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1. General overview

1.1 Key points

What is covered

Subtask D is concerned with Energy Performance Uuatiain, which includes the use of simulation
models in order to provide assistance to the coeegluation of energy flows in buildings. Simudati
models are available for a while to calculate thergy and thermal comfort performance of buildings.
More and more sophisticated tools are used by ibgildractitioners and provide the estimation of the
energy demand (or consumption) of buildings as aglh prediction of the thermal comfort status in a
given building.

Why is it important

It is frequently observed that the predictions ghted by these tools, although obtained from
“detailed” calculations using models submitted #oious “validation” exercises, can be quite faniro
the results of observations realized in runningdings. A number of reasons may explain this; an
important factor being the fact that fixed values asually entered to represent the human factors
related variables. The models embedded in simulatols are not perfect; they always provide a
simplification of the reality ignoring certain pregses: parameters are fixed according to arbitary
approximate procedures. Within these parametepsgethelated to the description of the user behavior
were not, until recently, the object of a detailmshsideration. Simulations most of the time use
arbitrary and standard user profiles concerningralyer of behavioral aspects: selection of setpoints
control of shading devices, opening of windows,...

Key points learned

When using a simulation model, it is important &g in mind that the results of the calculation are
very much depending upon the hypotheses which seerted; the consumption which is output by

the calculation is the one which is the result led assumed behavior. Consequently, the use of
simulation models is still today a work which offex number of traps.

Different users of simulation programs can be iifieait

e the designer(architect, HVAC engineer, installer) who tries dptimize the solution he is
developing. Therefore, a number of design alteveatiare compared, for instance in a
renovation process

e the building managerwho is searching the correct behavior (sufficienmfort, limited
consumptions, minimal claims rate); the objectikiere is to identify and apply the best
management strategies and to understand why thdirguidoes not follow the optimal
trajectory

e the policy makerwho is interested by the macroscopic impact ofualmer of Energy
Conservation Opportunities or Measures (ECOs or EQNI order the options that show the
highest efficiency (cost/benefit analysis for imsie)

The presentation of the results is very much deipgnapon the addressed user.

Conclusions



In order to get the maximum benefit from the usesiofulation models in order to analyze energy
consumption in buildings, specific methodologiesvéhato be developed and applied. These
methodologies use specific concepts like sensijtigitalysis, uncertainty analysis and highlight the
importance of model calibration when analyzing atisteng building. The combination of these
approaches allows to take into account in a malkste way the influence of the user of the burilgli

1.2 Objectives and contents of Subtask D

In order to analyze energy flows in buildings andbe able predict them with enough reliability,
simulation models can provide an important addddevaSuch models are developed for a while to
compute different aspects of building energy pentamce: thermal losses through the envelope,
HVAC system operation and efficiency, thermal bagdgcontrol features.

In Annex 53, the objective of using simulation misde to improve the knowledge and understanding
of energy flows in buildings. Models increase tlssbility of disaggregating the flows and improve
the understanding and the identification of thesahlink with the influence factors that are supgubs
to have an impact on those flows.

In that perspective, the first step is, by runnsiguulation models on different building cases, to
identify the cause-effects relations between theuémce factors and the energy performance of
buildings. Typical building cases are defined irche@ountry, corresponding to national standard
buildings, the main parameters affecting energyarseidentified and quantified and a large number
of simulation runs are carried out in order toraste the sensitivity of some performance indicators
those factors.

In the second step, new indicators are proposedetter catch, in a standardized way allowing
comparison between two different cases, the byjlgerformance.

In the third step, models are applied to real cqtles case studies of the Annex) in order to
characterize the energy flows in those cases aphbtade a quantified method to assess the effigien
(in terms of energy savings) of different Energyn€ervation Measures, applied either on the building
envelope or on the HVAC system; including its cohtrThis requires an important step to be
performed, which consists in calibrating the sintiola models to the cases, by comparing with
measured performance and adapting some of thebsensiodel parameters. With a calibrated
simulation models, the energy savings can be piestlizith a better accuracy and reliability. This
prediction considers all factors showing an infleeon the performance, including human factors and
occupant’s behavior. In order to deliberately paint this influence, the results may be preseated
performance range around an average value (comdsmpto the “average user”).

When applied to the typical cases in each natiopatext, this methodology allows to perform an
extrapolation of the impact of some Energy Cond@maVieasures to a country or a region and from
there to provide a quantified and objective basithe energy policies in that country. In that eztp

the approach developed in this part of the prajeliés on the databases developed or considered in
Subtask C.



To achieve these goals, Subtask D was dividedawor® items:

1) Work Item D1: Analysis of the effects of six facdarn building energy use

2) Work Item D2: Evaluation of existing and new penfiance indicators of the total energy use
considering the influence factors

3) Work Item D3: Demonstration of knowledge and methattveloped in this ANNEX to

predict the effect of energy saving technologiesl accupant behaviors & lifestyle on
building energy use



2. Building Life-Cycle and identification of applications of ssmulation

The practical use of simulation in different stefighe building life-cycle has been identified far
while. For instance, IEA Annex 30 focused on thgective of “Bringing Simulation to Application”
and the concept of building life-cycle was recogdizas central in this issue. This cycle is usually,
whatever the building culture, divided into a numbgesteps (Figure 2-1):

* Building design with usually 3 successive phases:
» Conceptual design
» Preliminary design
» Detailed design
» Call for tenders and Building construction
e Commissioning
* Building Operation, including Fault Detection, Diaggtics, and Re-commissioning
* Renovation
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Figure 2-1: Building Life-Cycle

Simulation may be used at each of these stepsgslfferent levels of data and producing different
results. This helps to classify the possible ussiwifulation according to the Table 2-1, where the
simulation applications are classified accordinghtfollowing criteria:

* Number of building objects considered by the eviédma
» Knowledge of the users profile

» Time scale: short or long

Table 2-1: Classification of simulation applicat®according to 3 criteria.

# of buildings User profile Time scale: Short Time scale: Long
# of users (s, h) (season, year)
Single object Known user Commissioning andludit
Re-commissioning




Unknown users| Design Policy making
Multiple objects | Known user Standardization
Unknown users| Demand Economical

Here follows a more detailed definition of the eria to distinguish between the possible uses:

* Number of buildings: usually analysis is carriedt aan one building for which the
optimization of the design or the operation is ledkor; however, some applications like
standardization or macroscopic assessment of En€ggservation Opportunities (or
Measures) may require the extrapolation of simohatesults to a large building stock

» Level of knowledge of the user of the building: thehavior of the user may be totally or
partially unknown (i.e., because the project congsex new building where the user is not yet
identified) or may be approached when the occugiadding is submitted to an audit
procedure.

» Time frame of the analysis: the analysis of thégrarance of the building may be targeted on
a relatively short time frame (i.e., to identifyetinstantaneous impact of the building on the
energy system) or on a longer time scale (to eatedp through a detailed audit procedure the
seasonal performance for instance).

Combination of the different criteria leads to H@ulation applications as shown by table 1.

In IEA Annex 53, it was not possible to cover &l tapplications listed in this table. The case<kwhi
were analyzed allowed illustrating the followingpéipations: design, audit, maintenance.



3. Progressin modeling (link with the task force)

Annex 53 work was more a question of defining amg@rbving possible applications of simulation
than producing and developing new models. Indeerjets to assist engineers at different stages of
the building life-cycle are available from numermadtwares or research projects. The only segment
of building and systems modeling which was speaifjcaddressed by Annex 53 was the modeling of
the user behavior. An extensive state-of-the-arthef currently available modeling approaches to
represent user behavior was performed by the “Faske” established within the project and is fully
reported in Appendix Volume Il. As a summary, maagglof user behavior in buildings may be
tackled by the following approaches:

* Theory of the planned behavior

« MODE model of attitude-behavior process
* Modified norm-activation model

» Knowledge-desire-ability-action model

A more detailed description of the characteristitshese modeling issues is given in the Task force
final report.

An analysis was carried out to identify the levetletail required for the occupant behavior modglin
and the result is shown by Table, in which 3 typésnodels are considered: scheduled profiles,
stochastic models, agent-)based models.

Table 3-1: Level of detail required for occupanhbeior modeling

Annex 53 - overview occupant behavior models

Building occupant behavior models (from low to high resolution/complexity):
A. Schedules/diversity profiles

B. Stochastic models

C. Agent based models

Single building
Design [ isionil Operation
Conceptual Preliminary Final Initial On-going Control
Aim: design concept comparison design optimization system sizing initial commissioning fault detection model predictive control
building code compliance
Typical time scale: season, year season, year season, year ? continuous 1 0r2 days ahead
Typical timestep: 1 hour 1 hour 1 hour 1 min, 1 hour 1 min, 1 hour 1 min, 1 hour
Preferred behavior model: A A, BorC* A(BorC*) A, BorC* A, BorC* A, BorC*

* The required model depends on the sensitivity of the investigated building performance indicator to occupant behavior. This sensitivity depends on the performance indicator itself (e.g. compare comfort indicators to energy
load indicators) and on various building related aspects, among others, building function and user type (e.g. compare schools to offices), building/system concept (e.g. slow responding to fast responding systems) and the
degree of which the occupants are able to interact with the building (e.g. operable windows or no operable windows). See: P. Hoes, J.L.M. Hensen, M.G.L.C. Loomans, B. de Vries, D. Bourgeois (2009) - User behavior in whole
building simulation - Vol. 41, Issue 3, Pages 295-302

Group of buildings

Design C isioni Operation
Conceptual Preliminary Final Initial On-going Control
Aim: policy making solar/shading analysis design of electricity grid ? fault detection of district energy storage
solar/shading analysis design of district storage district storage
Typical time scale: season, year, 30-years week, season, year week, season, year continuous 1 day ahead, 1 season ahead
Typical timestep: 1 hour 1 min, 1 hour 1 min, 1 hour 1 hour 1 hour
Preferred behavior model: A A A A A




4, Building typology

To develop simulation applications, it is first Besary to define the simulated objects. Therefore,
building typologies were developed in different otiies participating to the Annex standard,
addressing both residential and office buildings.Japan, Hasegawa et al developed a building
typology which is used to generate inputs for auation program and to analyze the impact of 13
factors related to the performance of the buildiagvelope (sunshine conditions, envelope
performance, overhang performance) and occuparavimh(set point for room heating and cooling,
domestic hot water use).Each factor is graduat&ll@vels (good, standard, bad) and the sensésviti
are calculated. It is shown that 65% savings caradigéeved by a combination of energy savings
behavior.
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Figure 4—1: Typical residential buildihg Qeometryad in Japan (Udagéwa, 1985)

A more systematic study of the residential buildipgologies was also conducted in Japan (Nonaka,
2011) to feed simulation programs. The typologyradses the six families of influence factors as
considered by Annex 53. The analysis considerasn@mg¢ions (new buildings + old ones) of buildings
are defined for detached houses and 4 (+2) shapedr(d floors) are considered. Different floor an
are also selected: Strip type, 2-Strip type, Cérltving type, Hall type, Middle corridor type,
Farmhouse type. 5 conditions are defined for therimal environment: luxury, comfort, quality,
mezzo, thrifty.

