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Abstract

Building simple and effective models are essential to many applications, such as building performance diagnosis and optimal control.
Detailed physical models are time consuming and often not cost-effective. Black box models require large amount of training data and may
not always reflect the physical behaviors. In this study, a method is proposed to simplify the building thermal model and to identify the
parameters of the simplified model. For building envelopes, the model parameters can be determined using the easily available physical
details based on the frequency characteristic analysis. For the building internal mass involving various components, it is very difficult to
obtain the detailed physical properties. To overcome this problem, the building internal mass is represented by a thermal network of lumped
thermal mass and the parameters are identified using operation data. Genetic algorithm (GA) estimators are developed to identify these
parameters. The simplified dynamic building energy model is validated on a real commercial office building in different weather conditions.

0 2005 Elsevier SAS. All rights reserved.
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1. Introduction ence for such purposes. In order to predict the overall energy
consumption for reference, it is fundamental to have a model
Excessive energy is consumed in buildings and HVAC to estimate the cooling or heating energy consumption to
systems because they often fail to operate as intended, afmaintain temperature and humidity of the air in the build-
ter a period of operation even with correct commissioning ing [3-5]. Viewing the building system as a whole, many
[1,2]. Comfort problems often occur simultaneously. These researchers have developed different reference models for
failures may be due to inappropriate temperature set pointsapplications, which can be mainly categorized into physical
as well as inappropriate fresh air intake, etc. Proper oper- models, data driven models and gray models.
ation of the building system can lead to improved occu-  Available simulation models such as EnergyPlus [6] and
pant comfort and health, improved energy efficiency, longer DOE-2 [7] etc., are typical detailed physical models. How-
life cycle of equipments, reduced maintenance costs, andever, the calibration process of the simulation models is a
reduced unscheduled equipment shut down time, etc. Nor-great challenge. A large number of parameters are needed
mally, the Kilowatt meter is always needed to measure the as inputs for simulation, and the process of collecting phys-
total electricity Consumption at the bUIIdlng level and the ical descriptions is time Consuming and probab|y does not
cooling/heating energy consumption can often be measuredcost effective. Experiences of some researchers show that
at the central plant. They provide information for perfor- gifferences of 50% or more between the simulation results
mance evaluation, fault detection and diagnosis, etc. HOw- pgsed on design data and the measured consumption are
ever, baseline energy consumption is often needed for refer-,ot unusual [8]. Dynamic data driven models are capa-
ble of capturing dynamics such as mass dynamics to some
" Corresponding author. extends and better suited to handle inter-correlated forc-
E-mail addressbeswwang@polyu.edu.hk (S. Wang). ing functions or independent parameters [9-11]. However,
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Nomenclature
A, B,C, D transmission matrix element 1) frequency .................. rad!
a thermal diffusivity &f threshold value
b,c,d CTF coefficients .
o : Superscripts
C thermal capacitance ............. mi2.K-1 P P
Cp specificheat .................... k1K1 ! associated with simplified 3R2C model
ds difference between the two maximum fitness ~ AM  associated with amplitude of frequency
values characteristic
f fitness function PL associated with phase lag of frequency
G s-transfer function characteristic
J opjective function Subscripts
L thickness ......... ... ... .l m ,
M transmission matrix act actual cooling load
N number of frequency points conv  convective heat
PL phaselag .........cooovueiieiiiiinin... rad © associated with external wall at tit
0 cooling/heating loadorheat ............. kW orientation
q heatflow .............cooiinin.... W2 est estimated
R thermal resistance ............... 2wt fr freshair
s Laplace variable or roots im associated with building internal mass
T airtemperature .................... °CorK in inside, indoor air
t time ..o second or hour 12 latent heat
w Weighting factor out  outside _ o
|- amplitude ..................... Whi—2.K 1 r associated with radiation
or absolute value rf associated with roof
> summation rtn return air
sol associated with solar air temperature
Greek symbols win window
A thermal conductivity ........... wh-1.k-1 X, Y, Z associated with external, across and internal heat
o density ..o kg3 conduction

it is generally necessary to acquire data over a long pe-els of the building envelopes and the simplified model of
riod of time with widely varying conditions in order to the building internal mass. The properties of the building
train the models for accurate predictions under all condi- envelopes are relatively easily available to establish the sim-
tions. plified models of the building envelopes. 3R2C models are
Gray models assume the physical structure and theirysually utilized to simulate the building envelopes [12,14].
parameters have definite physical meanings. The parame-The nodal placement of the 3R2C model can be obtained
ters can be backed out with operation data. Braun andpy matching the theoretical frequency response character-
Chaturvedi [12] developed an inverse gray thermal network jsics of the building envelope with the frequency response
model for transient building load prediction. L|r_;1o and Dex- characteristics of the simplified model using genetic algo-
tgr [13] developed a gray s_econd-ordgr _phyS|ca_I model 1o rithm [15]. Building internal mass, such as internal struc-
S|mulat§ the ‘?'-‘/”am'c_ beh"?"'or of the existing heating SyStemtures, partitions, carpet and furniture etc., is difficult to ob-
of a residential building with multi-zone. The gray models __. . .
. ; tain. They are represented with lumped thermal internal
can pr_edlct Iong—ter_m energy performance with short term mass of a 2R2C model. The parameters of the simplified
operation data monitoring. Although gray models can repre- 2R2C model of the building internal mass can be identi-

sent the physical properties of building system and predict ) _ -
energy consumption, some easily available building infor- fI€d With operation data after the simplified models of the
mation can be utilized to enhance the simplified models and PUilding envelopes have been obtained. As the model vali-

reduce the number of parameters to be identified with oper- dation, the simplified building energy model of a real com-
ation data. mercial office building was established on the basis of the

This paper presents a method to simplify building models operation data in short period time. The model was then ver-
and identify their parameters using easily available building ified in various other operation conditions. The results show
physical properties and short-term operation data monitored.that the established simplified building energy model can
The simplified building model (namely simplified building predict thermal performance with good accuracy and robust-
energy model in this paper) consists of the simplified mod- ness.
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Fig. 1. Schematics of the simplified building energy model.

