5.1

BUILDING SIMPLIFIED MODEL VALIDATION

5.1. Introduction

Lumped building models have already been develdpedaret [18], Ngendakumana [22],
Kummert [17], Wang [13]. Our purpose is to validateh models by comparing their results
to those provided by a detailed dynamic model. Vda&ation process can lead either to add
more parameters to the model in order to improgerdliability, or to suppress some
parameters in order to simplify the model while keg good quality results, in agreement
with the model simulation objectives.

The results of thesimplified dynamic modgbroposed in 84.3 and 4.4 can be compared to
those provided by eeferenceconvolution model based on response factors [28], Three
error indicators can be used to compare the intlemperature profiles generated by both
models (85.3.2). The dampening factors can alsocobgputed by comparison with a simple
static model.

A one zone simplified model such as that preseatefig 4.2 can be generated from the exact
detailed description of the walls compositionscdh be validated for five two levels houses
and for an office room (85.4).

A one zone simplified model can also be generatenh fwall default parametersesulting
from the typology established in chapter 3 85al also be validated for five houses and for
an office room, allowing a much easier way to idtrce wall dynamic data for the model user
(85.4).

A wall model can be adopted for partition walls,tBat a two zones simplified model can be
generated. That model can be validated for two égusne including massive partition walls,
the other one including light partition walls (8p.5

Thesimplified dynamic modehust be able to estimate summer overheating witksenough
accuracy. So, a specific 2R1C branch can be addeddount for roof absorbed solar heat
gains and for sky infrared radiation. That modeh dg validated by comparison with a
reference convolution model including all the opadpuilding walls absorbed solar gains and
sky infrared radiation (85.6).

The one zonsimplified dynamic mode&lan be tested on the experimental results proviged
EMPA test cell in the framework of IEA-ECBCS ann&X research project. The results are
presented in § 5.8.
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5.2

5.2. Reference model

The reference model can be provided by a resp@aser§ convolution process.

5.2.1. Wallsresponse factors
Response factors can be computed for each wall:

For isothermal boundary conditions walls, a tridaguemperature impulse with a
maximum 1K value is imposed on the indoor side, while theloat side temperature
is maintained at a null value. The response faatbiadoor heat flonZ and outdoor
heat flowY are computed (fig.5.1) outdoor heat flows are small but they can bring a
significant contribution for when exposed is summuafs.

For adiabatic boundary conditions walls, a simitéangular temperature impulse is
imposed on the indoor side while the outdoor sidatHlow is null. The response
factor of indoor heat flowZ is computed (fig.5.2).

The triangular temperature impulse basis equals,avhereAt is the computation time step.

Heat response factors can be computed with EE®rsalsing a finite elements method with
a Crank Nicholson time integration process:

At
C'(et+At _et)+ (L + H)'?'(GHA'( +et) = At'H'(ee,HAt +9e,t) (5'1)

C: Capacity matrixJ/K C =INT.p.C.N.dV

\Y
L : Conductivity matrixw/K L = IBT.A.B.dV

\Y
H: Convection and radiation matri/K H= Ih.Ng.NS.dS

S
N : Element temperature interpolation matrix -
B : Element temperature-gradient interpolation iratr m™*
Ng : Elements surface temperature interpolation imatr -
h : Heat transfer coefficient, including convectimd radiation effectgv/nf.K
At : Computation time step

0,,0,,., : Vectors of nodal temperaturesS, at timet and at timet + At
0...0...,: Vectors of environmental temperatures on surfaa timet, and at timet + At

et?
The heat transfer coefficiehtis supposed to be independent from temperature.

The wall is decomposed into 14 finite elements efjrée 2 through parabolic interpolation
functions. Wall response factors are computed \BEHE solver with a time step of 600 s
during 100 h. They are used as input of a convatugirocess performed with a 1200 s time
step.
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Fig.5.1. Response factors to a triangular indoanperature impulse, computed for an
isothermal boundary conditions wall.
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Fig.5.2. Response factors to a triangular indoanperature impulse, computed for an
adiabatic boundary conditions wall.

5.2.2. Convolution process

The wall response factors can be combined with estbler to get the response factors
corresponding to the whole building zone under wtédconvolution process is then applied
in order to provide the temperature and heat fl@sponse of the building when it is
submitted to a varying outdoor temperature anduarging indoor set point temperature. The
indoor heat flow resulting from the convolutiongisen by:

Qconvol = Qout,isothermal - Qin,isothermal - Qin,adiabatic (5-2)
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5.4

n- j max

1
) — j
Qout,isothermal - ZYi.At 'tout,t—(i -1).at + YnAt : Z /1out,isothermal'tout,t—(n+ j)at
i=1 j=1
n-: j max

1
) — i
Qin,isothermal - Z Zi.At 'tin,t—(i—l).At + ZnAt . Z Ain,isothermal'tin,t—(mj)At (53)
= =
n- j max

1
) — j
Qin,adiabatic— Z Zi.At 'tin,t—(i—l).At + ZnAt . Z/]adiabatic-tin,t—(nﬂ)m
=1

i j=1

Q'out,isothermal: Indoor heat flow response to outdoor temperaiMre

Qin,isothermal: Indoor heat flow response to indoor temperatiareisothermal boundary
conditions wallsV