.

]
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S

Figure 4-2: Residential building typologies usedapan

This approach is also followed in Belgium (Ruizatt 2011) for the tertiary sector. The analysis
considers both the building and the HVAC systemotof parameters are varied, starting with the
building shape.
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Figure 4-3: Office buildings typology used in Beigi

Another approach is to base calculations on simplibuilding designs (like “shoe-box” designs.

Work carried out in the Netherlands (Hoes, 2011pptimize building designs using a robustness
indicator based on user behavior.

. Rc-value fagade and roof: 5 [m 2K/W]
Transparent constructions

of north and south fagade: 50 [%]

- U-value window: 1,1 [W/m 2K]
- G-value window: 0.6 [-]

- External shading device (blinds)

Figure 4-4: Shoe-box design used in the Netherlands
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5. Sensitivity analysis

A simple shoe-box building configuration was usadBielgium (Pignon et al, 2011) to generate a
sensitivity analysis. A total of 26 parameters welefined and varied according a Design Of
Experiments generated by a Monte-Carlo approach.s€nsitivity of building performance indicators

(energy performance, comfort criteria) is calcudatsing the TRNSYS simulation program.

The parameters are ranged in the different categas follows:

Not Climate
Human Building Envelope
Behavior

Building Equipment

- Occupation factors

Indoor environmental guality

Human
Behavior

Building Operation

The detailed list of considered parameters is ghadow (paragraph 7.1.3.):

An example of results obtained by the applicatibthe statistical Morris Method is shown by Figure
5-1.

0,6 0.4 -0,2 o] 0,2 0,4 0,6

— T_ext diff
T_lbeund diff |
Wirteehiss

u_m i
Infiltration rate | —i
Capacitance H—|
Volume | =
windows Hfﬁa-{:
—1 Compactness
wall thickness—=H
Sauth Windchws=|
—Ins_pipe al
T_boiler j
{1 Eff_boiler |
Pump-regulation |
Heat ekehanger—|
—= Boiler location |
Radiative part : =
CHW  ———

Operation pmve"—i%
Standby povieil
[

T_op | —

Ventilation | —
T_day dectease A
T_night deckeask |
Unheated mm:hl—:—i

Figure 5-1: Example of results obtained with therMostatistical method and showing sensitivity of
different parameters

Figure 5-2 shows an example of a simulation stutighe influence of envelope insulation and
occupants’ energy saving actions on residentialggnese: A two-storey 153 m2 detached house with
four occupants in Sendai, Japan, was selectedeasirtiulation subject. The simulation results show
that lifestyle greatly influence energy use. Chanielifestyle are then seen to have a large energy
saving potential, while the energy saving effectfelope insulation is not so distinct.

11



80 14
= 3 B Heating & cooling
B 27 =
=T S S 12 5 [ Hot water supply
25 m J B Lighting
Sl e &
FE R I N £ 10 5 = Kitchen
B2 o L
,_.Er. = 5 g Audio visual &
S 2207 et [ e T 088 information
== | — ; = Housework
z L 0.66 L _
= 0 T 0.6 —— Case'curent
Double Energy- Cutrent Energy- Half
insulation| saving wasting | |insulation

By changing lifestyles

By changing insulation

Figure 5-2: Analysis of the effect of lifestyle nga on residential energy use in ST_D (Murakami et
al., 2006)

An in-depth look at energy performance of officéldings was conducted by (Hong and Lin, 2011).
Their analysis had the following goals:

» Identify and quantify impact of key building desigmd operation parameters on energy
performance of office buildings

 Compare simulated and measured energy performanioaildings to better understand the
discrepancies between them

» How building operation practice and occupant betravifluence energy use of buildings

Their approach is based upon:

e Parametric Analysis

Start with the large office from the USDOE commalceference buildings
Vary potential key design and operation parameters

Look at source energy of the whole building

Select five cities in typical climates

Use EnergyPlus Version 6 and TMY 3 weather data

YV VVY

» Compare Simulation Results with “Measured Datafrfritie following sources:
» CBECS, Commercial building energy consumption syirve
» CEUS, California commercial energy use survey
» HPB, USDOE high performance buildings

An example of sensitivity analysis result is shdwrfigure 8.

12
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Window

Wall Insulation
SupplyAirTempReset
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Plugload Schedule
MultiYear

Min. Air Flow fraction
Lighting Schedule
Internal load
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Infiltration rate
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Heating Setback
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Daylighting Control
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Boiler Efficiency

Large Office in Chicago (Source Energy EUI of Basecase: 1.6 GJ/m?)
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I I I I I
1980-2009: 1966, TMY3, 1990
VAV Box position: 15%, 30%, 50%
Wleekdayll—TEH:l 8.8, 1:ll.3, 19:4

Lighting/plug loads (W/m?): 5.4, 10.8, 16.1

Occupied hours: 0, 0.25, 0.5
| | |
ACH: 0.41, 0.65, 2.44

Temperature (°C): 23,21,18
Unoccupied hours (°C): 10, 10, 15

Continuous Dimming, None, None

Yes, Yes, No

Temperature (°C): 26, 24,22 |
Unoccupied hours: 26°C, 30°C, None

COP: 7,55,4
91%, 78%, 65%
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Figure 5-3: Example of sensitivity analysis appliedin office building in the US

Conclusions of this analysis yield:

* Simulated source energy use varies in a wide rénoge -55% to + 150% depending on key
building design and operation parameters

* Most influential parameters are internal loadse@and schedules)

» Other influential parameters depend on climatesgbuoerally include:

YVVVYYVY

VAV box minimum position setting
Window (construction and area)
Economizer (hot climates)

Cooling setpoint temperature (hot climates)
Chiller efficiency (hot climates)
Cooling setback (hot climates)
Infiltration rate and schedule (cold climates)

» Simulated source energy use varies from -5% to wh#n using weather data from historical

years

» Building operation and occupants behavior relasetiors have significant impacts
* The range of simulation results between the Bedtvdlorst cases overlap with most measured
energy use of actual buildings

13



6. Performance indicators

Energy performance indicators usually used in theldimg sector include: consumption/mz
consumption/occupant,...Subtask A revised the indisaturrently available. The main goal of
indicators is to allow normalization of energy menhance for instance according to the climate. The
concept of degree-days is useful to do this.

In Annex 53, the role of the building occupant bagn recognized as a major one. Consequently, a
relevant performance indicator should offer a gabsi of normalization according to the user
behavior. An example of performance presentatiahwould consider this occupant performance is a
one where the performance would be given for a runday 3) types of users: an energy-conscious
user, an average user, an energy waster user. tfpehof users is characterized by a coherent
behavior regarding actions like setpoints sele¢tiwimdow opening, heating and cooling system
programming,...On the other hand, a normalized enpezformance would consider a “typical” or
“standard” user behavior.

14



7. Simulation Applications

A number of simulation applications were developedorder to support different phases of the
building life-cycle: design of buildings (residestand office), performance verification of resitdah
and office buildings, simulation-aided maintenance.

7.1 Design of residential buildings

7.1.1 Summary

A simulation methodology targeting the design osidential buildings was developed. This

methodology is based upon the a priori realizabdma large number of simulations of typical cases
(generic buildings) followed by the identificatiasf a simplified regression model expressing the
performance in function of the dominating paranseté&m uncertainty can be a priori attributed to

each parameter and the final performance is coesglgugiven as a range around a central value,
depending on the parameters uncertainty.

The objective of this method is to be able to pedrange of heating consumption in function of the
uncertainty or the variability of several paramgter place of a unique heating consumption for a
fixed building, climate and human behavior. Thiskdf results presentation appears as more realisti
and consequently more robust.

The linear regression model is created by a Maitalgram. Thidinear model is based on results of
TRNSYS simulations, generated from a Monte-Carldhmo. I nteraction and curvature effects
(2nd order)are taken into account in this model.

Colour | Category # parameters # Choices
Climate 3 3
Not Human Behavior Building Envelope 7 15
Building Equipment 7 3
-I Occupation factors 6 3
Human Behavior Indoor environmental quality 3 3
Building Operation 3 3

For each category, there are sevenad-encoded choices that are proposed (table 2 identifies the
number of possible choices per parameter). Thipsh& give a value to each parameter of the
category. Of course these parameters can be mamhalhged one by one.

As previously mentioned, this method can help agies toestimate the heating consumption of a
unique building withdifferent climates and human behaviors.

But this approach can also be used in the confeat audit where all the parameters are fixed. édde

it is impossible to know perfectly every paramedad it is useful to estimate the consequence of an
uncertainty on the input on the output. This way, the auditor can detect which are theupeters
that really need to be tuned or measured moregaigofor not).

15



When the parameters are precise enough, the authitorestimate thevolution of the heating
consumption with any parameter and this way chedsst to do to decrease it. Changes can be made
on human behavior parameters or on the buildingwan the heating system, one by one or all
together.

This method is also able smto-tune the parameters if the annual heating consumption is known. It
finds the solution that matchdfie annual consumption and which minimises the standard
deviation between estimated value of the parameters andrtbe of the solution, for a number of
parameters left “free”. Figure 7-1 shows the vidvih@ main interface developed for his calculation
method.

Evolution (absolute) | [ mean 3166 | st 2762 |
mean -> min| mean ->max| = s

[part,rel ~ tal syst. value Typology
Graph ___|uniform | [ min | max min_| max

[T_extaiff c B

[T bound diff__|"c 2| 3| [Bruxelles | sruxelles

Wind class - 1 4

1991-05- | 1991-05-
3fagades | 3fagades

[T_day decrease_|-C o4
g o
T, C & %,g?

649 649 >

3000 2000 -1000 o 1000 2000 3000 000

Unheated o 3

[ scenario1 |
save | Scenario2 | Display
|"scenario3 |

——scenario1

——sScenario2

‘ \

Figure 7-1: General view of the simulation-basedleation tool developed to analyze residential
building design:
Top left: list of parameters and input of values
Top right: statistical distribution of energy consution for one parameters set
Bottom left: sensitivity of the performance to egarameter variation
Bottom right: comparison of 3 scenarios, corresframtb 3 parameters sets

7.1.2 Introduction

The aim of this paragraph is to briefly explain thecessary steps to represent the results of
simulations (results as heating consumption or langt else) in function of different parameters
(parameters as Volume, heat transfer coefficigat).e

16



To obtain reliable results it is important to respe least two points:

A great number of simulations with a good represtgort of the domain of the possible
parameters

A model which takes into account no only the lineffiects, but also the interaction and
curvature effects

Here is a summary of the methodology:

7.1.3

Creation a simulation file (with TRNSYS) and choafehe analyzed parameters and results
Matlab routine to allow changing automatically tha&lues of the parameters, running the
simulations and reading the results.