2. A brief on simplified building energy modeling ATu2(t)  Taorei(t) — Toia()
ei,2\l)  Isoleill) — lei2

Cei,2
Fig. 1 illustrates the simplified building energy model. dr Rei1
Building physical properties affecting thermal transfer are _ Tei2(r) — Teia(t) 3)
mainly those of the building envelopes and internal mass. Rei3

They are handled separately. Building envelopes are mainly qTe _ _ . _
external walls and roof(s). External walls should be consid- ¢, , Teia(t) _ Tei2() — Teia(t)  Teia(t) — Tin(®) (4)

ered respectively according to the orientations because the dr Rei3 Reis
Qynamlc models of the _external yvalls at different orlen_ta- ATim (1) Tina(t) — Tim.2()
tions have different forcing functions due to the changing Cimi1———— = Qr1— (5)
. - . dt Rim 1
position of the sun. External walls and ceiling/roof are sim- :
plified as 3R2C models, respectively. Building internal mass c dTim 2(r) Tim.1(t) — Tim.2(1)
includes floors, partitions, crawl space in ceiling, internal ~im-2=— 4~ = Or2 Rt
walls, and furniture etc. It absorbs radiant heat through the . .
X o : Tim,2(1) — Tin(¢)
windows and that from occupants, lighting, and equipments B v (6)
etc., and then releases (or absorbs) the heat gradually to the im,2
air space. The building internal mass is represented with n o . .
t) — Tin(t Tri.4(t) — Tin(t
a 2R2C model, which consists of two resistances and two Qest= Z( e"4(; . in( )> rm(; in(®)
capacitances, as shown in Fig. 1. All resistances and capac- i=1 eL5 .5
itances are assumed to be time invariant. The windows have Tim2(t) — Tin(t)  Tout(t) — Tin(t)
negligible energy storage and are represented with a pure Rim 2 Ruin
resistancéRyin). The effect of varying wind velocity on ex- dT;, (t’)
ternal wall convection coefficients is not considered. - CinT + (Qconv+ Ofr + Qla) (7)
The whole building energy consumption can be repre- ) . ,
sented with the following differential equations: where,C and R are resistance and capacitangeis tem-
perature, subscript rf, im, ei, win, and in, indicate roof,
c dTys 2(1) _ Tsort(®) — Trt,2(1) internal mass, théth external wall, window and inside re-
M2 Ri1 spectively.Qr1 and Q2 absorbed by the nodegy, 1 and
Tt o(t) — Trt 4(t) Cim,2 respectively are the radiation which includes the radi-
- R—f?’ 1) ation from solar radiation through windows, from occupants,
m lights etc.Qcony is the convective heat from occupants, lights
dTy.a(t)  Tit2(t) — Trt.a(t)  Trsa(t) — Tin(2) and equipments et@y; is the heat transfer because of fresh
Cria a Ri 3 - Ris ) air induction, infiltration (exfiltration) Q)5 is the latent heat
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gain from occupants et@esiis the model-estimated cooling  where
load.

The properties of the building envelopes are relatively M;(s) = [Ai(s) Bi(s)
easy to obtain which can be utilized to establish the simpli- Cis)  Di(s)
fied 3R2C models of building envelopes. The parameters of The elements of all the layer transmission matrices can be
3R2C models of the building envelopes can be determinedgiven in hyperbolic function forms as shown in Egs. (11)-
by comparing the theoretical frequency response charac-(13):
teristics of building envelopes with the frequency response
characteristics of the simplified model using genetic algo- Ai = Di = COSHLi/sp;Cpi/4;) (11)

] (i=12,....n). (10)

rithm, which is presented in Section 3 in detail. The parame- B — —sinh(L: o 1) /(0 Co I 12

ter optimization of the 2R2C model of the building internal ' SInN(Liy/s0: Cei /3:)/ Gui/spi Coi /) (12)

mass is described in Section 4. Ci = —Xi/spiCpi /Ai SINN(L;/5p; Cpi /1i ) (13)
where,\, p andCp are the thermal conductivity, density and

3. Simplified models of the building envelopes of specific heat respectivelyis theith layer of the solid wall.

optimal parameters When alayer has negligible heat capacitance compared to its

thermal resistance (e.g., cavity layer, surface films), its layer

The optimal nodal placement of simplified models of transmission matrix becomes
the building envelopes is based on the equivalent frequency 1 —R
characteristics of the simplified models and their relevant M; = [0 1 }
theoretical models. The process of the optimal nodal place-
ment of simplified models of the building envelopes is to where R; is the thermal resistance of the cavity layers or
search the best parameters of the models allowing the fre-surface films.
quency characteristics of the simplified model match that ~ Thus, for the inside and outside surface films, the matri-
of the theoretical models the best. First, the theoretical fre- C€S are
quency characteristic of heat transfer of the building en- 1 —Rp 1
velope is deduced. Second, the frequency characteristic ofMin(s) = [O 1 } ; Mou(s) = [
the simplified model (3R2C models) is deduced. Then the
objective function of parameter optimization is given with Where,Rin and Rot are the thermal resistance of the surface
the deduced frequency characteristics. The GA estimator forfilms of both the inside wall and outside wall respectively.
parameter optimization of 3R2C models of the building en-  From Eq. (8), the transmission equation relating temper-
velopes as well as for the 2R2C model of the building inter- atures to heat flows on both sides is given by Eq. (16):