Qin,admbaticz Indoor heat flow response to indoor temperatime adiabatic boundary
conditions wallsN

A
Jmax = E -n

n : Number of time steps covered by the responsescur

t : Time since the beginning of the computatson

At : Computation time step

When the time is varying from 0 to infinity, the integration tfe whole response cureor

Z must equal the building heat loss coefficigxil. As the computed response curve is
described by a limited number of termgt is shortened. A correction is then neededrdeno

to reproduce the steady state behavior of the ingild’he second term of each equation (5.3)
is intended to perform this correction, with:

AU —Z. 't AU —Z.z,At
Aout,isothermal = n = Ain,isothermal = n = (54)
AU _Z'YiAt +YnAt AU _Z'Zim + ZnAt
i=1 i=1
- Z Lin
Ain,adiabatic = n =
T s - Line Lo

The building heat balance is given by the followeguations, which can be compared to the
simplified model equations (4.1),(4.2),(4.3):

dUc4,|i\dtau = Q14,convol + Q14,vent,li+ Ql4,transm,|i + Q4,Ii (5 5)
. R S R VR
Q14,vent,|i -
Rs
. ot =t
Ql4,transm,|i
R1

‘Definition and Validation of a Simplified MultizenDynamic Building Model Connected to
Heating System and HVAC Unit’ G. Masy



5.5

Qaii = Qhneatingli + Qsolg + Qocc
Thnal
Ucali = Ucalijinit + I (dUcslndtau ) d T
Tmma\
_ Ucai
ta)i = c
4

5.1.3. Definition of a control law

The building heat balance, described by the simepliimodel equations (4.1) to (4.3), or

computed by a convolution process according to o (5.2) to (5.5), still presents one

degree of freedom. It is necessary to introducelaionship between the indoor temperature
and the heating power supplied to the building zoHeat is the control law, so that the

heating power is governed by the difference betwhenndoor temperature and its set point,
and limited by a maximum heating power (fig.5.3):

X = Min (1, Max (0, C - (tset — tin)))
(5.6)
Qheating = X Qheating,max

Qheatinq

Qheatinq.max

tset - 1/C 1:set 1:in

Fig 5.3: Feedback proportional control law.
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5.3. M ethodology

5.6

The results provided by th@mplified modelcan be compared to those obtained through a
referenceconvolution model based on response factors (86rLa whole year simulation, for
the five houses and the office room presented aptdr 4.

Reference
model

Qheating, ref

> tin,ref

Simplified
model

—» tin

Fig.5.4. Simplified model validation.

A first computation on the reference model candy@lreference heat flow profile as well as
an associaterkference indoor temperature profilReference heat flows can be used as input
data for the simplified model that generates arandemperature profild;,, which can be
compared to the reference profiiger.

5.3.1 Occupancy profiles

Three occupancy profiles can be considered to aithe model:

A floating temperatureprofile, i.e. there is no heating system, onlyasoand
occupancy heat gains are considered, with constanpancy heat gains,

A tertiary occupancyprofile, with a night set back and a stop during week-end,

A residential occupancyprofile, starting in the morning from 6 to 8 AMnha&
restarting at the end of the afternoon until 11 Pdd,each ordinary day. Heating is
continuous during the week-end with a night sekbac

A maximum value of occupancy heat gains is compfrad a standard value of 5.42/m?
of floor area,and weighted following a tertiary or residentiatopancy profile (fig. 5.5).
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Fig.5.5. Temperature set points and occupancy baais factors for a tertiary profile (left)
and a residential profile (right): full lines amelated to ordinary days profiles while doted
lines concerns the week-end profiles.

Fig. 5.6 shows the indoor temperature profilesummer, and the same results in winter, with
the corresponding heating powers, for Esneux hgussented in chapter 4, modelled as a
single zone. The weather data are reference wedtter recorded in Uccle, Belgium.The

occupancy pattern is a residential one. Dottedslic@respond to the detailed model results
while continuous lines are related to the simpdifreodel simulation. The two models are in

agreement with each other.

Fig. 5.7 shows the same results in winter, fordfiiee room presented in chapter 4, modelled
as a single zone. The weather data are referenatheredata recorded in Uccle, Belgium.

The occupancy pattern is a tertiary one. The resuk, again, close to each other, either for
the office without suspended ceiling, or with susged ceiling.
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Fig. 5.6 Results provided by a zone simplified dyicanodel, and by convolution process on
response factors, for Esneux house in summer (upb)rawinter (down). The occupancy

profile is ‘residential’ (fig. 5.5).
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Fig. 5.7 Results provided by a zone simplified dyicanodel, and by a convolution process
on response factors, for the office room in wintthout suspended ceiling (up) and with
suspended ceiling (down). The occupancy profiteersary’ (fig. 5.5).
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5.3.2. Error indicators

Three indicators can be used to compare the referand the simplified model indoor
temperature profiles:

24h 24h 365]
J.tin 'dT J.(tin _fin )Z'dr I(tin,ref _tin )zdr
0

f, At =122 RMS=1/-° _ (5.7)
24h 24h 365j

The first indicator gives the mean indoor temperttelated to the last 24 h. It can be
computed for the reference indoor temperature disasdor the indoor temperature profile to

be validated. The differencdg, -, .. ) can be calculated over the whole year.

in,ref

The second indicator gives the mean indoor temperamplitude related to the last 24 h,
computed from the root-mean-square valug, of f, ). The differences{Atin —Atm,ref) can be

calculated over the whole year.