Morris method is used to detect if some paramdtave no effects at all on some results

A great number of simulations are run with diffdremandom values for the analyzed
parameters at each simulation (Monte-Carlo methitijhe results are recorded

For each result, a matrix of parameters is crealedse parameters are of course the ones
used in the simulations, but interaction and cwmeat(multiplication and division of the
parameters between themselves) have to be addedparameters with no effects (detected
with Morris method) have to be removed.

A linear model is created to estimate the resulfsinction of these parameters (ordinary least
squares solution). No all parameters are used, thielymost influent ones. The evolution of
the RMSE (root mean square error) of the modelhedp to choose the number of parameters
to keep.

This way, it is possible to estimate the resulekiftg into account the curvature and
interaction effects) in function of the parameteithout running a simulation.

The interval of confidence on the results can beutated and depends of the number of
simulations, the precision of the model and thdityjuand quantity of the parameters used in
this model.

List of the parametersand their limits

Climate:

» Ambient temperature difference vs a reference year
» Temperature difference with adjacent house
» Wind class

Envelope:

Average U-value of the house

Infiltration rate

Capacitance

Volume of the house

Windows area

Compactness

Wall thickness

South window relative area

Building equipment

» Pipes insulation

> Boiler temperature

» Presence of heat exchanger

VVVVYVYY
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» Boiler location

» Radiative part of heat emission device
» Occupation factors
Domestic hot water daily consumption
Number of unoccupied days during the week
Electric power in operation mode
Standby power
Unoccupied volume in the house
* Indoor climate

» Set Operative temperature

» Ventilation rate at 0°C and 20°C
* Building operation

» Daytime temperature decrease

» Night setback

» Number of unheated months

YV YV VY

7.1.4  Parametrictypology

A virtual dwelling was created with dimensions gdperties defined thanks to several parameters.
This way every kind of house can be representesl tlite most complete typology possible.

The external dimensions are determined by:
e Volume [m?3]
» Compactness [m3/m?]
» Area Ratio of windows / occupied surface [-]
» Area Ratio of south windows / surface of north andth windows [-]

The thickness of insulation for the walls, roofdt and the type of windows are determined from:
* Global heat transfer coefficient [W/K.m?]
» Thickness of the brick layer [m]

A virtual building respecting the values of all $eeparameters is created in a TRNBUILD file (.b17)
with the help of MATLAB. The file contains the geeirical and physical characteristics of this
building.

7.15 Choice of theresults

Not only the total heating consumption can be eg&d as result, but it is more interesting to ghkt
results that form this total heating consumptioardHis the list of the selected results:

*  Qneat: Net heating demand

* Qnf: Infiltrations losses

*  Quent: Ventilation losses

*  Quans: Transmission losses

*  Qqine: Internal gains

* Qso: Solargains

*  Quipes: Heating pipes losses

18



*  Qunw: Domestic hot water demand
e Quoiler: Boiler losses
*  Quwm: Total brut consumption

These powers (kJ/h) are integrated during the sitimn time (one year) to give yearly energy values
(kJ). Some first principle relations can be ideetfbetween these results:

*  Wheat + Wgint + Wgsol = Winf + Wvent + Wtrans

* Witotal = Wheat + Wpipes + Wdhw + Wboiler = (Whedipipes + Wdhw)/boilerefficiency

7.1.6  Application of Morris method

The Morris methods allow estimating the mean eftdcéach parameter, but gives also information
about the standard deviation of this effect. Thaywit's possible to identify important parameters
(with a high mean effect), but also if the effeatshis parameter are linear or not.

The high-orders effects can be influenced by tHaevaf the parameter itself (curvature effects), bu
also by the value of the other parameters (intemaffects). It's important to precise that thethosl

is useful to detect high-orders effects, but theftects (the curvatures and the interactions betiiee
parameters) are not detailed.

Here, the method is mainly used to detect if sommmpeters have no effects at all on the result. A
parameter does not have effect if whatever isataevor the values of the others parameters, agehan
of its own value does not induce a change on theltteThese parameters will be removed from the
model created with the Monte-Carlo method as tleyuaeless to estimate the result.

7.1.7 Monte-Carlo Method

As for the method of Morris, the mathematical aspeaot detailed here, but only the major steps.
Firstly, a great number (here, 2500 for 30 paramspiaf simulation are run with a different valueg fo
each parameter at each simulation. These randames/are chosen uniformly between a minimal and
maximal value.

Each value has to be verified before launchingstheilations to avoid bugs. The parameters and the
results of all the simulations are recorded in matr MATLAB.

The aim is to obtain a model that can be writtefolews:

Y=Xxb+c+¢

With

b = Linear coef ficients vector
¢ = Constant terms vector

£ = Error terms vector

¥ = Results vector

X = Parameters matrix
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It is important to understand that the matfixcontains not only the parameters, but also the
interactions and curvature of these parameters.

In general, a change of variable is used to incthdeconstant term in the linear term so that itheak
system can be rewritten as follow:

(]

The ordinary least square solution of this system

¥

II
><}||
t:.-m

= = f_l = _
b:(X’xX) X X' X T

7.1.8 Creation of the mode

All the parameters (columns of ) are not useful to estimate the vedforFirst of all, the parameters
with no effect at all (detected with Morris methadn be directly removed. Secondly, only the most
important parameters have to be kept in the mdded. method is to create a routine in MATLAB that
will detect the parameters that allow decreasindaat as possible the RMSE. To choose the first

parameter, the RMSE @f(wnh X normalized) is calculated with for all the paraemst(with only one
parameter at time). The one that gives the miniRMISE is kept. The same routine is run again to
choose the second parameter and then the thirdTle¢croutine is stopped when the RMSE is small
enough or when it starts to increase in place ofadesing.

The same technique is used to calculate all thdtsegonsidering that:
*  Wheat = Winf + Wvent + Wtrans - Wgint — Wgso

The best parameters used to calculate the resulteeoright part of the equation can be selected to
calculate Wheat. This pre-selection helps to firatereffectively the best parameters for this result

Once again, the presences of the curvature andatien parameters are essential as a simple linear
model is not precise enough to create a model. Withear model, by example, the increasing of the
heating consumption of a house with the volume dd the same whatever is the mean heat transfer
coefficient what is totally false of course.

7.1.9 Excel sheet

Once all the models have been created, it can &lus introduce them in an excel sheet to realize
quick estimation of the results in function of herameters with a certain level of confidence witho
running a new simulation with TRNSYS.
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For each parameter a minimal and maximal value® havbe written. And with the model, it is
possible to estimate 1000 results with random w(between the min and the max) and to create a
histogram with the repartition of the results (tbglly the heating consumption). This way it is
possible to estimate directly the mean and thedstahdeviation of the heating consumption with
some uncertain parameters. If the value of therpet@r is exactly known, the minimal and maximal
are simply equals.

A bar plot can be also created to represent thecefif the uncertainty of each parameter on the
consumption. This bar plot can help the auditokinow which are the parameters that need to be
tuned for precisely or for the owner of the hous&row how much it is possible to spare energy by
changing the value of each parameter (as the indogperature, by example).

The advantage of this method is that possibleke tiato account the uncertainty on parameters and t
analyze what is the effect of this uncertainty lo@ tesults.

Another possibility is the auto calibration poskiipi Annual heating consumption can be introduced
in the calculation and it finds automatically thet sf parameters that allows obtaining this heating
consumption. Of course, the value of each paranteterto remain between the authorized minimal
and maximal values. As there are an infinite nunddgrossible solutions, the selected one is the one
which gives the target heating consumption withgbeof parameters as close as possible to the mean
value of the parameters (mean between the mininthtlee maximal value of the parameter).

7.1.10 Conclusion

The steps that allow creating a model from theltesf thousands of simulations were presented. The
objective is to create a user-friendly interface giwe an estimation of results (as the heating
consumption) in function of a set of parameters.

One of the advantages of using a model rather téalty launching simulations is the possibility to
estimate the solution of thousand different casesfew seconds rather than after hours of sinarlati
In one look, the influence of each parameter camrmyzed with the help of the bar plot. And the
result is not consumption for a set of parametérs, a distribution of the possible heating
consumption in function of the uncertainty on tla@gmeters. This is not possible without modeling.

Once again, to give certain reliability to the mioties important to take into account all the innzmt
interaction and curvature effects. An automaticcpss is essential to create the best possible model
the one which decreases the RMSE as fast as passibl

7.2 Design of tertiary buildings
7.2.1  Summary

Historically, building simulation has been integminto the building design process to give desgne
a better understanding about how design decisiarisience the energy and environmental
performance of a building. However, the classigauation approach consisting on selecting single
values for model parameters (usually taken frormdseds, national regulations, etc.), running
dynamic simulation (typically one hour time stepy fa typical year and getting only one set of
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“instantaneous” or integrated results (monthly, riyeaetc.) makes the analysis rigid and limited
without allowing the opportunity of evaluating mah&an one possible situation.

A sensitivity analysis makes it possible by meahislentifying the most important design parameters
in relation to building performance and to focusige and optimization of energy buildings most
important parameters.

Monte Carlo simulation is a method based on perfoggmmultiple model evaluations with
probabilistically selected model inputs. The resuolt these evaluations can be used to determine the
uncertainty in the model output (prediction) angésform sensitivity analysis (Ekstrém, 2005).

The goal of performing sensitivity analysis on msiation model is to determine which parameter(s)
is (are) responsible for most of the output’s utainty.

For this analysis has been implemented a simpl¥idance based method proposed by Ruiz et al.
2012. In general terms, variance based methodthasariance (squared value of standard deviation)
as a measure of uncertainty. In this method, tted sonount of output’s variance is considered as an
entire which is divided in fractions (or percentslgaccording to each input parameter contribution.
The whole analysis methodology is illustrated byufe 7-2.

( \

( Definition of the problem |

Definition of Input’s Monte Carlo 1° Uncertainty and |
uncertainties Method Sensitivity Analysis

Modeling &
Monte Carlo
Simulations

Y

Has an accurate
uncertainty level been
reached?