nal mass is given in Section 5. I:C]out(s):| _ |:—Gx(s) Gy(s)j| I:Tout(s)j| 16

3.1. Theoretical frequency characteristics of heat transfer gin(s) —Grls) Gzls) Tin(s)
through constructions where,Gx(s), Gy(s) andGz(s) are the transfer functions
of external, cross and internal heat conduction of the con-
The method to deduce the transmission matrix of heat struction, respectively. All of them are complicated transcen-
transfer for one-dimensional homogeneous multilayer plane dental hyperbolic functions, especially for a construction of

constructions in Laplace domain has been presented in manymore than two layers. Sincé(s) D(s) — B(s)C(s) = 1, they
literatures [16-18]. The deduction process implemented in can be expressed as Egs. (17)—(19).
this study is briefed as follows.

(14)

_ROU
0 1 t} (15)

The transmission equation (8), in terms of Laplace vari- Gx(s) = A(s)/B(s) a7
ables, relates the temperatures and heat flows at both sides _
of the wall, which includes the surface films at both sides. Gy (s) =1/B(s) (18)
_ Gz(s) = D(s)/B(s) (19)
Tin(s) = M(s) Tout(s) o A(s) B(s) Tout(s)
gin(s) | — gouts) | T | CGs) D(s) || gout(s) Substitutings with jw(j = +/—1) in Egs. (17)—(19), one
(8) can yield the complex function& x(jw), Gy(jw) and

Gz (jw), which are the theoretical frequency characteristic

of the external, cross and internal heat conduction, respec-

tively [19]. These frequency characteristics are represented

by the amplitudes and phase lags of these three complex

functions representing the theoretical frequency characteris-

M(s) = [A(S) B(S)] — Min(s)M,y(5) - - - M1.(s) Mout(s) tic of the external, cross and internal heat conduction, which
C(s) D(s) are used as the reference of the frequency characteristics in

(9) optimization.

where T is temperatureg is heat flow, M (s) is the total
transmission matrix of the entire wall, and also the products
of individual layer transmission matrix including the surface
films at both sides as follows:
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w0 a0l e a0 | a0 | | 4.() "(s)=A'(s)/B'(s) (26)
| — —> — e / ’
! L : ! ! Gy(s)=1/B(s) (27)
R0 R R ()= D'(s)/B'

ON \T,(0) 1 LTy | T(D) 7(8) =D'(s)/B'(s) (28)

| 4
' TVVY T T VVY T~ O Substitutings with jo(j = +/—1) in Egs. (26)—(28), one

can yield the complex function&’y (jw), G (jw) and
CZ—F c, T G',(jw), which are the frequency characteristics of the ex-

ternal, cross and internal heat conduction of the simplified
3R2C model, respectively. These frequency characteristics
are represented also by the amplitudes and phase lags of
these three complex functions representing the frequency
3.2. Frequency characteristics of heat transfer of simplified characteristic of the external, cross and internal heat con-
models duction of the simplified model, which are compared with

o . _ the theoretical frequency characteristics in order to optimize
The building envelopes including external walls and roofs  theijr parameters.

can be represented as 3R2C models using a uniform model

of five elements (three resistances and two capacitances), ag.3. Objective function of optimization

illustrated by Fig. 2. To calculate the frequency character-

istics of the simplified models in the concerned frequency  From the viewpoint of simplification [20], the simplified

range, the transfer functions of the external, cross and in- model should behave as the equivalent frequency response

ternal heat conduction of simplified models are presented ascharacteristics if it can represent the real system of a building

follows. envelope. Phase lag and amplitude are the two parameters of
The transmission equation (20) of the 3R2C model, in the frequency characteristics. Therefore, it is necessary to

terms of Laplace variablg relates the temperatures and heat find the optimal values of individual resistances and capaci-

flows at both sides of the wall, which includes the surface tances of the simplified 3R2C models, which allow the phase

Fig. 2. Schematics of the simplified model of building envelope.

films at both sides. lags and amplitudes of the simplified model match that of
Tin(s) 1 —Rs 1 —Rs3 heat transfer through the real system of a building envelope
[q::(;)] = [O 1 ] [—C4s CaRas + 1] within the frequency range concerned the best. The objective

function of such optimization is expressed in Eq. (29). The
1 —R1 Tout(s) optimization is actually searching the optimal values of the
[—Cgs C2R1s + 1} |:q0ut(s)j| five model parameters, which allow the frequency response
of the simplified model best fit the theoretical response.

_ [A’ B’ ] [Tout(s)] (20)
C" D' ] qout(s) Jar2c(R1, Rs, C4)
N
where =3 (WG jen)| — |Gl Gow|| + WEE
A’ =14 (C4R3+ CoR3+ C2R5)s + C4C2R5R3S2 (22) n=1lm=X.Y,Z
/ X [PL(Gn(jon)) = PL(G, (jwn))|) (29)
B'=—(Rs+ R3+ R1) — (CaR3R1+ C2R3R1 + CoR5 Ry where,Jarocis the objective function of the simplified mod-
+ C4Rs5R3)s — C4C2R5R3R15% (22) els of the building envelopeBL is the phase lag (denoted as
PL(G(jw))), N is the number of frequency point®, is the
C' = —(Ca+ C2)s — C4C2R3s° (23) weighting factor associated with the amplitudes and phase
lags of frequency characteristics of the external, cross and
D' =1+ (CaR1+ CaR3+ C2R1)s + CaC2R3R1s%  (24) internal heat conductions, respectively. In this study all the

weighting factors were set as 1 as it was found that such
value works well.R1 and R5 are constrained between 0 and
R, which is the total resistance of the construction including