The mean valug/ and the standard deviati@nof the differences can be computed for both
indicators, giving a confidence interval at 95 #aited by:

Ly = 1+ 196.0

The third indicator is the root-mean-square valfighe difference between the reference
indoor temperature and the validated indoor tentpegaprofile, computed over the whole
year.

The simplified model can be considered as religbtbose three indicators are comprised
between 1 Kand+1K.

The first error indicator, corresponding to the mé&adoor temperature, is very sensitive to
the variations of the daily mean indoor temperaty@rticularly in the transient regime
occurring at the beginning of the simulation. B@ displays the evolution of the error on the
daily mean indoor temperature for Gesves housefanthe office with ceiling, showing a
higher error at the beginning of the simulation.tBe first 1000 hours were omitted for the
computation of the three error indicators, in oriereach a stationary state.
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Fig. 5.8: Evolution of the error on the daily meiaaoor temperature for Gesves house (up)
and for the office room with suspended ceiling (dpwresidential occupancy, walls exact
6 pparameters — Belgium reference weather data.
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5.3.3. Dampening ratio

Apart from those three indicators meant to validht simplified model, a fourth indicator
can be related to the building dynamic. That is jearly mean amplitude rati@dmp

accounting for the indoor temperature dampeningypared to a static computation (static
means that only model resistances are considemed;apacities are removed). The amplitude
ratio can be computed for the reference indoor t@atpre profile and for the validated
indoor temperature profile.

365

I dmpdr At
dmp=—"——  Where dmp=1-—™"
365j Aty
24h 24h
(tln _t_ln )2 dT j(tin,st _t_in,st)2 dT
With: At =122 At =122 (5.8)
24h ’ 24h
24h 24h
jtin dr jtin’st.dr
And: f, =2 f =
24h ’ 24h

The dampening ratio is less sensitive than errdicators to the variations of the daily mean
indoor temperature, in the transient regime. Sy ¢mé first 200 hours were omitted for the
computation of the mean dampening ratio over thelevizear.
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5.4. Validation of a zone simplified model

A zone simplified model such as that presentedgrbf9 was built for five two levels houses
and for an office room. The weather data are raefereweather data recorded in Uccle,
Belgium. A ventilation heat loss can be considebeged on a ventilation rate@f75 h'.
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Fig. 5.9 Dynamic zone simplified model.

The parameters of the model are given in annex dravtwo types of wall parameters are
involved: the exact parameterscomputed from the detailed description of the wall
composition, and thelefault parametergesulting from the wall typology established in
chapter 3 83.5.

The validation process described in 85.3 can thogige two types of results:

* A validation of the simplified model, when it is iiwon the exact valuef the wall
parameterg 0

* A similar validation when the model is built on tlefault valuesof the wall
parameterg 6

The results provided by the model built on walladgf values are less accurate than those
provided by the model resulting from wall exactgraeters. Anyway, if the model built on
exact wall parameters can be considered as reliti'emodel built on default parameters
should be considered as reliable too, if the latkazuracy is slight. This would afford a
much easier way to introduce building dynamic datahe user. No need for him to describe
the wall layers in detail, only four parametersngenecessary: the U-value, the total heat
capacity and the two non dimensional default patarag®6.

5.4.1. Daily mean temperaturesand amplitudes

Those indicators give the 95% confidence interadishe mean differenceff,, —{
amplitudes differencef\t,, - At,, ) (5.7).

)and

in,ref

Fig. 5.10 represents confidence intervals relat@itly anean indoor temperatureshile fig.
5.11 represents intervals associated to d&gymperature amplitudesThree occupancy
schedules are considered: a floating temperaturdema tertiary occupancy profile and a
residential profile (fig. 5.5).
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Fig. 5.10: Confidence intervals related to the glailean indoor temperatures.
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The confidence intervals can be computed for eacisd and for the office room considering
both exact and default values for the walls paramgt 6. Rectangles correspond to models
built on wallsexact parametersvhile black lines correspond to watlsfault parametets

The daily means differenceemains less thah K, which is acceptable. For the office room
with suspended ceiling, the daily mean error iseltw1K. A frequency analysis shows that
the daily mean error reaché&sK for less than ten days on the year, in floatingden¢fig.
5.12). So, the model can be considered as acceptabl

100 — ; . . T T 100
el ] %[
80| ] 8of
70} 70[ I
= 60 = 60[
g 50 [\ § 501 [
g 40} A g 40} r |
T 30f [\ 1 £ 30f [ |
20| /N 1 20} / \
V J
10} \\/\ ] 10| /_/ V\\
oL A~ | ) ) ) ] ol— . . . . )
-1.5 -1 -0.5 0 0.5 1 1.5 -1.5 -1 -0.5 0 0.5 1 1.5
ErrOrtin,mean [T Errortin,m ean [Tl

Fig. 5.12: Frequency curves of the error on thelydamean indoor temperatures, for the office
room with suspended ceiling (floating temperaturéeti, residential occupancy at right,
walls exactd gparameters for both diagrams).

The daily amplitudes differenceemains less thad K, and, again, the model can be
considered as acceptable.