A 4

. Fitting L New Uncertainty
Resf;zmg Regression > InNZ?fsELerJ:ICZgZZZ'); s > and Sensitivity
P Model P Analysis
I Has an accurate
NO- uncertainty level been
reached?
/ ¥ IEF\ YES
\ End of the Process €
Figure 7-2: Proposed methodology combining serigitanalysis and disaggregation of output
variance
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Monte Carlo method is used for generating a sedutputs over which uncertainty and sensitivity
analysis is performed. If accuracy level is notchesl, the same set of inputs and outputs is used fo
creating a simplified regression model over whidrrging out a “theoretical” uncertainty and
sensitivity analysis.

The method includes the following steps:

» Definition of the problem

* Running of Monte Carlo simulations, including fitsicertainty and sensitivity analysis

» Refining stage by calculation of a simple regrassiwodel which makes further calculations
easier and faster

» Exploitation of the regression model to analyzéetiént scenarios

7.2.2 Introduction

In the following report presents a novel methodglag be integrated into building energy design
process. This methodology proposes the use of tamggr and sensitivity analysis as well as
simplified regression models as tools for decisitaking. Additionally, it adopts a statistical powft
view at the moment of presenting predicted reguitserms of probability distributions).

Historically, building simulation has been integminto the building design process to give desgne
a better understanding about how design decisiarisience the energy and environmental
performance of a building. However, the classigautation approach consisting on selecting single
values for model parameters (usually taken frormdseds, national regulations, etc.), running
dynamic simulation (typically one hour time stepy fa typical year and getting only one set of
“instantaneous” or integrated results (monthly, riyeaetc.) makes the analysis rigid and limited
without allowing the opportunity of evaluating mah&an one possible situation.

Besides, implementing an approach like that doégaonit answering one of the biggest questions
made by designers and practitioners whiclov&r which parameters should be paid more attention
order to decrease whole building consumption, gealls, increment occupant’s comfort, etc.?

A sensitivity analysis makes it possible by meansientifying the most important design parameters
in relation to building performance and to focusige and optimization of energy buildings most
important parameters.

The purpose of this report is to provide designpragtitioners and people involved the field a skt
guidelines and a friendly explanation about howr@anage some approaches and what to expect when
using sensitivity analysis techniques as a toobferision making analysis.

In the next chapters is discussed how Monte Camithad works, the most important steps of a

proposed methodology and a case study in ordehdav how to manage different stages of the
process.
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7.2.3 Monte Carlo smulations

Before proposing any methodology a good exerciseldvde to introduce and analyze all the
techniques and approaches which are intendedegrate.

In this part of the report, it is explained howrtanage, analyze and understand results provide by a
Monte Carlo simulations.

Monte Carlo simulation is a method based performing multiple model evaluationwith
probabilistically selected model inputs. The resuolt these evaluations can be used to determine the
uncertaintyin the model output (prediction) and to perfasamnsitivity analysigEkstrom, 2005). For
details about the method, refer to section 3.2.2.

To start the explanation, it is supposed that @agdgsrocedure is carried out and several stages hav
already been completed. Building geometry, thermmadles, BEMS operation, occupant’'s behavior
approach, etc. have been defined and the modehdy/rto be evaluated.

Let's assume the model hissnput parameters and is required investigating nawch they impact
over a desired output (i.e. annual fuel consumgtion

For each input parameter has been defined a rangessible values (candidates) and by means of a
sampling method (Latin hypercube) has been creatsample matrix containiny combinations
(randomly generated) of theinput parameters. Then, it has been decided tuaeathe modeV
times, in order to obtain a representative samplenadel responses which will allow performing
uncertainty and sensitivity analysis.

At this point, a situation such as shown in Figth& is faced.

X31 X32 X33 X3k . Y3
Xa1 Xa2 Xaz oo Xgi I Model 9 Y,

_XNl XN2 XN3 XNk YN

Figure 7-3: Scheme of sampled inputs matrix andehodtputs vector.

7.2.4  Uncertainty Analysis

Output’s analysis starts evaluating uncertaintyrdiie set of obtained responses. This step helps to
determine how accurate results are and how muotewérust on them.

Figure 7-4 shows two graphical representations ritésg the dispersion range and the relative
distribution of the obtained set of responses.
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Whole Building Consumption Normal Probability Plot
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Figure 7-4: Boxplot and normal plot for the setobtained model responses.

The results obtained by means of Monte Carlo sitimria are summarized as boxes and whiskers (left
graph). Upper and lower edges of the blue boxeespond to the 25th and 75th percentiles. The red
line corresponds to the median value of the geedraample of values and the blue dots to mean
value. The whiskers (dotted lines) extend to thestnextreme values without considering outliers.
Outliers are plotted separately (red crosses).tA gdaint is considered as an outlier if it is lartfean
y+ 1,55y — v or lower than §" — 1.5%(y>" — y*°™).

The normal probability plot (right side) is a grégad technique for normality testing: assessing
whether or not a data set is approximately norndilijributed.

Once is known the uncertainty (characterized bystfamdard deviation) and the probability density
function, it is possible to determine the accuratthe model response.

2 L3 04
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Figure 7-5: Normal distribution representation.

Figure above shows that for a normal distributiom 88.2% of the values are within the rariyé 7,
95.4% of the values are within the rarly@ 20 and the 99.6% of the values within the rakge 37,
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For decision making purposes, instead of usingdstahdeviation as an uncertainty measure, is better
to use the coefficient of variatiorf:{) because is a normalized measure of dispersioncandbe
weighted according to the order of magnitude ofrtiean value.

Defining a maximal value of the coefficient of \ation for declaring accuracy is subjective decision
and depends on the criterion of the designer.

7.2.5  Senditivity Analysis

The goal of performing sensitivity analysis on muliation model is to determine which parameter(s)
is (are) responsible for most of the output’s utaiety.

For this analysis has been implemented a simplii@iance based method proposed by Ruiz et al.
2012. In general terms, variance based methodthasariance (squared value of standard deviation)
as a measure of uncertainty. In this method, tted gonmount of output’s variance is considered as an
entire which is divided in fractions (or percentggaccording to each input parameter contribution.
Figure 7-6 shows how results are presented whegitisétly analysis is carried out. For instance, #or
model containind input parameter@‘ > 4) the contribution of each one can be representeshbh
piece of a pie chart.

Variance Decomposition
(Output Y)
4%
13%

Elinputl
H Input 2
EInput 3
Hinput4

26% .
E Remaining Inputs

22%
Figure 7-6: Disaggregation of the output variance.

Disaggregation of output variance represents a Weistrative way of presenting results. The fatt o
knowing the position of each parameter on the ramkif most influential ones and the “weight” of
each one, allows focusing on them in order to reduceliminate their contribution on the output’s
uncertainty.

However, designers must be aware that sensitiviblyais represents a relative measure (since it is
presented in terms of percentages) and must beleorapted by uncertainty analysis in order to

quantify the amount of variance present on theutstp

7.2.6  Proposed Methodology

Figure 7-7 shows a proposed methodology.
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Figure 7-7: Proposed methodology sequence

Methodology comprises all the techniques explaibetbre, placed in sequence according to the
requirements of the process at each step.

Monte Carlo method is used for generating a setugputs over which is performed uncertainty and
sensitivity analysis. If accuracy level is not feed, the same set of inputs and outputs is used for
creating a simplified regression model over whidrrging out a “theoretical” uncertainty and
sensitivity analysis.

In this part of the report, each step of the methogy is explained together with the analysis @ th
results obtained from a case study.

7.2.7  Definition of the problem
Definition of the problem is the first step at amyalysis. It corresponds to identify the questipis

be answered (define the output variable of a mtudbé studied).

Normally, the analyses focus on the building enegpgyformance (e.g. kWh/@year)) and/or the
indoor environmental quality (e.g. average/cumula®PD, number of hours exceeding a certain
predefined temperature etc.).

In this report, results obtained from simulationgera building and HVAC system typology (for

details see Ruiz et al., 2011) are analyzed. Th#ysis is focused on the evaluation of long terrada
(annual basis) correspondingvithole building electricity and fuel consumption.
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7.2.8 Monte Carlo Simulations

This phase comprises all the steps correspondindefmition of range variation on the inputs,
application of Monte Carlo method and the uncetyaend sensitivity analysis over the obtained
results. For a detailed description of the apptiedhod see Ruiz et al., 2012.

7.2.8.1 Definition of input uncertainties

Uncertainty on input parameters must also be defineéerms of a probability distribution. The cheic

of the type of distribution (normal, uniform, etcshould be supported by real data (surveys or
statistical data available for national regulatjon®f course, this information in practice is not
available, so when no a priori information is aahbie, and for design purposes the uncertainty range
should be defined large enough and following aarnif distribution.

For the analysis presented in this report, a wit&8 parameters corresponding to the 5 familyoiect
defined in Annex 53 were chosen. A generous rarigenoertainty and a uniform distribution has
been defined for each one.

Since the purpose of this report is to show a ndlogy, no information is given for defined
parameters and ranges assumed for each one.

7.2.8.2 Monte Carlo Method

In simple words, what Monte Carlo method does @ppgating input uncertainties trough a specific
model by means of a sampling method. Thereforemmans of evaluating the model response
according to the variation of input’s values, vaillow determine the accuracy of a desired output.

The whole procedure can be summarized in 5 steps:

1. Select the model and the questions of interesti¢se8.1)
2. Select the uncertain model inputk) (and set their probability density functions (&mct
3.2.1)
3. Generate a sample of the model input space Bize (
4. Run the model for each sample point and save dporeses
5. Perform uncertainty and sensitivity analysis on tagponse of interest and interpret the
results (section 3.2.3)
One of the main constraints of implementing thiprapch is the need of coupling different software
to perform different parts of the process. Figw® ilustrates all the steps made for carrying et
analysis.
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Figure 7-8: Monte Carlo simulation diagram flow
A detailed description of the procedure can be fomrRuiz et al., 2011.

For obtaining modeling assumptions, input paramseded uncertainties defined on them, see the same
document.

7.2.8.3 1% Uncertainty and Sensitivity Analysis

Once the results are obtained, it is imperativienimwv how accurate and how much we can trust on the
results. Uncertainty analysis provides informatirout the possible range of solutions obtained from
the uncertainty definition on the inputs.
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Figure 7-9: Whole building energy consumption otéDF and CDF respectively)

From figure above can be appreciated a big dispersn both consumptions. Indeed, the coefficient
of variation shows values equal to 15% and 26%efectricity and fuel consumption respectively. It
means that, following a normal distribution, the.6% of the results are within the range
0.55 1 — 1.45 p for electricity consumption ar®22 1 — 1.78 U for fuel consumption.

Next step should considerer identifying the sowfcis big dispersion.
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Figure 7-10 shows the ranking of most influentiatgmeters for both analyzed consumptions.