From Eq. (20), the transmission equation relating tempera-
tures to heat flows on both sides of the 3R2C model is given

by Eq. (25): air films on both sides. Their sum is less thRnCj4 is con-
[%ut(s)] _ [—G/X(s) G/Y(S):| |:T0ut(s):| (25) strained between 0 an@, which is the total capacitance of
gin(s) —GYy(s) G(s) || Tin(s) ]Ehﬁ construction. The other two parameters can be solved as
ollows:

where,G'y (s), G, (s) andG’,(s) are the transfer functions
of the external, cross and internal heat conduction of the { R3=R—Rs— R,
3R2C model of the construction respectively. All of them C2=C—-C4

are the quotients of two polynomials respectively which can The number of frequency poinfé and the frequency range
be expressed as Eqs. (26)—(28): (101,107 "2) of concern are determined as followsg, n2

(30)
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andN are generally chosen as 8, 3 andrl0— ny) + 1, re- quickly find a sufficiently good solution. The algorithm was
spectively [21]. With the properties of individual layers of ever used to search for global optimal solutions in HVAC
the calculated wall, the theoretical frequency characteristicsfield [24,25]. In this study, GA is also utilized to search for
can be calculated easily. With the assigned parameter val-optimal values of individual resistances and capacitance of
ues of the simplified models, the frequency characteristics simplified models of the building envelopes and the simpli-
can also be calculated conveniently. A GA estimator used to fied model of the building internal mass by minimizing their
optimize the parameters is described in Section 5. objective functions.
Fig. 3(a) shows schematically the GA estimator for pa-
rameter optimization of simplified models of the building
4. Parameter optimization for simplified internal mass envelopes (3R2C models). It starts with random estimates of
model the individual capacitances and resistances. The component
with largest rectangle represents a @#f. Multiple runsare
The predicted energy consumption of the simplified allowed. Eq. (32) represents the fitness functigisréc) for

building energy model with the differential Egs. (1)-(7) can  3R2C models, which is the reciprocal of the objective func-
be compared with the measured cooling load (Runge—Kuttation of the minimization problem as Eq. (29).

algorithm is used to solve the equations). The parameters

of the simplified building internal mass model are identi- 1

fied using operation data. The optimized parameters are the/3r2c(R1, Rs, Ca) = Tamoc Ry, Ra. Ca) (32)
resistances and capacitances of the building internal mass R2CLEL, 75, T4

2R2C model, which allow the model prediction matches the In the genetic algorithm, the three parameters, Rs, C4)
operation data the best. The objective function for the opti- constitute the chromosome of an individual. The search
mization employs the integrated root-mean-square error of spaces forRz, Rs) are between 0 and the total resistaice

predicted heating/cooling load as defined in Eq. (31). and their sum should less th& The search space faly is
_ _ _ _ between 0 and the total capacitar@elnitializing the three
J2r2C(Cim, 1 Rim. 1. Cim. 2. Rim.2) parameters produces the initial population to start ar@A
N After the crossover and mutation processes, the next genera-
_1(Qactk — Qestk)? : SN ) N
= \/Zk L ;Ct_ 1 et (31) tion population is produced and the fitness is evaluated. The

. o . S criterion to stop the GA estimator is based on the comparison
where, J2roc is the objective function of the simplified  of the best fitness values of two consecutives The GA
model of the building internal masg)act and Qestare the  estimator stops when the relative difference between the two
actual measured and model predicted cooling/heating loadsyaximum fitness values reaches a threshold value. Au®A

respectivelyCim,1, Rim,1, Cim,2, Rim,2 are the parameters of s a|so terminated if the number of the current generation is
the 2R2C model. This is a typical nonlinear optimization equa to a predefined maximum number.

problem. Another GA estimator is used to optimize the pa-  \wnen the simplified models of the building envelopes

rameters as described in the next section. _ are established using the above GA estimator, the para-
The measured cooling/heating load is calculated usieg  neters of the 2R2C model of the building internal mass
return and supply water temperature difference and the wa- ¢4 pe jdentified using short-term operation data. Fig. 3(b)

ter f!OW rate_retrieved frgm BMS',TO predict Fh? building  ghqys schematically the GA estimator for parameter opti-
cooling/heating load using the simplified building energy mization of the simplified model of the building internal

model, indoor a(ijr ;em%e-rat?re r?nd' ffllumidity, outldoor ;ir mass (2R2C model). The fitness functiofpf2oc) for the
temperature and humidity, fresh air flow rate, solar radia- simplified model of the building internal mass, which is

:mn, tl)cctjﬁ?ncy;ntd |fnte:£al galmetne_e(;lleci._f_'l'hf mea;nti the reciprocal of the objective function of the minimization
o collect these data for the parameter identification of the problem as Eq. (31), is represented by Eq. (33).

internal mass are described in Section 6.

S2r2c(Cim 15 Rim,1, Cim, 2, Rim 2)
5. GA estimatorsfor parameter optimization of 1
smplified models ~ Jor2c(Cim, 1, Rim.1. Cim,2, Rim.2)

(33)

Searching for the optimal values of individual resistances The process of the GA estimator for the 2R2C model is simi-
and capacitances of the simplified models of the building lar to that for the 3R3C models. The GA estimators for para-
envelopes and the building internal mass is a nonlinear op-meter identification of these simplified models are developed
timization process. There exist many methods for such opti- based on the GA driver by Carroll [26]. The parameters of
mization problems such as the sequential quadratic program-the GA driver are important for convergence speed. They
ming [22] and the conjugate gradient method [23]. Genetic are selected according to Carroll's recommendation and de-
algorithm (GA) is a better optimization method [15]. It can termined by simulation tests.
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Randomly initializing the
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)

() (b)

Stop & Output
c,

Generating new generation
[R.R,C,]*"

Fig. 3. GA estimators for parameter optimization. (a) For 3R2C models; (b) For 2R2C model.