It should be noted that the use @¥ default parameters, instead of exact parameters, t
describe the wall dynamic behavior, doesn’t corrtipg results too much. The higher
differences can be observed for Manhay house andht® office room with suspended
ceiling. In both cases, the accessibility of watlass is low. External wall bricks are protected
from the indoor space by an insulation layer fomklay external walls. For the office room, a
carpet and a suspended ceiling are insulatingloloe hasses from the indoor space.

5.4.2. Root mean square of theerror

The third error indicator is the root-mean-squaakig of the difference between the reference
indoor temperature and the validated indoor tentpegaprofile, computed over the whole
year (5.7). The indicator can be estimated for éhoecupancy schedules: a floating
temperature mode, a tertiary occupancy profile andesidential profile (fig. 5.5). It is
estimated for each house and for the office roamnsitlering both exact and default values
for the walls@ 6 parameters (fig. 5.13). The indicator value incesaas the occupancy
profile presents more sharp variations (fig. 5i6)s generally higher for the residential and
tertiary occupancy profiles than for the floatiegniperature mode.

The conclusions are similar to those observedherdaily amplitude differences (8 5.4.1) and
the model can still be considered as acceptable.
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Fig. 5.13: Root-mean-square error on the indoorpenature profile over a whole year.
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5.4.3. Discussion

The comparison between the detailed convolutionehbdsed on response factors, and the
simplified model, could focus on the wall respofesstors provided by both models.

Fig 5.14 displays the response factors associaied traditional external wall and the
corresponding 2R1C network response factors. Agspanse factors are small, they have a
small influence on indoor temperature, while Z msge factors are influencing the indoor
temperature a lot.
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Fig.5.14. Response factors of a traditional extémall.
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Fig.5.15. External wall response to an indoor hiéaiv step.
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The difference between both Z curves seems to @pafisiant, but when those response
factors are integrated in a convolution procesat, difference is smoothed, as can be seen on
fig. 5.15 when the external wall is submitted tst@p of indoor heat flow just equal to its U-
value, the evolutions of the indoor temperaturecéwse to each other for both models.

Considering the error indicators related to indtmmperature profiles in houses, maximum
errors are obtained for Gesves house (fig. 5.10 mfd) and Manhay house (fig. 5.13).
Compared to other houses, Gesves is more massivmealsides a vertical wall and a floor in
contact with ground, while Manhay is lighter, inding massive wooden external and internal
walls instead of traditional concrete walls.
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Fig.5.16. Transmittance and admittance Bode diagréon a traditional external wall (up,
left), for Manhay house external wooden wall (ught), for Gesves house ground contact
vertical walls (down, left) and ground contact ftqgdown, right) .

The external vertical walls Bode diagrams (fig. 8.5how more discrepancies at high
frequencies for Manhay wooden vertical walls, than traditional concrete walls. Gesves
ground contact vertical walls also show discrepasat high frequencies, while ground
contact floor presents differences for all frequescThose discrepancies are responsible for a
lack of dampening related to indoor temperaturdatians, causing discrepancies in the
indoor temperature profile.
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Considering the error indicators related to ind@onperature profiles in offices, maximum
errors are obtained for the office with suspendating (fig. 5.10, 5.11 and 5.13).
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Fig.5.17. Admittance Bode diagrams for an exposettiete ceiling (up, left), for a
suspended ceiling (up, right), and for a concré&terf covered by a carpet (down).

The external vertical walls Bode diagrams (fig.7.%how discrepancies at high frequencies
for the floor, but not so much for the ceiling,both cases. Floor and ceiling areas are equal.
For an office with exposed concrete ceiling, thabgl room admittance is more influenced by
the ceiling admittance, as it is higher than treoifladmittance, while for an office with
suspended ceiling, the global admittance is molleenced by the floor whose admittance
presents more discrepancies at high frequenciesheé®e again, a lack of dampening related
to indoor temperature variations occurs for theceffoom with suspended ceiling, causing
discrepancies in the indoor temperature profile.

Fig. 5.18 displays the evolution of error relatedie daily mean indoor temperature for both
offices, in floating temperature mode. In the daffimom with suspended ceiling, the error
increases more with indoor temperature variatitmsn in the office with exposed concrete
ceiling.
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Fig. 5.18: Evolution of the error on the daily meiadoor temperature for an office room
with exposed concrete ceiling (up) and for an efficom with suspended ceiling (down) —
floating temperature, walls exaétgparameters — Belgium reference weather data.

5.4.4. Dampeningratio

The yearly mean dampening ratamp accounting for the indoor temperature amplitude
reduction, compared to a static computation, caragdterize the building dynamic behavior

(5.8).

‘Definition and Validation of a Simplified MultizenDynamic Building Model Connected to

Heating System and HVAC Unit’

G. Masy



5. 22

Dampening - Floating temperature
B Reference Values W Exact Parameters W Default Parameters
1
=
Esneux Manhay Seneffel Seneffe 2 Gesyes Dffice no Office
ceiling ceiling
Dampening - Tertiary occupancy
B Reference Values W Exact Parameters W Default Parameters
3
Ezneux Manhay  Seneffel Seneffe2 Gesves Office no Office
ceiling ceiling
Dampening - Residential occupancy
M Reference Valuss W Exact Parameters W Default Parameters
=
Ezneux fManhay  Seneffel Seneffe 2 Gesves Office no Office
ceiling ceiling

Fig. 5.19: Yearly mean amplitude dampening ratio.
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The dampening is due to the building thermal méssan be computed for the reference
indoor temperature profile as well as for the vatied indoor temperature profile. In floating
mode temperature, it can reach (fig. 5.19):

90 % for a concrete structure house

80 % for a massive wooden house

60 % for an office room with carpet and withoutsersded ceiling
40 % for an office room with carpet and suspendsiihg.

