er

en
t 

us
er

s,
 i

t 
is

 
ne

ce
ss

ar
y 

to
 

us
e 

th
e 

sa
m

e 
in

pu
t/o

ut
pu

t 
pr

oc
ed

ur
es

 
an

d 
th

e 
co

nt
ro

l 
sy

st
em

 
pa

ra
m

et
er

s 
m

us
t 

be
 c

ar
ef

ul
ly

 d
ef

in
ed

. 
A

 s
ta

nd
ar

d 
pr

oc
ed

ur
e 

is
 a

ls
o 

re
qu

ir
ed

 t
o 

co
m

bi
ne

 e
ne

rg
y 

an
d 

co
m

fo
rt

 c
on

si
de

ra
ti

on
s w

he
n 

ev
al

ua
ti

ng
 c

on
tr

ol
 s

tr
at

eg
ie

s.
 

T
he

 s
ec

on
d 

pa
rt

 o
f 

th
e 

re
po

rt
 p

re
se

nt
s 

pa
rt

ic
ul

ar
 s

tu
di

es
 o

n 
co

nt
ro

l 
st

ra
te

gi
es

. T
he

 
S

ta
ti

c 
P

re
ss

ur
e 

M
in

im
is

at
io

n 
st

ra
te

gy
 c

on
tr

ol
s 

fa
n 

sp
ee

d 
to

 p
ro

du
ce

 t
he

 m
in

im
um

 
pr

es
su

re
 n

ec
es

sa
ry

 t
o 

m
ee

t 
th

e 
re

qu
ir

em
en

ts
 o

f 
th

e 
V

A
V

 b
ox

es
. 

T
hi

s 
ca

n 
pr

od
uc

e 
si

gn
if

ic
an

t r
ed

uc
tio

ns
 i

n 
fa

n 
en

er
gy

 c
on

su
m

pt
io

n.
 A

no
th

er
 s

tu
dy

 i
nv

es
ti

ga
te

d 
th

e 
ef

fe
ct

 o
f 

13
 v

ar
ia

tio
ns

 o
n 

th
e 

co
nt

ro
l 

st
ra

te
gy

, p
ro

du
ci

ng
 e

ne
rg

y 
sa

vi
ng

s 
of

 u
p 

to
 

30
%

. T
he

 m
ai

n 
po

in
t 

is
 t

ha
t 

th
e 

m
et

ho
d 

of
 i

nv
es

ti
ga

ti
on

 h
as

 b
ee

n 
pr

ov
ed

. 
It

 i
s 

em
ph

as
is

ed
 th

at
 t

he
 a

ch
ie

ve
d 

sa
vi

ng
s 

ca
nn

ot
 b

e 
ge

ne
ra

lis
ed

 t
o 

ot
he

r 
bu

il
di

ng
s 

an
d 

ar
e 

on
ly

 v
al

id
 f

or
 th

e 
ca

se
 in

ve
st

ig
at

ed
. 

E
m

ul
at

io
n 

m
et

ho
ds

 [
g]

 

D
ev

el
op

m
en

t o
f 

E
m

ul
at

io
n 

M
et

ho
ds

 b
y 

S
 K

ar
ki

. 

A
n 

em
ul

at
or
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an
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if
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ia
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em

 w
hi
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rn
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A
n 

em
ul

at
or

 f
or
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E
M

S 
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f 
a 

si
m

ul
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ed
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ui
ld
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 H

V
A

C
 s

ys
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m
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nn

ec
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d 
vi
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 i
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er
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 t
o 
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re

al
 B

E
M

S.
 T

he
 s

im
ul

at
ed

 b
ui

ld
in

g 
re

sp
on

ds
 t

o 
th

e 
co

nt
ro

l 
ou

tp
ut

s 
of

 t
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 B
E

M
S 

an
d 

th
e 

co
m

pu
te

r 
m

od
el

 f
ee

ds
 b

ac
k 

th
e 
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op
ri
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e 

se
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 s
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na

ls
. 

E
m

ul
at

or
s 

ar
e 

su
ita

bl
e 

fo
r 

us
e 

in
 t

es
tin

g,
 p

ro
du

ct
 d

ev
el

op
m

en
t, 

tr
ai

ni
ng

, t
un

in
g 

co
nt

ro
l e

qu
ip

m
en

t a
nd

 im
ita

tin
g 

fa
ul

t c
on

di
ti

on
s.

 

T
he

 r
ep

or
t 

pr
es

en
ts

 a
 c

ol
la

bo
ra

ti
ve

 re
se

ar
ch

 e
ff

or
t 

un
de

r 
A

nn
ex

 1
7.

 S
ix

 e
m

ul
at

or
s 

w
er

e 
co

ns
tr

uc
te

d 
in

 d
if

fe
re

nt
 c

ou
nt

ri
es

, u
si

ng
 d

if
fe

re
nt

 h
ar

dw
ar

e 
an

d 
so

ft
w

ar
e.

 T
he

ir
 

pe
rf

or
m

an
ce

 w
as

 c
om

pa
re

d 
in

 a
 s

er
ie

s 
of

 t
es

ts
. I

n 
ge

ne
ra

l a
gr

ee
m

en
t w

as
 g

oo
d,

 b
ut

 



B
uilding E

nergy M
anagem

ent System
s 

there is a need to ensure system
atic initialisation of the system

s at the start of a test 
run and for w

ell defined calibration procedures. 

O
verall, the experience of 

perform
ing the 

exercise show
ed that 

the 
em

ulation 
m

ethod 
is 

a very 
convenient m

ethod for B
E

M
S 

perform
ance evaluation. T

he 
agreem

ent of the test results show
s the em

ulation m
ethod is also a reliable testing 

m
ethod for B

E
M

S. 
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