6. Building system description and data collection floors are mainly used for offices with 1738122 x 79 m)
per floor, and the roof is covered with a swimming pool. The
The simplified building dynamic energy model and pa- basements are used as garage.
rameter identification are validated in a real building. The ~ The whole building is constructed primarily of heavy
building system description and simplification measures aseight steel concrete with vertical transportation systems

well as data collection are briefed below. and AHU plants in the core. The external walls are mainly
o S a multilayer construction consisting of 5 layers of homo-
6.1. Building system and simplification geneous materials including 300 mm high density concrete

between 13 mm face brick and about 13 mm plaster with out-

The building in this study is located in Hong Kong IS gjge and inside air films. The overall coefficient of heat trans-
land and it was completed in 1983. The building consists of fer (Uo) of the windows is about .82 W-m~-2.K-1) with

a main building of 50 floors with 180 meters high and an at-
tached building of 7 floors with about 28 meters high and a
basement of 3 floors. For the main building, the first and sec-
ond floors are served as shopping centers. The third, fourth ™~ ) ) - ” -
and fifth floors are restaurants. The sixth floor is used for N9 1S approximately 25%. The office ceiling height is about
chiller plant. The commercial offices are located from the 2-6 meter high. Therefore, 75% of the building volume is
7th to 49th floors with 2262 A(58 x 39 m) per floor except used to calculate the indoor air capacity of the building.

that the 15th, 31st, 48th floors are for refuge use. The offices  The building is air-conditioned with the chiller water
are 3.35 meter high. The 50th floor is used for banquet hall plant on the 6th floor except the banquet hall on the 50th
with 6 meter high. For the attached building, the first and floor which is supplied by a separate air-cooled package unit,
second floors are also served as shopping center. The otheand the basements which are not air-conditioned. Most of the

3.2 mm clean glass as the single glazing material. The floors
are 150 mm high density concrete with an about 50 mm re-
furbishment layer. The ratio of window to wall of the build-
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1.0

0.9 | —oe— Office
. ——=a—— Shopping ce

air conditioning terminals are AHUs located in the core ar-

floor is air conditioned with a separate unit; (3) The ceiling
of the 7th floor of the attached building is also considered as
adiabatic because the roof is covered with a swimming pool; voe 9
(4) The ground floor is merged into building internal mass

without special considerations.

eas. -('g 0.8 [ ——— Restaurant
For convenience of modeling, the following simplifica- = Tt
tion measures are assumed: (1) The refuge floors are open 3§ orr
space. The heat transfer from the refuge floors to the adjacent § 06
floors is calculated through the density concrete structure of ..g 05
150 mm with the simplified 3R2C model; (2) The ceiling ¢ %[
of the 49th floor is considered as adiabatic because the 50th £ %% [
g 02
a

01

Time (h)
G

6.2. Data collection and processing 10 ¢

—¢&—— Office
09 ——a—— Shopping c¢nter
08 [ —— Restaurant

A site survey was conducted and original design infor- i
0.7

g
mation was collected to build the complete profiles of the é i
occupancy and the use of lighting and equipments. The oc- g 06 1
cupancy load and the internal load from lighting and equip- & 05|
ments were estimated according to the rules established on 2 04
the basis of site survey and according to a previous research E 03
on Hong Kong buildings [27] as briefed in the following. S o2
The normal occupancy period of office, shopping center and % 0.1 ¢
restaurant is from 8:00 am to 6:00 pm, from 10:30 amto 2 oo R R T A
10 pm, and from 6:30 am to 10 pm or late, respectively. 0 4 8 2 1° 20 2
The densities of occupancy for the three places are approx- Time (h)
imately 9, 4.5 and 2 fper person, respectively. The de- (b)
sign equipment powers for the three places are 25, 30 and 10
55 W.m~2, respectively. The design lighting powers for the 0o k
three places are 25, 70 and 35 2 respectively. The nor- os L
mal patterns of occupancy, equipment power and lighting 07 L
power are shown in Fig. 4 (occupancy load, light power and 0s L
equipment power pattern are in factions of their respective 0'5 r

peak values). The internal gain from occupancy, lighting and
equipments can be splitinto convective and radiative compo-
nents according to the recommendations by ASHRAE [28].
For occupancy heat gains, latent heat, convective heat and
radiant heat contribute 40%, 20% and 40% respectively.

The offices, shopping centers and restaurants are supplied
with fixed amount of fresh air with the ventilation rate of 10,
7 and 7 Lis~! per person in the occupancy periods. The re-
turn air temperature of AHUs and actual cooling load of the ©
chiller plant were measured and recorded by BMS. The out- Fi )

! . ig. 4. Normal patterns of occupancy load, equipment power load and
door air temperature and humidity were measured by BMS lighting power load. (a) Occupant load profile; (b) Equipment load profile;
as well. An average return temperature was taken as the(c) Lighting load profile.
uniform indoor air temperature. Solar radiation cannot be
measured directly at the site. Instead, the horizontal global 7. Validation tests and test results
solar radiation was obtained from Hong Kong Royal Obser-
vatory. It was decomposed into direct normal solar radiation ~ The simplified building energy model was validated us-
and diffusive solar radiation with the relationship established ing operation data from the real building system described
by Lam and Li [29] for Hong Kong. The direct normal solar above. The simplified building energy model consists of the
radiation and diffuse solar radiation were used to calculate simplified models of the building envelopes and the sim-
“solar air temperature” on different external wall surfaces plified model of the building internal mass. Therefore, the
and the solar radiation transmitted through windows. validation process includes three parts: validation of opti-