The lower values of the amplitude dampening rat® @btained for the office room. The
office building internal concrete floors are lesseassible due to the presence of a carpet on
the floor and/or of a suspended ceiling. The cdecstructure is thus less able to store or
release heat. Moreover, internal vertical walls@umding the office room are light partitions.

A lower dampening ratio can be observed for thigetgrand residential occupancy schedules.
Those patterns present several sharp variationsgitive day (fig. 5.5), for which the model
is prompted at high frequencies. Those higher ®egies are more dampened than low
frequencies whatever the model adopted (referemeamic model based on response factors
or simplified dynamic model). Bode diagrams arepldiged on fig. 5.16 and 5.17: for both
models, the wall admittance increases with frequenc

Now, comparing the reference and the simplified el®desults, for a given occupancy
schedule, the simplified model response is not ghalampened for high frequencies (fig.
5.16 and 5.17), causing a lower global dampenitig (Ag. 5.19).

5.45. Conclusions

The results of a zonsimplified dynamic modetan be compared to those provided by a
reference convolution model based on response factors foeethtypes of occupancy
schedules. Three error indicators can be used tapare the indoor temperature profiles
generated by both models

The errors related to the daily mean indoor tentpezaand to the daily temperature
amplitude are both lower thdnK most of the year, suggesting that the simplifieztiet can
be considered as reliable. The root mean squaréhefdifference between the indoor
temperatures profiles is also lower tHaK.

The results provided by the models builtdefault valueof the walls parametergand® are
slightly different from those resulting from the de built onexact parametersrhis implies

a much easier way to introduce building dynamicadiatr the user. No need for him to
describe the wall layers in detail, only four paedens being necessary: the U-value, the total
heat capacity and the two non dimensional defarkmetersp 6.

The yearly mean amplitude dampening ratio can beirdd by comparing the indoor
temperature profiles resulting from dynamic andisteomputations. It ranges from 40 to
90% in floating temperature mode, depending onmhlkk mass and on the accessibility of that
mass.
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5.5. Validation of atwo zones simplified model

A wall model can be adopted for partition walls &&ping zones, so that a two zones
simplified model can be generated. The model umdidation is shown in fig 5.20:

RV,21 Ra Rv,zZ

Fig. 5.20: Two zones dynamic simplified buildingdelo

A two zones simplified model is built for two ofedhfive houses presented in chapter 4,
Esneux house including concrete partition wallsg alanhay house including wooden

partition walls. The partition walls related to ethhouses are similar to those of Esneux
house.

Only the exact parameterscomputed from the detailed description of the ewk and
internal walls compositions, are considered.

The purpose is to validate the model proposed &titppn walls which is rather rough, as
mentioned in chapter 3 (83.2.2.B)deed partition walls are shared byl heat flow plane
defined as for internal walls, and modeled throagBR1C network, the network capacity
being equal to the whole wall capacity and locaedhe level of the wall null heat flow
plane.

Only two occupancy profiles where considered: tlmating temperature mode and the
residential occupancy profile. The tertiary occupaprofile wasn’t considered as the daily
mean errors are generally intermediate betweentwioe others occupancy schedules (cf.
85.11). The weather data are the year referencthere@ata recorded in Uccle, Belgium.
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5.5.1. Daily mean temperatures and amplitudes

Those indicators give the 95% confidence interadishe mean differenceff,, —{

amplitudes difference&ktin —Atin’ref) (5.7).

5. 25

in,ref )and

The error on the daily mean indoor temperature edsé& K for a residential occupancy
profile, reachindlL.1 Kwhich is still acceptable (fig 5.21).

The error on the daily indoor temperature amplitisdewer thanl K.

Daily mean error Daily mean error
Floating temperature Residential Occupancy
1.2 — 1
1 0.8
g-g — 0.6
0.4 o 0.4
0.2 0.2 — —
= 0 — T o ==
-0.2 -0.2
:3-‘; 0.4 -
08 -0.6 —
-1 -0.8 ]
-1.2 -1
Ezsneux Esneux Manhay Manhay Ezneux Esneux  Manhay Manhay
zl z2 z1 z2 zl z2 zl z2
Daily amplitude error Daily amplitude error
Floating temperature Residential Occupancy
1 1
0.8 2.8
0.6 d.6
0.4 0.4 —
0.2 0.2
E 0 ] [] |_| — E 0 | — | | —
-0.2 -0.2
-0.4 -0.4
-0.6 -0.6
-0.8 -0.8
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Ezneux Esneux Manhay Manhay Ezneux Esneux Manhay Manhay
z1 z2 z1 z2 7l 22 7l 22

Fig. 5.21: Confidence interval of the error on tik@ly mean and daily amplitude related to
indoor temperature, for two zones models.