Electrical Consumption Fuel Consumption
(Variance Decomposition) (Variance Decomposition)
1.6% 0.9%
N B Appliance load density 12.5% . ? B U value for window
24.0% mWorking day length | B U value for external wall
| 29.8% 2.9% | 0
5 mU value for window 3.0% : | 30.6% m Boiler Effciency
0% |
WU value for external wall B Heating minimum relative humidity
9
M Appliance Diversity Factor for Worktime 5.5% & W Heating temperature setback
319 10 P B Normal solar heat gain coefficient 5.5% V W Heating temperature setpoint
% : M Ligthing Diversity Factor for Worktime = Window to wall ratio
4.8
? = Window to wall ratio 6.2% M Appliance load density
5.3% 13.9% Others Others
5.6% W Undetermined 6.6% 26.4% M Undetermined

5.7% 6.2%

Figure 7-10: Whole building energy consumption asgévity indices

From figure above it is possible to see how only fearameters can be responsible of the biggest
amount of variance (it must e remembered that p8ts\were defined).

Let's assume that the required uncertainty levelri@ been reached, so the process must contioue. T
repeat the same analysis, the uncertainty on tranmders shown in figure above should be decreased
or eliminated and another set of simulations shbeldarried out. Of course, repeating this whae st
would be very time consuming (even if more of omé¢ &f simulation must be run), therefore a
simplified procedure is proposed in section 3.3.

7.2.9 Refining Stage
7.2.9.1 Simplified Regression M odel

The use of a simplified regression model is alwasesful on this type of analysis because can help on

* Obtaining a considerable decrease of simulatio® tvithout losing a significant amount of
accuracy

* Identify the nature of the model which helps to erstind its behavior.

» Easy obtain of results for a specific situatioe.(assessing different scenarios such as impact
of human behavior).

The proposed model corresponds to a linear ondsaabtained from a least square technique. Two
models are fitted representing annual whole bujadionsumption of electricity and fuel.

Figure 7-11 presents a comparison between predictbdetailed and regression model.
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Figure 7-11: Detailed model versus regression m@aedlictions.

As it can be seen the loss of accuracy is negégibla global point of view and predictions obtaine
from simplified model can be considered as accurate

The fact of considering a linear model brings salvadvantages. They correspond to the facility of

computing: model responses, output mean value angdub variance (and standard deviation).
Equations below show how to obtain these values:

k

Linear

Model | ¥ = Zl a; - X; + error; (1)
Expected k

Value | E(Y) = Z a; - E(X) (2)

(mean) i=1

k
Variance | Var(¥) = Z a;>- V(X)) + V(error,) (3)
i=1

Note: It must be noted that properties listed abawe valid no matter the probability distribution
assumed for each input.

Additionally, assuming the same probability disttibn of the original data (normal one), the
simplified model is able to evaluate as many situmstas the designer can imagine.

7.2.9.2 Analysisof Different Scenarios

To show how simplified regression model can prouwidiBned uncertainty and sensitivity analysis
results, 2 cases were defined.

Case 1. It was fixed building geometry, envelope propertead occupancy, lighting and appliances
densities (for offices, meeting rooms, etc.). Awdhially, radiative and space fractions (lightingdre
defined. Remaining factors kept the same unceyténvel defined at the beginning.

Case 2: comprise the same parameters listed above (cagkid)ventilation rates, indoor set points

(temperature and humidity). Additionally were fixgpecific fan and pump power and AHU, hot and
cold water set points, etc. Parameters relatedutldlibg operation hours and diversity factors for
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occupancy, lighting and appliances usage were ledtvethe same level of uncertainty as the initial

model inputs (see Ruiz et al., 2011).

Note: Details about selected fixed values are maiciied because the purpose of this report is to

show how output variance change when input unggiies are decreased.

Figure 7-12 shows results for uncertainty analf@idoth cases.
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Figure 7-12: Uncertainty analysis results for cdsand 2 respectively

120

From figure above can be appreciated how outpuers@ioty decreases when input parameters are

fixed.
Figure 7-13 and Figure 7-14 show ranking of mo$iuential parameters for both cases and both
consumptions.
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Figure 7-13: Whole building energy electricity cangption — Sensitivity indices for case 1 and 2

respectively
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Fuel Consumption Fuel Consumption
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Figure 7-14: Whole building energy fuel consumptio8ensitivity indices for case 1 and 2 respedtivel
From figures above can also be appreciated howngrif influential parameters change.

Conclusions

A simple methodology to support decision making basn presented. This methodology integrates
uncertainty and sensitivity and a regression medtd the aim of making all process as efficient as
possible.

In order to obtain valuable information, designerpoactitioner must be aware on the degree of
uncertainties of the outputs when analyzing thé&iranof influential parameters. For high levels of
uncertainties, ranking is leaded by fixed paranseseich as envelope properties, installed capacities
etc. Only when output variance decrease enoughnpers relates to operation and human behavior
take place on the ranking.

7.3 Perfor mance verification of office buildings
7.3.1 Summary

It is commonly admitted that using a building siatidn model to assist in analyzing the energy tise o
an existing building requires the model to be dblelosely represent its actual behavior. So, when
facing a problem like this, calibration cannot beided.

Kaplan et al. (1990) defines calibration as thecpss of adjusting the parameters of a model through
several iterations until it agrees with recordethdaithin some predefined criteria. The definitioh
these criteria is a complex issue and, to dats,iihpossible to determine how close a toleraneazise

to be to fulfill the calibration objective.

A calibration procedure has been proposed in otdlgget the maximum benefit from the use of a
computerized building model:

e Confirm the user’'s knowledge of the building

* Identify ECOs
« Document the baseline conditions
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Focus is given to the development of a calibrafioocedure dedicated to the steps of the energy
efficiency process requiring energy performancegmiesis of the existing situation, i.e.:

* Energy end use breakdown and analysis at inspeatidraudit stages;

» ECOs evaluation and post-retrofit performance M&V;

* Whole-building level on-going/continuous commissian
The main feature of this systematic evidence-basdithration methodology is the integration of a
simple sensitivity analysis into the calibratiorogess in order to perform a better measuring and/or
estimating of those parameters which are respansitthe biggest consumptions.

The whole calibration methodology is illustratedfigure 7-15
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Figure 7-15: Main steps of the evidence-based catlibn methodology

At each step of the calibration process, it is psgul to characterize the quality of the calibrated
model by means of:

» Classical statistical indexes (Mean Bias Error @uefficient of Variation of the Root Mean
Squared Error) computed on a monthly basis forfgels/ peak electricity and offpeak
electricity consumptions and,

» Visual comparison of available recorded data (gagwer measurements) and corresponding
predicted values.

7.3.2 Introduction

Since the 1960s, building energy simulation wasearemmd more investigated to help in improving
energy performance of buildings and HVAC&R systeidially, building energy simulation (BES)
models were mainly used for design and optimizaparposes by means of a forward (predictive)
approach.

More recently, the use of these models was extetwether stages of building life cycle (see Figure

2-1), such as energy services activities (includimspection/audit, evaluation of Energy Conservatio
Opportunities and on-going performance analysis).
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It is commonly admitted that using a building siatidn model to assist in analyzing the energy tise o
an existing building requires the model to be ablelosely represent its actual behavior. So, when
facing a problem like this, calibration cannot beided.

Kaplan et al. (1990) defines calibration as the g@ss of adjusting the parameters of a model through
several iterations until it agrees with recordedaavithin some predefined criteria. The definitioh
these criteria is a complex issue and, to datis, ilnpossible to determine how close a toleran@zse

to be to fulfill the calibration objective.

The process of adjusting the parameters of a BE&ehwccording to an existing situation involves

using:

As-built information (geometry, envelope propertieair and water nominal flows,
equipment’s nominal capacities, etc.)

survey observations (to characterize building a@maand occupant’s behavior)

short and/or long term monitoring (to confront bedited building model outputs)

In practice, the stage of gathering data is quiteliersome and difficult to handle for engineers and
practitioners. Incomplete and/or outdated as lulata, global and limited data (monthly utility bjll
and missed consumption’s records make the situgti@te discouraging.

Of course, each use of a calibrated model invodpesific requirements in terms of data gathering as
well as modeling capabilities, parameters adjustrpescess, level of accuracy depending on what the
final calibrated model is intended for (stage ofding life cycle).

Assuming that a computerized building model is tmtsed in a good way (i.e. by defining properly
the objectives of the calibration, required levetetails, type of data to gather, etc.), a conrsiblie
number of benefits can also be expected from teetibuilding simulation (Waltz, 2000):

Confirm the user’'s knowledge of the buildif@pnstructing the model constrains the modeler
to review all the characteristics of the instadiati (types of equipment, installed
power/capacity, performance, operating profiles,)et

Identifies ECOs Frequently, the calibration is made difficult hbyndiscovered over-
consumptions due to some equipment operating outonfrol. These elements generally
correspond to elementary and very cost-efficientrgyn conservation opportunities. The
calibration of the model and the need to represimmtwhole-building energy use force the
modeler to identify such problems.

Documents the baseline condition& well-documented calibrated model is generally a
complete and detailed statement of the actual tiondi Raftery et al. (2011) applied this
principle and provided a very detailed calibrateddei of the installation as well as a
complete documentation describing all the steps iatefrmediate runs of the calibration
process.

On the other hand, the use of calibrated simulatiodels has also an important number of limitations

A first limitation relies in the use of a modekitfs Whatever the intended use of the calibrated
model, the method employed to build it and the el level of accuracy, building energy
simulation models remain an abstraction of a centaality and have numerous limitations.
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* A second limitation relies on the availability dietdata used to check the validation and the
achieved level of accuracgupposing the model sufficiently (but not too mmudetailed is
used for evaluating ECOs (the most common applingtiannual and monthly consumption
data are generally used and considered as suffibecheck the validity of the calibration.
Kaplan et al. (1990) have shown that, even if thébration seemed to be successful, the
finely calibrated model was not necessarily ableetsure an accurate analysis of ECOs
because of lack of data on the pre-retrofit sitratand use of an “imaginary” baseline
building.

» The third limitation is related to the accuracytbé available datand the effort putted in the
work which would not be “better” than the accuradfythe available data. As prescribed by
Waltz (2000), it is not realistic to try to providel% answer to a10-15% question.

* A fourth limitation is linked to the building modelskills Whatever the employed modeling
technique, very high and very poor quality simaatiesults can be obtained depending of the
modeler.

In addition to the limitations mentioned above, ASAE (2002) recommends to avoid the calibration
approach when:

» ECOs could be analyzed without building simulation;

» The building cannot be simulated (presence of latgeams, underground buildings, complex
shading configurations...);

» The HVAC system cannot be simulated (certain cdmjptions cannot be represented...);

* The retrofit cannot be simulated;

» Project resources and financial issues are ins$eifficto support development and use of
calibrated simulation.