0.4 - —&— Office perimeter zone
r Office inferior gone
03 hopping center
L estaurant
0.2
0.1 <

0.0

Daily pattern of Lighting load (-)
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Table 1
Details and CTF coefficients of a brick/cavity wall of medium construction
Description Thickness and thermal properties

L [mm] A W-m—Lk-1 p [kgm—3] Cp [Jkg~1.K4 R [m2-K-W—1]
Outside surface film 0.060
Brickwork 105 0840 1700 800 0.125
Cavity 0.180
Heavyweight concrete 100 .@30 2300 1000 0.06135
Inside surface film 0.120
k 0 1 2 3 4 5
b [W-m—2.K~1 0.000179 0013915 0043460 0018036 0.001034 .000005
Ck [W~m_2-K‘1] 6.953625 —12.223156 5985915 —0.660046 0.020334 —0.000044
dy 1.000000 —1.620834 0726131 —0.065025 0.001594 .000000
Table 2
Parameters of simplified 3R2C models of a brick/cavity wall
Model Parameters of resistance and capacit&pe?-K-W=1], ¢ [Jm~2.K~1

Rq Co R3 Cy Rs R (total) C (total)
Theoretical model - - - - - 0.5455 372800
Simplified model (a) 0.0586 186400 0.3663 186400 0.1206 0.5455 372800
Simplified model (b) 0.1818 186400 0.1818 186400 0.1818 0.5455 372800
Optimal simplified model 0.0929 122420 0.3111 250380 0.1415 0.5455 372800

mal nodal placement of the simplified models of the building nodal placement) were obtained. The parameters of the three
envelopes with GA estimator (Section 7.1), parameter identi- simplified models are shown in Table 2.

fication of the simplified model of the building internal mass Because the heat transfer into indoor space is directly
(Section 7.2), validation of the simplified building energy related to the frequency characteristics of the cross heat con-

model in different operation conditions (Section 7.3). duction and internal conduction of the building envelopes,
only these frequency characteristics were displayed for com-

7.1. Validation of the simplified models of the building parison and validation. The frequency responses of the four

envelopes models have similar characteristics in the low frequency re-

) ) gion as shown in Figs. 5 and 6. The frequency range pre-

To validate the effectiveness and accuracy of the GA- sented in the figure is the range normally concerned for
based op_tln_wal nodal placement for the simplified models building dynamic simulation. For the frequency response

of the building envelopes, the outputs of the 3R2C model characteristics of the cross heat conduction, Fig. 5(a) shows
with optimal nodal placement are compared with that of the a1 the amplitudes of the simplified model with optimal
theoretical model and two simplified 3R2C models (as ref- 44| placement almost overlap with that of the theoretical
erence mode!s) V.V'th typical cqnflguratlons normglly use_d N model, while the amplitudes of the simplified model (a) are

gr?ﬁt'ﬁ?l ?EplltcvitIOPSf [:2614]}:1” fée?ue?cynd?nm?mrﬁng tllme greater than that of the theoretical model and the amplitudes
a(r:d ?no.del (eb) ir?theise Z (;? F(c))r ?nsodagle(afth: )t/hrez rees(i:? of simplified model (b) are less than that of the theoreti-
paper. cal model in the high frequency region. Fig. 5(b) indicates

tances take the values of the outside conductive resistanceth tthe th implified dels h il h | q
wall conduction resistance and inside conductive resistance at the three simpliiéd models have similar pnase lags de-

respectively, the value of individual capacitance is half of the viating from the theoretical phase lag in the high frequency

total capacitance. For model (b), the three resistances and©9/0n: For the frequency response characteristics of the in-
two capacitances are distributed evenly. ternal heat conduction, Figs. 6(a) and 6(b) indicate that the

Many case studies were conducted to validate the optimal@MPlitudes and phase lags of the simplified model with op-
nodal placement method for the simplified building models timal nodal placement (i.e., optimal simplified model) agree
and the accuracy of the simplified models. One case for aWell with that of the theoretical model while the frequency
brick/cavity wall (details are given in Table 1) is presented Ccharacteristics of simplified models (a) and (b) deviate sig-
in this paper. This wall is often used to validate various nificantly from the theoretical frequency characteristics in
calculation methods [21,30]. Its CTF coefficients provide a the high frequency region. The simplified model with op-
convenient reference to calculate the transient thermal transdimal nodal placement performs obviously better than the
fer of the theoretical model with variable sol-air temperature models with other configurations do. The same result can be
and indoor air temperature. With GA estimator, the optimal observed when comparing the calculated heat gains of those
parameters of the model (i.e., simplified model with optimal models as presented later.