‘Definition and Validation of a Simplified MultizenDynamic Building Model Connected to
Heating System and HVAC Unit’

G. Masy



5.5.2. Root mean square of theerror

The third indicator is the ro-meansquare value of the difference between reference

5.

indoor temperatur@and the validateindoor temperature profile, computed over the wt

year (5.7). It is lower thah K.

Error RMS
Floating temperature

(K]

(K]

Esneux

z1 z1

-7
)

Ezneux Manhay Manhay

-7
L

Residential Occupancy

Error RMS

Esneux
zl

Ezsneux Manhay Manhay
7l

=7 -7
il i

Fig. 5.22: Root-measguare error on the indoor temperature profile cartgal over a whol

year for two zones models.

5.5.3. Conclusions

The three error indicators related to indoor terapee profiles are lower than 1 K except
the daily mean indoor temperature associated tfloating temperaturgvhose valueslightly
exceedd K. So théwo zone simplified model can beonsidered as validate

‘Definition and Validation of a Simpied Multizone Dynamic Buildiniylodel Connected t

Heating System and HVAC Ui

G. Masy

26



5. 27

5.6. Solar and sky radiations

The model must be able to estimate summer overtgeasks with enough accuracThe one

zone and two zones modetiescribed on fig.5.9 and 5.18 inclutlee transmitted an

absorbed solar heat gainsatigh windows, but don't integrate theatgains hrough opaque
walls due to sunshine and sky radiation eff.

5.6.1. Equivalent temperature

The heat gains tbugh opaque walldue to sunshine and sky radiation effecan be
computed through an equivalent outdoor temperatefi@edas follows (fig. 5.3).

sty, ir

ta,out VaAVAVAN

L 1 1/(h+h,)
'L Qo l‘ Qsor

teq,out A\ i

1/(h+h,)
L

Fig. 5.23: Equivalent temperature.

The wall external surface is surroundedthe outdoor environment at temperatty, ou: and
by the air at temperaturg o,. Heat is exchangedly radiation through a heat exchar
coefficienth, averagingb W/m=-K, and by convection through a heat exchange caaitih,
averagingl8 W/mz2-Kin winter, and12 W/mz2-Kin summer.

Radiation and convectioexchangeswith the air temperaturean be gather« through one
heat exchange coefficiedefined asho, =hc+h,, provided a complementary radiatito the

sky styir is addedThat complementary radiaticcan becomputed fromequations (2.18) to
(2.20), see §2.3.

Sun and sky radiations can be included in an etpnv@xternal temperatu

+ a'QsoI - g'sty,ir
a,out h

t =t

eg,out
out

(5.9)
a : Shortwave absorpticiactor - £ : Emissivity-
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t, . - Outdoor air temperatufé&

Qs,; : Solar radiation reaching the wal/m?
Qsky,ir - Sky radiation/m2
h,.: - Global outdoor exchange coefficient includingneection and radiation transfé//m2K

A constant value ofh,,= 23 W/m2K can be considered for both reference and simplified
models.

5.6.2. Reference model

The reference convolution model presented in (8aB) be completed in order to account for
solar and sky radiations:

(5.10)
) n— j max
Q14,li,0ut,iso z At* outt +YnAt ZAH out,iso* outt (n+])at +

i=1 =

n-: j max

- i -

Z roof ,i.At * ( eqroof t—(i-1).At tout,t—(i -1).4t ) + Yroof,nAt . ZAH ,roof '(teq,roof Jt=(n+j)at tout,t—(n+j)At )+
i= =1

n- j max

Z wallsout,.At * ( eqwallsoutt—(i-1).At tout,t—(i—l).At ) WallsoutnAt ZAH wallsout* ( eqwallsoutt—(n+j)at t0ut,t—(n+j)At )
i=

n n
AU roof Z 'Yroof JIAt AU wallsout Z 'Zwallsout,iAt
— i=1 — i=1
Ali Jroof n Ali Jwallsout — n
AU roof Z 'Yroof AL + Yroof JNAt AU wallsout Z 'Zwallsout,iAt + Zwallsout,nAt
i=1 i=1

Ql4,li,0ut,iso: Indoor heat flow response to the outdoor egentlemperaturgy/

5.6.3. Simplified model

Ry
f, — VN
R
teq,window ot ¥V ¥V — .
Q4
Ro1 R22 Rs
t MVAVAVANL: & ts
eq,opaque walls —/\/\/\j
Coe— C4 —— Cs ——
7 T T

Fig. 5.24: Simplified model of one building zoneluding equivalent temperatures.
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The simplified model defined on fig. 5.7 can alsodompleted in order to consider solar and
sky radiations. In a first approach, an equivatentperature is applied to the opaque external
walls node in order to account for absorbed sodanggand infrared losses (fig. 5.24) and an
equivalent temperature is applied to windows ireottd account for sky radiation.

The model of Esneux house can be submitted toadirilp mode temperature. The maximum
difference between the reference and the valideteédor temperature profile is 0.43 K. So
the model can be adopted but it requires a desmmipif the opaque wall areas for each
orientation, from the user.

In order to make the data introduction processeeasnly solar and sky radiation related to
the roof can be considered, solar and sky radiagtated to vertical walls being neglected.
Indeed, their impact is small compared to the roé: because of its horizontal or nearly
horizontal position, the sky proportion viewed byoaf is about two times that viewed by a
vertical wall.