Considering all the issues discussed in this secticcalibration methodology is proposed in thet nex
part of this report.

7.3.3  Proposed Calibration Methodology

This methodology has been proposed by Bertagndild). The objective of this work was
developing a simulation-based approach dedicatedtole-building energy use analysis for use in
the frame of an energy efficiency service processus is given to the development of a calibratio
procedure dedicated to the steps of the energgiegifiy process requiring energy performance
diagnosis of the existing situation, i.e.:

» Energy end use breakdown and analysis at inspeatidraudit stages;
» ECOs evaluation and post-retrofit performance M&V;
* Whole-building level on-going/continuous commissian

The main feature of this systematic evidence-basditbration methodology is the integration of a
simple sensitivity analysis into the calibratiorogess in order to perform a better measuring and/or
estimating of those parameters which are respansitthe biggest consumptions.
The basic principle of this new methodology is teegpriority to the physical identification of the
model's parameters (i.e. to the direct measuremand) relies on the definition of two types of
hierarchy:

* A hierarchy of the model's parameters by orderndiuence built based on the results of a

preliminary sensitivity analysis based on the Msrgampling method and allowing (1)
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“factor fixing” (i.e. identification of non-influetial parameters that could be set to their “best-
guess” value) and (2) “parameters screening” ¢lassification of influential parameters by
order of importance).

* A hierarchy among the source of information exgdito identify the value of the parameters
based on the reliability of the available data.(digect measurements > observation > default
value).

Following these main rules, the user is guided adting the energy use analysis process. The
information provided by the preliminary sensitivaypalysis is used to orient the data collectionkwor
(i.e. the inspection of the building) and the pesgive adjustment of the parameters.
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Figure 7-16: Main steps of the evidence-based caiibn methodology

All along the calibration process, the values & ffarameters are updated, as well as the related
probability ranges (reflecting the confidence/utaety on the considered value of the parameter).
These ranges of variation are used at the endeofdhbration process to quantify the uncertainty o
the final outputs of the calibrated model by meahshe Latin Hypercube Monte Carlo sampling
method.

At each step of the calibration process, it is psgul to characterize the quality of the calibrated
model by means of:

» Classical statistical indexes (Mean Bias Error @oefficient of Variation of the Root Mean
Squared Error) computed on a monthly basis forfgels/ peak electricity and offpeak
electricity consumptions and,

* Visual comparison of available recorded data (gogwer measurements) and corresponding
predicted values.

If available, recorded and predicted (quarter-)riyopower demand profiles should be compared to
qualify the accuracy of the calibrated model.
In this work, calibration tolerances used corresptunthose recommended by ASHRAE (2002):

Table 7-1: Calibration tolerances

Monthly basis | Hourly basis
MBE + 5% +10%
CV(RMSE) | £15% + 30%
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7.3.4 Case Study

The whole calibration methodology presented eaidiepplied to a real office building located ireth
city centre of Brussels, Belgium. The building waslt in the 70’s and was largely refurbished in
1998. It was recently awarded with an energy peréorce certificate with a mark of D+ (i.e. just
above the average for similar buildings in Brussets), corresponding to an annual primary energy
consumption of about 316 kWh/mz2/yr. For technicdbimation of the building see Ruiz et al. (2012).

Figure 7-17: Exterior scene of the studied build{iM 28).

7.3.4.1 Tasksperformed during calibration procedure
Different tasks were performed in order to orgarare provide input data at different levels of the

calibration procedure. Table 7-2 shows main taskied out during the whole calibration procedure.

Table 7-2: Tasks performed during calibration proaee

# | Task Subtask Description
Determination of main surfaces, building footprint,
Geometry .
internal volume, etc.
1 | Building Identification of different types of facades anckith
description Building facades corresponding thermal properties, percentage dfegla
surfaces...
Internal layout Identification of different flooypes and zone usages.
. Identification of different AHUs and their
Ventilation system .
corresponding zones to serve.
Local heating and Type of terminal units in different zones (main
5 HVAC system| cooling characteristics)
description . [ i [ iti i
p Heat production He_afung _plant, boiler type, nominal capacities, imah
efficiencies, etc.
Cold production Coolln_g_ plant, .chlller type, cooling towers, nonlina
capacities, nominal EER, etc.
Building  use Distribution of workers for different zones (nomlina
3 Occupancy
and occupancy values).
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Identification of type and installed capacities of

Lighting L
luminaries.
Nominal power of existing appliances, differentati
Appliances by type of zones (offices, meeting rooms, printshop
etc.).

BEMS control strategy recognition, indoor setpqints
Building operation | working period for lighting (BEMS controlled),
ventilation, etc.

Analysis of billing data and electrical quarter hou

4 | Billing data Fuel & electricity :
profile.
Electrical power demand at different levels, terapae
Short-term L . : .
. and humidity at different locations, plug electtica
. monitoring o : S
5 Monitoring demand, lighting and appliances operation time, etc
campaign ildi .
paig Building energy Identify relevant aspect of the control of HVAC w®m
management SyStenand the lighting system
(BEMS) ghting system.
Occupant Identify main trends related to occupant behavige(
6 . Occupancy survey L . . .
Behavior of lighting, appliances, terminal units, etc.)
7 | Weather Data Hourly . data| Analysis Qf available .weather data. Real data
compilation corresponding to Mons (city near Brussels) was used

7.3.4.2 Calibration levels

Calibration levels correspond to different stagéthe data collection process (from data collected
during on-site inspection to detailed energy mateand occupancy survey). The process was divided
into 5 parts:

1) Level 1 - Initial As-Built Input File

An initial input file is built based on the as-Huihformation (Table 7-2, # 1 and #2) but does not
include any information about actual building us@peration (# 3). A preliminary sensitivity anakys

is performed in order to orient the data collectirk (subsequent steps).

2) Level 2 - Inspection Phase

Information about building and system operation arade available by means of a direct (“on-
screen”) analysis of the BEMS system. At this stageverification of the data provided in the BEMS

is done (e.g. no verification about the achievemenit the specified setpoints) and no

measurement/recording is done but the informatmiected during the inspection of the building and
summarized in # 3 (Table 7-2) is used to adjust gheameters of the model and to define the
probability range of each parameter according ¢oestimated quality of the information.

3) Level 3 - Monitoring Phase

At this level makes an intensive use of BEMS res@audd of the monitoring data collected on-site by
means of the measurement equipment (Table 7-2 AtShis stage, the probability ranges depend on
the accuracy of the sensors, loggers and recorders.

4) Level 4 - Occupancy Survey
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his stage includes the information derived fromdhalysis of the answers to the survey presented #6
Table 7-3 shows a list of each calibration level.

Table 7-3: Calibration levels

Building description and performance data availdébtecalibration
Calibration Levels Utility | WEB As- | Spotshort- Occupancy
. built | Inspection | term
bills demand o survey
data monitoring
Level 1 X X X
. Preliminary Sensitivity Analysis
Evidence y Y y
Level 2 X X X X
based
Level 3 X X X X X
process
Level 4 X X X X X X
Final simulation results and uncertainty on thedfted energy use
Final . : .
a Level 5 Iterative adjustment of uncalibrated partme
Adjustment

Final adjust (level 5) was proposed but not pergamThis step would consist on carrying out an
optimization procedure (taking into account therda@ent of uncertain variables) in order to minimize
the error between recorded and simulated data.

7.3.5 Main results

As a first issue, the accuracy reached at each détiee procedure is shown in Table 7-4.

Table 7-4: Calibration accuracy reached at eachelev

Level 1 Level 2 Leve 3 Level 4

MBE | CV(RMSE) | MBE | CV(RMSE) | MBE | CV(RMSE) | MBE | CV(RMSE)
Gas -3.1 | 179 -14.4 23.9 -1.1 | 148 21| 149
Electricity | -18.8 | 20.2 14.7 | 16.9 2.3 6.8 22| 56
Peak 11.3| 135 226 24.4 4.6 8.0 -0 74
Offpeak -89.3| 91.1 -3.7 | 12.0 -26| 10.0 -5.1] 9.7
Hourly -18.8 | 63.4 14.7 | 47.8 2.3 29.3 2.2 249

At the end of the procedure, calibration toleranee®mmended by ASHRAE (2002) were reached.
See Table 7-1.

7.3.6  Electrical consumption disaggregation

The final electricity consumption disaggregatiorpresented in Table 7-18. About 33% of the total
electricity consumption is due to artificial lighg.
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Figure 7-18: Whole-building electricity consumptidisaggregation (at Level 4)

Only one third of this part of the consumption igedto lighting in occupancy zones. Offices

appliances (computers, printers, etc) representitab®? of the total consumption while almost one
quarter of the total consumption is due to IT rooWentilation fans are responsible of about 14% of
the consumption. The hot and chilled water produnctind distribution equipments represent about
13% of the total consumption.

7.3.7 Heating and cooling demands

The calibrated model can only be used to genemtee sannual energy balances. Figure 7-19 shows
the disaggregation of the annual heating and cgalamands. On the heating side, it appears that the
heating of the parking level (-2) is responsibleabbut 16% of the total hot water demand (and so,
about 16% of the natural gas consumption). Abo@b 88 the hot water demand is due to local zone
heating by the fan coil units. Only a limited p&t4%) of the total hot water demand is due to
humidification of the supply ventilation air by abtatic humidifiers. The relatively high supply air
temperature set points (between 20°c and 25°Crexplhy supply air reheat is the most important
hot water consumer.

Heating Demand Cooling Demand
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19% 21%
~

FCU - Morth

AHU - Reheat 34%
o

FCU - South
14%

N FCU - Parking
AHU ; fq;eheat oo FCU- South

45%

Figure 7-19: Heating and Cooling Demands Disaggtema
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7.3.8 Conclusions

In the present study, a model calibration proceduas shown and used to disaggregate the final
energy use and to identify the intermediate enfloyys in the buildings (specific heating and coglin
demands per zone and/or HYAC component).

This case study confirmed that it is possible tbbcate a simplified hourly simulation model by
means of a relatively little amount of physical m@@ments if focus is given to critical issues and
systematic and efficient approach is followed.

Sensitivity analysis showed to be of great help widentifying those “critical issues” mentioned
above was required, allowing improving significgrttie quality of the model.

7.4 Development of a smart counting method
7.4.1 Summary

A new smart counting method has been developedrderoto better understand, by means of
simulation model, the impact of the user on thaltehergy consumption and also to have an impact
on this behavior to make it more efficient.

The first idea proposed hereafter is to supportetiergy recording currently available by a dynamic
simulation of the building (and of its HVAC systeim)such a way to allow some “smart counting” of
the energy consumption.