428 S. Wang, X. Xu / International Journal of Thermal Sciences 45 (2006) 419-432

N
[(e]

—a— Theoretical model
18F gl —© Model(a) A
Model (b)
16 . —— Simplified model with optimal nodal placement
1.4}
- <6f
& 1ol &
e 1 e 5l
: z
o 1T ) o
E gar
35 08r =
£ £ 3L
< o6l 1 <
0.4+ —— Theoretical model 2t
—o— Model (a)
0ol Model (b) 1+ .
—+— Simplified model with optimal nodal placement
L Ll L Lol L I S| Lor ol L L 0 ol L | L [ | [ | L
-8 -7 -6 5 -4 -3 -8 -7 6 5 -4 3
10 10 10 10 10 10 10 10 10 10 10 10
Frequency (rad 3'1) Frequency (rad 3'1)
(@) @)
1 0.1 T T
5 - 5
s s
= S
(0] (0]
i —
[0l -
2] 2]
o o
£ £
o - a-
—a— Theoretical model —&— Theoretical model
—o— Model (a) -08- —o— Model (a) g
-6 Model (b) Model (b) ] ]
—«— Simplified model with optimal nodal placement -09F —— Sinmplified model with optimal nodal placement 7
- N tel L (| L Lol [ | L Lo _1 L 1 1 1
-8 -7 -6 5 -4 -3 -8 -7 -6 5 -4 -3
10 10 10 10 10 10 10 10 10 10 10 10
Frequency (rad 3'1) Frequency (rad 3'1)
(b) (b)

Fig. 5. Frequency responses of cross heat conduction for Brick/cavity wall. Fig. 6. Frequency responses of internal heat conduction for Brick/cavity
(a) Amplitude; (b) Phase lag. wall. (a) Amplitude; (b) Phase lag.

o ] ] with that of the theoretical model) are 6.1%, 10.7% and
In real applications, the indoor air temperature changes 3 494 respectively. These results further confirm again that
continuously. Therefore,_ it is necessary to consider the _ef— the simplified model with optimal nodal placement agrees
fects of the change of indoor air temperature. For an in- petier with the theoretical model when compared with other
termittent air-conditioned building with the brick/cavity  simplified models. The average absolute error is used in this
external wall, the daily sol-air temperature and indoor air naner pecause it can reflect the deviation of predicted values

temperature in a typical summer day are selected for heatfrom the theoretical values or measurements more clear and
gain estimation as shown in Fig. 7. The heat gains of the 5ccurate than the absolute error.

simplified models are calculated using the parameters listed

in Table 2 while the heat gain of the theoretical model is 7.2, Parameter estimation of the simplified model of the
calculated using CTF method with the coefficients listed in puilding internal mass

Table 1.

The heat gains of these simplified models are compared  After the optimal nodal placement of the simplified mod-
with that of the theoretical model as shown in Fig. 8. The els of the building envelopes was achieved using the GA
average absolute errors (namely, percent average absolutestimator as described above, the parameters of the building
error) of hourly heat gains of Model (a), Model (b) and internal mass model were then identified using the other GA
the simplified model of optimal nodal placement (compared estimator. In this process, the operation data were used for
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10 Fig. 10. Actual measured cooling loadmodel predicted cooling load (pa-

rameter identification case).

5 to identify the parameters of the 2R2C building internal mass
s s 10 15 % model. The outdoor air temperature and horizontal global so-

Time (hour) lar radiation for the parameter identification case are shown
in Fig. 9. Most of the days were sunny and cloudy, and the
others were sunny with a few showers.

The air-conditioning systems in offices operated in the
model prediction. The parameter identification of the inter- office hours between 8:00 pm and 18:00 pm. The air con-
nal mass model is achieved actually by searching the valuesditioning systems in restaurants and shopping centers were
of the 2R2C, which allow the predicted building cooling load shut down a little later. AlImost each office floor has fan coil
best fits the measured cooling load. units to supply cooling load to communication or compu-

For the building concerned, the basic structure of the floor tation rooms for non-office hours such as night-time and
layer is density concrete of 150 mm. Because the internal holidays. The cooling load in these hours was only a very
mass includes the basic structure of the floor layer, the par-small part of the total building cooling load in the normal
titions, the internal walls, and furniture, etc., the searching office hours. The temperatures measured in non-office hours
scopes of the parameters of the building internal mass with cannot represent the indoor air temperature because the sen-
GA estimator should be much larger than the capacitancesors installed in air chamber (in the core of the building) and
and resistance of the basic structure of the floor layer. Thethe air in offices is stagnant. Therefore, only the operation
searching scope of both resistances was assumed betweedata in office hours were used to identify the parameters of
zero and the sum of resistances of the indoor air film and building internal mass model. It is worth noticing that the
three times the resistance of the floor basic structure. Theoperation data in non-office hours are preferably used in the
searching scope of both capacitances was assumed betwedittings for parameter identification when reliable measure-
zero and three times the capacitance of the floor basic strucsments in that period are available.
ture. The identified parameters using GA estimator are:

The operation data of the building for consecutive four- Cim 1 = 648729 n—2.K~, Cin2 = 73793 Jm—2.K1,
teen days (two weeks) in typical summer season were usedRim 1 = 0.299 n?-K-W~1, Ry » = 0.0282 nf-K-W~1,

Fig. 8. Hourly heat gains through the brick/cavity wall.
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Fig. 11. “Measured” uniform indoor air temperatwemodel predicted in- Fig. 13. “Measured” uniform indoor air temperatwgmodel predicted in-
door air temperature (parameter identification case). door air temperature (validation-summer case).
15000 e Actual measured cooling load In the summer case, the weather condition was similar to
o Modelpredcted coolingload that used for the training process as shown in Fig. 9. Fig. 12
3 12000 g‘ % presents the model predicted cooling load profile using the
% 9000 | building model compared with the actual measured cooling
§ ! load profile. It shows that the model can dynamically predict
2 5000 ' cooling load, which agreed well with the actual measured
E | ] ﬂ cooling load. The model predicted cooling load could follow
O 000 Bl } L4 Bt the trends of energy consumption accurately. The average
] H j g & g g absolute error between predicted and measured cooling load
oL Mol r e RTF R P was 9.7% when the data points in non-office hours were ex-
0 % e de2 0 2 36 cluded. If all the data points including that in office hours
Time (h) and non-office hours, were used for model validation, the er-
ror was higher, 22.2%. It is observed that the model trended