A first method was tested to improve the model dbed on fig. 5.24, by treating the light
roof as purely resistive and gathered with wind@amsgl doors in the same external branch,
which is provided with an equivalent outdoor tengbere. Comparisons were performed with
a detailed model such as TRNSYS for the fourth Bo(Gesves) (ref. [8]). The indoor
temperature profile yield by the model is closdhe profile yield by TRNSYS. Anyway, it
was decided to separate the roof resistance frenwthdow one, and to provide it with its
own capacity because even if light roofs and winslawve close to each other as far as
capacity is concerned, their time constants aree gliiferent:

Double window 2x5mm: C =21000 J/K.mz2 T= 16h
Wooden structure roof: C =20000 J/K.m?2 T=14,6h
Ry
t NN A VA VA
Ro
teq,window O_/\/\/\_
R, R,

t
teq‘roof W
C: .
- Q4

R2 R> Rs

t t
t;, o—" VW2 4 ts
Cz — C4 C3

Fig. 5.25: Simplified model of one building zoneluding specific branches provided with
different equivalent outdoor temperatures.
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So, in a second approach, the simplified modedjpéaced by a four external branches model
(fig. 5.25):

* The first branch is accounting for ventilation eanges. It is connected to outdoor
temperature.

* The second branch is purely resistive accountimdigbt walls such as windows and
doors. It is connected to an equivalent temperatwaving the sky radiation effect.

* The third branch is provided with a capacity to mlothe roof which can be either
light or massive. It is connected to a specific ieglent temperature involving the
solar and sky radiation effects.

* The fourth branch is provided with a capacity todeloother massive external walls. It
is connected to outdoor temperature.

The results provided by this model can be compé#wetthose computed through a detailed
model based on a convolution process (5.10). Thaildé model includes all the sunshine
and sky radiations, i.e. related to all externahaqupe walls orientations including vertical
walls. The comparison can be performed for the five levels houses presented in annex 2.
The weather data are those measured during the d9véner hot wave. The initial indoor
and outdoor temperatures are equal to 25°C for bagbels. The first 24 h results can be
removed for the computation of error indicators.

Fig. 5.26 displays the computed indoor temperatpresles for Manhay house. Fig. 5.27
shows the values of error indicators (5.7). Red@smgorrespond to models built on walls
exact parametershile black lines correspond to watlefault parameters
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Fig. 5.26. Indoor temperatures provided by thepdified dynamic model of fig 5.25, and by
a detailed model, for Manhay house, during 1976weie.
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Fig. 5.27:Error indicatorscomputed for 5 houses oVE976 summer hot wav
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The daily mean temperature difference exceddfor Manhay house (fig. 5.27). Anyway the
-1.5 Kvalue is overestimated because the frequencyildistin of the error is not Gaussian.
In fact, a minimum value ofl.3 Kis observed at the beginning of the error evofufjiog.
5.28, up). That value can be partially explainedtlvy differences related to sun and sky
radiations on opaque walls. Indeed, the simplifremtiel only accounts for those radiations on
the roof, while the reference model includes raoliest on all the external opaque walls. The
error reachesl1.08 Kwhen both models are only accounting for radiaion the roof (fig.
5.28, down).

Compared to other houses, Manhay includes massdoelen vertical walls protected by an
insulation layer and a brick. Those vertical walte lighter than traditional concrete ones and
seem to be more sensible to solar radiation, wisickeglected in the simplified model.
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Fig. 5.28: Evolution of the error on the daily meadoor temperature for Manhay house

submitted to 1976 hot wave: the reference modéldes sun and sky radiations on all the
external walls (up) or on the roof only (down).
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The evolution of the error also suggests that tbdehis prompted in transient regime. Suc
regimenormally appears witla hot wave, buits effects might be exaggera as the initial
indoor temperaturseems to be underestimatecshould average 28 °@stead 025°C.

Other error indicators are lower th1K. So the model can be considered as valid
5.6.4. Conclusions

The resulting simplified model can be compared wetailed response factors convolut
model includingsolar and sky réation related to all the opaque walla. order to avoid
description of the opaque wall areas for each tatem, it was decided to only consic
absorbed solar gains and infrared losses relatdtetooof and tineglect absorbed solar ga
andinfrared losses related to vertical we

The simplified model is thus considered as reliaThe floating indoor temperature profil
occurring during a hot wavean bicompared for five houses through several errorcators.
All of them are lower thariK, exceptfor the daily mean indoor temperature associate
Manhay house whose valueache<.3 K.

5.7. Experimental validation

The model can btested on the experimental results jided by EMPA test cl (fig. 5.29) in
the framework of IEAECBCS annex 43 research pro (ref. [40]). The cell is composed
tight insulated steel sandwich boards and the winidoremovedThe thermal characteristi
are well knowngdisturbances caused by the occupias well as solar and sky radiaticare
not present.
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Fig 5.30Zone simplified model of the EMPA test «
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A zone simplified model (Fig. 5.30) can be genatdtem the exact description of the walls
compositions, with the following characteristi€s, representing the furniture heat capacity:

Rx1= 0.05591 K/W R=0.01386 K/W R=0.000625 K/W
C,=503284 J/IK @= 200000 J/K G=189942 J/KK

The environment can be controlled so that outdemperature is known. Air heating system
flows are given (fig. 5.31), as well as correspogdndoor temperatures.