A new approach consists in using indoor temperatueeorded inside different building zones and
integrated energy demands as simulation input aiyolib variables, respectively. This is the comtrar
of what is usually done: in most current simulasiocontrol laws and set points are imposed, in such
way to reproduce as well as possible (but with tioleable accuracy) the real behavior of the
(building and HVAC) system.

With the new approach, one can be sure that trmomigmperatures are fully realistic, because being
imposed as recorded; focus can then be given omés¢ important result: the energy consumption.

A second idea is briefly suggested hereafter: tating integrated energy and water consumptions
among themselves.

Water consumption seems indeed reflecting rathdt the occupancy rate of the building and
therefore also the heating demand “intensity”, #ogiven set of weather conditions (i.e. a given
seasonal period).

The method includes the following steps:

» Development of a simulation model for the caseudys

* Recording of data (energy and water consumptiothpdon temperatures, weather data) on a
few days

« Simulation of this short time period using measutethperatures as inputs in order to
eliminate control uncertainty

e Comparison between measurements and simulatiorchvghiows a smart counting on such a
short period may be applied to warn the occupaatigany abnormal energy consumption

* Analysis on a longer period (typically one monthhieh confirm the feasibility of the
counting method (see Figure 7-20)
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e Calculation of correlations between energy and mwa@nsumption which shows water
consumption may be used as a good tracer of occypan
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Figure 7-20: Simulated heating demand as functibtne electricity consumption

As a conclusion, a more significant building sigmatcould be established by correlating its energy
consumption with two independent variables: theewabnsumption and the outdoor temperature. In
order to make this signature easy to read, the thaigables considered would have to be integrated
time.

7.4.2 Introduction

Annex 53 is concerned by the main factors influegdhe building energy consumption. One of these
factors is the human behavior, which includes tteupancy schedules, the activities and the possible
actions of the occupants on the building- HVAC syst In view of reducing the building energy
consumption, it seems necessary, not only to ifjeatid to take into account the actual behavior of
the occupants, but also to encourage them to bemave efficiently, thanks to a quick and accurate
feedback on their actions. In short, the occupagsyell as the managers and all concerned people,
need to be informed as soon as possible about dhsequences of their actions and about any
“abnormal” consumption.

This may help a lot at different phases of theding life cycle: commissioning, audit, retrofit and
current life. Such feedback must be as quick asiples reliable and easy to understand. Any mistake
might have a contrary effect: distract, or everaisage, the occupants and other people concerned.
This task is made difficult by many lacks of infation about the building and system characteristics
about the actual indoor and outdoor climates, alibat actual control and management of the
system...and about the actual behavior of the ocdapan

The first idea proposed hereafter is to supportetiergy recording currently available by a dynamic
simulation of the building (and of its HYAC system)such a way to allow some “smart counting” of
the energy consumption. A new approach consistasing indoor temperatures recorded inside
different building zones and integrated energy deisaas simulation input and output variables,
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respectively. This is the contrary of what is uludone: in most current simulations, control laws

and set points are imposed, in such a way to re®aés well as possible (but with questionable
accuracy) the real behavior of the (building andA@Y) system. With the new approach, one can be
sure that the indoor temperatures are fully raajibecause being imposed as recorded; focus ean th

be given on the most important result: the eneagpsuamption.

A second idea is briefly suggested hereafter: tating integrated energy and water consumptions
among themselves. Water consumption seems indéedtirey rather well the occupancy rate of the
building and therefore also the heating demancfisity”, for a given set of weather conditions.(ae
given seasonal period).

In the frame of annex 53, both ideas were testethersimple case of a dwelling with direct electric
heating. The main results of this case study arensarized hereafter; more details are given in a
companion report [1] and in two conference pap2kg3].

7.4.3 Thedwsdling

The dwelling selected for this study is locatedlos Belgian coast and presents a total floor af&& o
m?. Direct electric heaters are available in all repexcept the kitchen, the corridor, the toilet &rel
boiler room. The dwelling considered and the fotlreo ones surrounding it are submitted to very
intermittent (and not simultaneous) occupanciese Titiing room only is heated all along each
occupancy periods. According to occupancy ratespther rooms are heated during limited morning
and evening periods. The dwelling is equipped \{piak and off-peak) electrical and water counters.
These counters are read at different times whenledling is occupied. Indoor air temperatures are
continuously and automatically recorded in fouremof the dwelling: the living room, two sleeping
rooms and the bath room. Weather data are takentfre nearest meteorological station.

7.4.4 The simulation mode

The simulation model of this dwelling is subdividietb 8 “internal” zones, connected to 7 “external”
zones, as indicated in Figure 7-21. All heavy watks represented by first order R-C-R elements as i
other studies [4]. The model is built and run witie help of the EES software [5].
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Figure 7-21: the dwelling subdivided in 9 zones

Lower floor

The simulation model is built in three steps.

The first step consists in subdividing the building and its surrdings into different zones and in
identifying all internal and external walls. Thetdmal zones are distinguished among themselves
according to occupancy schedules and to indoorremviental requirements. A matrix of zones
interconnections is easy to build on basis of lwgddpictures and geometrical data. Each
interconnection corresponds to one or to seversw@oors and windows, whose characteristics are
defined in the next step.

The second stegonsists in identifying the R and C componentbdoused to represent the internal
and external zone “partitions”. The solution obgairfrom the first step is here used (by “copy and
paste”) as input data.

Thethird stepconsists in interconnecting all the R-C-R circuital establishing the energy balances
of all nodes. This doesn't require any graphic tdleé matrix established in the first step allowe t
user knowing which (internal or external) zonesiaterconnected through each wall. Again here, the
solution of the previous step is used (by “copy padte”) as input data. In the example considered,
the whole building model corresponds to a set & @59 algebraic and 53 integral) equations. These
equations are repeated and adapted, step by stepthe help of the classical “copy”, “past”, “fihd
and “replace” functions for all walls and all zones

7.4.5 Recording of indoor climate and electrical consumption on a few days

Examples of recordings are presented in Figure? {b-Z-24.

Indoor and outdoor temperatures recorded on aghefione week are presented in Figure 7-22.

The dwelling stays unoccupied during the firstdays of that week. The occupancy period starts on
the evening of the sixth day. A zoom on that l&sh@urs period is presented in Figure 7-23.
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The shapes of the curves correspond to the follpwirents:

» Arrival of the occupants on December 3rd around @B& 8083rd hour of the year), starting

of the heating in three zones of the dwelling Iy sleeping and bath rooms);

» Shutting down of the heating in the evening (finsthe living room and a little later in the two

other zones) around the 8087th hour;

» Re-starting of the heating on the next morningt(fin the bath room and two hours later in the

living room) for a while;

» Shutting down again a few hours later (first in tregh and sleeping rooms and then in the

living room).
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Figure 7-22: Indoor and outdoor temperatures readddn one week
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Figure 7-23: zoom on the left side of Figure 7-B&1 25 h time period)

Cumulated peak, off-peak and total electricity eomptions are manually recorded.

The points of the diagram of Figure 7-24 correspinoiccasional readings of the counters.

Off-peak periods are from 10 pm to 7 am and weekend
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The smooth slopes of the three curves on the i@t af the diagram correspond to the non-heating

period. On the right side of the diagram, the shiaghope increases correspond to occupancy periods
with (growing) heating needs.

The curves of Figure 7-24 correspond to the sameoRBs period as in Figure 7-24. The peak counter

is here only working during the very first periazh(Friday evening).

The apparent superposition of peak and off-peakasieis occurring between the hour 8085 and 8086
is due to the fact that the counters were not eeathange-over time.
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Figure 7-24: Electrical consumptions

7.4.6  Simulation on short time period

A comparative simulation is performed by using ther indoor air temperatures of Figure 7-22 as
input data: this eliminates any control uncertaiatyd should make the measured and simulated
consumption directly comparable. The other (untiBammnes are simulated as in “free floating”
temperatures.

The heating demands of the four zones whose temupesaare imposed are plotted in Figure 7-25. As
to be expected, their shapes are similar to thpeshaf the curves of Figure 7-23, except for theeti
variations which are here a bit sharper. Indeedeach room, the temperature response to any
variation of heating power is damped by the wélkrtal mass.

Significant simulation mistakes also appear in Fégi-24: a non negligible heating demand is
calculated before occupant arrival (hours 8080a833; this fictitious heating demand reaches 1000
W in the living room (blue curve), probably duesome erroneous estimate of boundary conditions
(mainly the temperatures of the surrounding dwg#)n

A slightly negative heating demand is also caladatater in the unoccupied room (red curve),
probably also because of erroneous boundary conditiThe simulation model should be tuned on the
whole observation periods and mainly when the daglls empty.

The heating powers of Figure 7-25 are integrateérigure 7-26, in order to make them easier to
compare with the energy records. It appears treattumulation of energy in the walls produces a
very significant increase of the heating energy a&gnon the first evening and still on the whole 25
hours period considered...
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Figure 7-25: Simulated heating demands as functafribe four indoor temperatures of Figure 7-23
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Figure 7-26: Integration of the curves of Figure3-

7.4.7  Comparison between simulation and measurements

A fairly satisfactory comparison between the meaduelectrical consumption and the simulated
heating demand is presented in Figure 7-27.
The total consumption of electricity is over-pagsine heating demand because of:

» Electrical energy not used to heat the dwellingtkef order of 5 kWh per day, for hot water
production);

» Modelling inaccuracies (mainly static and dynamicamcteristics and temperatures in
surrounding dwellings).

These differences would be easy to reduce thanks noore detailed analysis of all information
available and also by a better tuning of the sitmamodel.
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Figure 7-27: Measured electricity consumption aidigated heating demand

This first analysis demonstrates the feasibilitysofne smart counting on a time period of the oodler

a few hours only: on such short term basis, it khbe possible to warn the building users about any
abnormal energy consumption. But this requires airmim of realism in the building dynamic
simulation.

7.4.8  Recordingson one month and comparison with ssmulation

A detailed analysis on one month (January 201fi)ésented hereafter.

Indoor and outdoor air temperatures are showngnrgi 7-28 from the hour 8700 to 9700 (this time is
counted from the first hour of 2010).

Occupancy and non occupancy periods are easyntifidan this diagram: during occupancy periods,
the indoor temperatures are submitted to sharpe@sers due to heating (re) starts; during non-
occupancy periods, these temperatures are smatghhgasing until reaching some new equilibrium.
Indoor temperatures are, most of the time, fluabgabetween 10 and 20 °C, with maxima reaching
25 °C (t6: bath room) and minima approaching 7 t@ha end of the period considered (dwelling
empty and exposed to cold weather) conditions.