Fig. 12. Actual measured cooling loadmodel predicted cooling load (val- . - .
idation-summer case). to over-predict cooling load for non-office hours due to the

fact that measured return air temperature measurement in
non-office hours was not a reliable indicator and was sig-

. F'g'. 10 presents model pred!ctgd qoollng load with the nificantly lower than the true average air temperature in the
'dem'f'ed parameters of the bund_lng internal mass model building. This point can be explained in more detail as fol-
against the actual measured cooling load. The average aby,

. : Tows.
solute error was 7.8% for the data points of office hours iy 13 presents the model predicted uniform indoor air
between 8:00 am and 8:00 pm. Fig. 11 presents the modekg e ratyre (using the measured cooling load) compared
predicted uniform indoor air temperature with the identi- | ..t tha “measured” indoor air temperature in the summer
fied parameters of the building internal mass model and the

: - ) - case. The “measured” indoor air temperature was the aver-
measured cooling load in the period used for parameter iden-5 e of the measured retumn air temperatures. It shows that
tification. It shows that the identified model could well pre-

' - - i the model can predict the trends of indoor air temperature
dict the trends of indoor air temperature. Comparisons ShOWcorrectIy. At the beginning of office hours, the indoor air

that the model predicted ind?or air temperature in the office 545 cooled down by air handling systems. In contrast, when
hours well agreed with the “measured” uniform indoor air g, handling systems were shut down in non-office hours (at

temperature. night and weekend days), the indoor air was warmed up by
o S o heat transfer through building envelopes and heat transfer of
7.3. Validation of the simplified building energy model the building internal mass. Comparison shows that the model

predicted indoor air temperature in the office hours agreed
To further validate the simplified building energy model well with the “measured” uniform indoor air temperature.
developed, it was used to predict the cooling load with the In non-office hours, the model predicted indoor air temper-
“measured” uniform indoor air temperature in other two op- ature was significantly higher than the “measured” uniform
eration periods. One was also in summer season lasting forindoor air temperature. It is because, in office hours, the air
two weeks, and the other was in winter season lasting for onewas circulating and the measured return air temperature in
week. The same building model was also used to predict thethe return air chamber could well represent the indoor air
uniform indoor air temperature with the given cooling load temperature. However, in non-office hours, the measured re-
in the “reverse direction”. The internal heat gains used were turn air temperature was obviously lower than the real indoor
the same in both cases. air temperatures in summer season because the air was stag-
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25.0 3.00 8. Conclusion

Qutdoor air temperature

—e—— Horizontal global solar radiation

Simplified building energy models, which can reliably
predict the dynamic thermal performance of the building
system, are highly desirable for performance evaluation and
diagnosis etc. However, it is a great challenge to represent
the thermal characteristics of the building system with sim-
plified models for either building envelopes or the building
internal mass. Estimation of model parameters is essential
when using simplified model in applications. Studies show

Time (h) it is feasible to develop simplified models of the building
system to predict dynamic thermal performance of good ac-
Fig. 14. Outdoor air temperature and horizontal global solar radiation (val- curacy.
idation-winter case). An efficient and effective method for parameter estima-
tion of the simplified models is important in practical appli-

Outdoor air temperature (°C)

Horizontal global solar radiation (MJ/h)

10000

e Actusl menaured cocling load cation. This paper presented a method to simplify building
T+ Modelpredicted cooling load thermal system and to estimate the parameters of the simpli-
S 7500 fied model. The simplified building energy model consists
% i ﬁ ,ﬁf of the simplified models of the building envelopes and the
§ 5000 simplified model of the building internal mass. The parame-
o J ters of the simplified models of the building envelopes are
S ﬂ L J ” identified using easily available physical properties based on
O 200 the frequency response characteristic analysis. The parame-
#J M ters of the building internal mass model are identified using
0 e s T monitored operation data. Genetic algorithm (GA) provides
0 24 48 72 96 120 144 168 O . L
Time (h) an efficient means for t.he nonlinear parameter optimization
in parameter identification.
Fig. 15. Actual measured cooling lossmodel predicted cooling load (val- Test results in a real commercial office building with dif-
idation-winter case). ferent operation conditions demonstrated that the simplified

building energy model can predict the dynamic thermal per-

nant and the measured return air temperature in the return ailformgnce of th_e building robustly and accurately. The model
chamber (in core area) was not affected (i.e. heated up) Sig_predlcted cooling load shows the average error was about
nificantly by the outside weather condition. Therefore, the ten percent compared to the gctual meas_ured co_ohng load.
model predicted indoor air temperature could represent theThe model can also well predict average mdqor air temper-
uniform indoor air temperature more accurately compared ature. The robustness of the model to predict the thermql
with the “measured” uniform indoor air temperature in non- Performance owes to that the model represents the dynamic
office hours. characteristics of the building system physically and the

The building model was also validated with a week long Model parameters are partially determined using the build-
operation data in a winter case which was a very different op- N9 Physical properties. At the same time, the accuracy of
erating condition. Fig. 14 shows the outdoor air temperature the simplified model owes partially to that part of the model
profile and horizontal global solar radiation profile. The out- Parameters are identified using the actual monitored opera-
door air temperature was much lower than that in summer tion data by best fitting the model outputs with the operation
season. Most of the days were sunny and the intensities ofdata. The model can provide thermal performance predic-
the solar radiation were lower than that used for model train- tion of good accuracy and robustness for practical applica-
ing. Fig. 15 presents the actual measured cooling load andtions.
model predicted cooling load. The model predicted cooling
load agreed with the actual measured cooling load in office
hour with a correspon_ding_ average gbsolute error of 12.0%. Acknowledgement
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