300 .
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Fig 5.31 Comparison of measured (dotted line) amahiguted (full line) indoor temperatures

The indoor temperatures computed by the modelnimosed heat flows can be compared to
measured indoor temperatures (Fig. 5.32). The RMBeoerror related to indoor temperature
equals 0.4&.
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Fig 5.32 Comparison of measured (dotted line) amwhiguted (full line) indoor temperatures
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The quality of the results provided by the modethis validation test can be underlined, as
the EMPA test cell is here submitted to rather alisdc step sollicitations, while the
simplified model is built on wall responses to saigdal sollicitations for a 24h time period.

5.8. Conclusion

The results of thesimplified dynamic modgiroposed in 84.3 and 4.4 can be compared to
those provided by seferenceconvolution model based on response factors [28]. The
comparison can be performed over a whole year ctatipo with a 20 min time step, for a
set of representative houses and for an office room

Three error indicators can be used to compareritieor temperature profiles generated by
both models (85.3). The dampening factors can bilsacomputed by comparison with a
simple static model.

The error on the daily mean indoor temperature @l ag on the daily temperature amplitude
are both lower thath K suggesting that a zone simplified model can besiciened as reliable.
The root mean square of the difference betweemtt@or temperatures profiles is lower than
1 Kalso.

For the two zone model, the errors related to titwar temperature profile are generally
higher than those observed for the one zone mauehably because the model of the
partition wall is rather rough. Anyway, the error doesn’tead significantlyl K.

The results provided by the models builtaefault valuedor the wall parametergpand6 are
slightly different from those resulting from the de built onexact parametersrhis implies

a much easier way to introduce building dynamicadiatr the user. No need for him to
describe the wall layers in detail, only four paedens being necessary: the U-value, the total
heat capacity and the two non dimensional defarkmetersp 6.

The yearly mean amplitude dampening ratio obtaimgadomparing the indoor temperature
profile resulting from dynamic computation, andiais computation profile, reaches:

90 % for a concrete structure house

85 % for a massive wooden house

55 % for an office room with carpet and withoutersded ceiling
From 5 to 40 % for an office room with carpet andgended ceiling.

In order to avoid a description of the opaque vaa#las for each orientation, only solar and
sky radiations related to the roof can be consitiénethe simplified model, solar and sky
radiation related to vertical walls being neglect&tie resulting simplified model can be
compared to a detailed response factors convolutiodel solar and sky radiation on all
external opaque walls. The floating indoor tempemaprofiles occurring during a hot wave
can be compared for five houses. Error indicatoeslawer thanlK, except for the daily
mean indoor temperature associated to Manhay heligse value reachds3 K
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The one zone simplified dynamic model was testeexperimental results provided by a

cell composed of tight insulated steel sandwichrie. The RMS of the error related

indoor temperature equals4€ K. The quality of the resultprovided by the mod in this
validation test carbe underlined, ¢ the test cellwas submitted to rather unrealistic s
sollicitations, while the simplified model is budn wall responseto sinusoidal sollicitatics
for a 24h time period.

In conclusion, he simplified model is consideras reliable.

Two simplified models can be implemen in the framework of SISAL research proje
supported byRégion Wallonn’ [49], [50].

From the network of fig. 5.;, a two zone R-C network can be buiit order to perforn
simulation on houses. Bottone: RC networks can beonnected to each other througset
of resistances and capacit{@g. 5.3%):

Resistanc&®, models the effect of light wis such as doors.

ResistancesRs ;;, Rsz; and capacityCs represents thamassive partition walls
interconnecting théwo zones.

R0,z1

t

o 0
eq,window,z1 t

eq,window,z2

R 21 4 R12,z1
1,21

C1,z1 m

R21,z1 R22,z1
2,z1

0
teq, roof,z1 ° teq, roof,z2

out  °

Fig. 5.33: Two zones dynamic simplified building mc

The ventilation exchanges are not represented isnntbdel as they will be dealt with
chapter 6.

The first zone can be the ground flcof a two storey housend the second zone can b
first floor occupied during the night. The firstrmo could also represent a house central .
completely surrounded by a zone of heated roontkeasame level. Simulation on sucl
model could help to answer the questids it necessary tbeat the central rooito reach its
indoor temperature set point?

From the network of fig. 5.;, again, a five zones R-C netwodan be built foroffice
buildings Offices are submitted to similar indoor temperatprefiles, so that thipartition
walls separating thensan beshared in two parts, boteubmitted to adiabatic bounde
conditions.
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Fourresulting RC networks are then connected to edofr through aset ofresistances and
capacities (fig. 5.34):

- Resistancé&, models the eect of light walls,such as doors between each office
the corridor

- ResistanceRs and capacit'Cs represents the massive partitiwalls connectineach
office to the corridor.

Here again,he ventilation exchanges are not represeas they will be dealt with ichapter

o comdor Ro,zz
\% tout
oy : ,
e 1,22 ¢
'p eq,nm,z2
T . Q4,22 I §

Fig. 5.34. Four zones dynamic simplified offibeilding mode

Such a model can handle four offices with varioxiemmal windows arei and with different
orientations Combined with aive zones ventilation model (see chapte, it can be used to
perform air quality analysis (see chapter 7) orrtted comfort studies (see chapte.
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