One curve (t3 in red) of Figure 7-28 is not issifemm measurement, but from simulation: it
corresponds to an empty room, which is not in dicenitact with the outdoor environment and never
heated. This explains its very smooth appearanoevialent perturbation and no digitalization
discontinuity.
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Figure 7-28: Indoor and outdoor temperatures

The global consumption of electricity is plottedRigure 7-29. The four occupancy and three non-
occupancy periods are also easy to distinguishhis diagram, thanks to the two very different
associated slopes.
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Figure 7-29: Electricity consumption in January 201

Several parameters and input variables had to redtbefore getting a satisfactory agreement of the
simulation with experimental results.

The simulation results presented in Figures 7-3@ @M1 were obtained with the following
combination of (still very hypothetical) assumpgonminimal surroundings temperature of 10°C,
significantly reduced heat transfer coefficientsl éocal outdoor temperature staying 0.5 K above its
value measured at the weather station (slight rolicnate effect).

The fair agreement between simulation and measunsnsewell demonstrate in Figure 7-30.
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Figure 7-31: Simulated heating demand as functibiine electricity consumption

Here also, on longer time period, the smart cognfeasibility is well demonstrated: using the
measured indoor temperatures as simulation inptablas is an expedient way to identify the
building heating demand...

7.4.9 Correlations between energy and water consumptions

Hand records of electrical energy and water consiomp taken on the whole monitoring period (two
years) are presented in Figures 7-32 and 7-33ectsply.

Energy and water integrated consumptions are psegg in a similar way, step by step, according
the (intermittent) dwelling occupancy. Both terme plotted in relationship with each other in Figur
7-34. As to be expected, the slope of this curveoisat all constant all along the year. This slipe
reaching roughly the same minimal value at begohemd of the measuring period, i.e. when there is
no heating demand. The maximal slope is reachedndrthe middle of the measuring period, i.e.
when the heating demand is maximal.
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Replacing time by water consumption as “histofigakiable gives a much “smoother” (and easier to
predict) evolution of the energy consumption, beeailnis consumption is, of course, occurring almost
only when the building is actually occupied, i.ehem some water is actually consumed.
Uninteresting non-consumption periods are so “elated” from the diagram.

70007 \W [kWh]

6000
5000
4000
3000 il
2000

1000

0 i e
4000 6000 8000 10000 12000 14000 16000 18000

hourye,, [h]
Figure 7-32: Electrical consumption on the wholemnitaring period
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Figure 7-33: Water consumption on the whole moimtpperiod
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Figure 7-34: Electricity consumption as functiontioé water consumption

Very significant linear correlations can be idaetifon shorter time periods, during which the oatdo
temperature doesn’t vary too much, as shown inregyii-35 and 7-36. The slope of each regression
line is related to the average outdoor temperatdngh determines the heating demand.

When this outdoor temperature is high enough, agxample in August 2011 (Figure 7-35), there is
no space heating demand and the electricity consomis only due to other uses: hot water, cooking,
lighting and other appliances. The slope of theaggjon line is then of the order of 35 kWh perofn?
water consumption.

In colder weather conditions, the regression slopeeases, because of the space heating demand. In
January 2011, for example (Figure 7-36), it rea&tekWh per m3 of water consumption...

Water consumption appears as a reliable occupaimaget” and a significant dwelling “signature”
could be established by correlating the energy wmpsion with integrations of two independent
variables: the water consumption and the outdoupézature.
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Figure 7-35: Electricity consumption as functiontioé water consumption in August 2011

August 2011
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Figure 7-36: Electricity consumption as functiontieé water consumption in January 2011

7.4.10 Conclusions

It seems possible to provide the building occupauitis quick and safe information about their energy

consumption. This could be done at low cost by gigRisting counters, a few temperature sensors
located in the different zones and a classical dyoanulti-zone simulation model easy to run on any

personal computer. The best results could be ddddiy tuning the simulation model, among others,

on non-occupancy time periods.

Using all measured temperatures as input dataeirsithulation makes possible a direct calculation of
the net space heating (or cooling) demand, witltomicern about the actual behavior of the control
system. Heating (and cooling) demands can also dmvected, through system simulation, into
corresponding energy consumptions, to be compaiéd imformation got (by direct reading or
automatically) from the energy counters available.

The new approach appears as very expedient: ceddudend measured consumptions can be directly
correlated to each other, to assess the simulatioaracy and also to tune the simulation model when
required.

In the example considered, the heating demandadagly affected by both “internal” and “external”
(surroundings) occupancy rates. Recorded wateruoopisons might help a lot in identifying these
occupancy rates and also the “non-heating” consiomgt In case of very variable occupancy rate,
water consumption might be preferred to time asttnical” variable, in order to get a “smoother”
curve of energy consumption.

This last curve can even be approached by a liregaession in each seasonal period. The slope of
this regression appears as a “seasonal signatfiteé gystem considered.

A more significant building signature could be efithed by correlating its energy consumption with
two independent variables: the water consumptiahthe outdoor temperature. In order to make this
signature easy to read, the three variables camsideould have to be integrated on time.
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7.5 M aintenance of buildings
751 Summary

Maintenance practices for HVAC systems can be ocaitegd into three levels depending on
maintenance effort and coverage: 1) proactive pgrdormance-monitored maintenance representing
the good practice; 2) preventive, scheduled maamtea representing the average practice (business as
usual); and 3) reactive, unplanned or no maintemaapresenting the bad practice. Table 7-5 shows
the three practices of HVAC maintenance and thaplications on equipment operating efficiency
and energy use, equipment life, short term maimeaa&ost, and life cycle cost including maintenance
cost, energy cost, and equipment replacement airrepst.

Table 7-5: Three types of HYAC maintenance prastice

Maintenance Equipment Operating Equipment Short-Term Life Cycle
Practice Description Efficiency Energy Life Costs Costs

Deferred or no maintenance,
Reactive (Bad) "run to fail".

Scheduled maintenance,
Preventive periodic inspection, cleaning,
(Average) and adjustment.

Use periodic measurements

to detect evidence that
Predictive equipment is deteriorating
(Good) and to avoid failing.

Medium

Medium

Medium Medium  Medium

A few common HVAC maintenance issues are reviewsd selected for the initial modeling and
simulations. Table 7-6 lists the issues with tip@itential impacts and modeling approach according t
maintenance types, including sensor calibratiofterfireplacement, heat exchanger treatment,
mechanical repair and refrigerant charge, are tigeged using detailed simulation models. Each
maintenance issue is modeled and simulated withgg®éus, and finally the combination of all issues
is simulated.

Table 7-6: Potential impacts and modeling approtmheach maintenance type

Maintenance Maintenance | moacts Simulated Modeling
Types | ssues P Scenarios Approach
_ Direct Model.
Supply air Adjust supply
temperature sensar air temperature
offset setpoint
) Direct Model.
Sensor Zone temperature controls, heating | temperature senso Sadjust
Calibration sensor offset and cooling energy are offset by +2°C | thermostat
settings
Outdoor air New_ Code.
Modify the
temperature sensar .
economizer
offset
controls
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Filter replacement

Dirty filter

pressure drop, fa
energy, airflow

nadditional 500Pa o
air pressure drop

EMS. Adjust
fan power for
VAV systems

Fouled cooling

overall heat transfe
capacity is reduced

r Direct Model.
Adjust tower

tower Efficiency to 85% of design | UA
UA
_— . . Direct Model.
Chiller: fouled Efficiency chiller COP is Adjust chiller
tubes reduced by 10% e
Heat exchanger efficiency
cleaning/treatment Boiler: hard water - boiler efficiency is Direct Mo_del.
Efficiency Adjust boiler
scale reduced by 10% oy
efficiency
overall heat transfer New Code.
Fouled heating efficiency. comfort capacity is reduced Adjust coils
/cooling coll Y to 50% of design | UA
UAs
Direct Model.
Outdoor air heating and cooling Adjust

damper leakage

energy

) 300 OAD leakage

minimum OA
flow

Stuck outdoor air

heating and cooling

y OAD is stuck at

EMS. Set
constant OA

Mechanical repair damper (OAD) energy fully open position flow
Outdoor air flow is Direct Model.
less than 100% maximum percent Set maximum
Blocked OA during economizer fintak fp h air ic OA flow
screen mode thus of intake fresh air is
. : . reduced to 70%
increasing cooling
energy
, Chiller: over or , , Direct Model.
Refrigerant under 10% Efficiency chiller COP is Adjust chiller
charge . reduced by 10% e
refrigerant charge efficiency

The results shown in Figure 7-37 demonstrated thergy penalty introduced by the reactive
maintenance practice for HVAC systems. The pergastaare derived by comparing the total
source/primary energy use of HVAC systems for tb&ctive maintenance practice to those of the
good practice (Basecase - ASHRAE). The maintendsiges with significant energy impacts for
Chicago are OA damper stuck at 100% position, dcA screen, supply air temperature offset,
boiler/chiller fouling, over/under refrigerant clyar for chillers. Although there is no significant
energy impact due to heating/cooling coil foulitige numbers of unmet thermal comfort hours for
both heating and cooling are significantly increagshie to reduced system cooling and heating
capacities. The overall energy penalty by combirtivegsampled maintenance issues are about 85% of
overall HVAC energy consumption for the Chicagondie. The energy penalty introduced by HVAC
maintenance issues varies by a few factors inctudinilding and HVAC systems types, vintage
(design efficiencies), and climates. Our on-goiegearch focuses on identifying a broader list of
HVAC maintenance issues for most commercial bugdinn various climates, and developing
modeling approaches. The research is intended dwide a guideline to help practitioners and
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building operators to gain the knowledge of maimtag HVAC systems in efficient operations, and
prioritize HYAC maintenance work plan.

Combine

OA Damper Stuck
Cooling Coil Fouling
Heating Coil

OAT Offset(+2 C)
Cooling Tower
Filter replacement
Boiler fouling
Chiller Fouling
Chiller Refrigerant
SAT Offset (+2 C)
Thermostat Offset
OA Damper Leak
OAScreen
Basecase - ASHRAE

-20% 0% 20% 40% 60% 80% 100%

Figure 7-37: The impacts of poor HVAC maintenancéi/AC source energy consumption for a
large office building in Chicago, USA
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8. Conclusions

In order to get a better benefit from the use wiudation models in order to analyze total energyins
buildings, a number of specific methodologies weexeloped considering different phases of the
building life cycle. These methodologies complemiret use of the simulation tools with resources
like sensitivity analysis, uncertainty analysis anodel calibration in order to get more reliablsules
and to adapt the presentation of the results teeeific user of the simulation tools. A more ista
consideration of the impact of the user of theding is also pointed out by the methodologies.
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