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Abstract

A high-resolutiontime interval numericainodel is moreaccurateto analyze the
building dynamic thermophysical processes in the intermittent occupancy, while
relevant professional softwarsuch as EnergyPlugs not compatiblevith different

time intervals The present studgimsto investigate the thermal mass effectiverass
external walloon theparttime partspaceoperation oheating and coolingf a typical
residence. Aiigh-resolutionmodel of a typical ®ccupant residential apartmerdsh
been developedsingthe datespacemethodandvalidated by the simulation results
from EnergyPlus The model is then amended to calculate building energy demands
with fixed heat and cold supply powers from the perspective of system control, in order
to interpretthe effectiveness of thermal mass with identical recommebeealuein

the HSCW (Hot Summer and Cold Winter) zonein terms ofroom operative
temperature It is found thathigh thermal mass doe®t help to reduce ideal building
loadsin the residential buildings in the HSCxgne butit will improve indoor thermal
comfortcontrolin real engineeringompared to low thermal maggegarding thermal
insulation placements dfeavy weighexternal wallsunder the same thermal mags

is evidencedhatthe adoption of internal insulation weakens the thermal mass impact
of the heavy weight wall composition compared to that of external insulation. It is
inferred that the igh thermal mass in the composition of external walls should be
expo®d to the indoor aiio avoid overheating in the cooling conditions.

Keywords Intermittent occupancy Hot Summer and Cold Winter (HSCW) zone

Thermal massf external wallsWall thermal insulationRoom operative temperature



List of symbols

#

, RS> C

Subscripts

Nomenclature

Greek symbols

heat flux flow relationship matrix due to temperature difference doet
adjacent temperature nodes,

diffusivity, m?/s

a vector describing the heat disturbance on temperaturs,mode
heat storage capacity matrix,

specific heat capacity/(kg K)

Fourier number

floor or room inner wallrea,m?

total inner surface area of the building envelope for a room,

convectiveheat transfer coefficient, W/GK)

longwave radiative heat transfawefficient, W/(nf K)
roomair change rate per hour, ¥ m the present study
heatng load power, W

coolingload power, W

convection part of the internal heat gains, W

heat flux, W/n?

radiative heagainper areaW/n?

absorbed solar radiatigrer areaW/nv.

absolute temperature, K; or temperature vector consisting (¢
temperature nodes of a room,

node temperaturéC

heat transmittance coefficient, WR)
volume, i

outdoor wind speed, m/s

view IDFWRU IRU WKH UDGLDWLYH WHRDWW DD

thickness, m

absorptance 1

density, kg/m

emittance,+

thermalconductivity, W/(m K)

thicknessm

StefanBoltzmann constant, 5.67x20v/(m?-K %)
time, s

Iterative time interval, min (or hour)




air
a,out

conv

i-1
i+1

in,wall
rad
sky
wl
w2
target
n+1
n+1air
n+1,
1
1,air
1j

indoor air

outdoor air

cooling

convective heat transfer

heating

i-th node

(i-1)-th node

(i+1)-th node

room inner wall surface |

inner wall surface

radiative heat transfer

sky background environment

inner node of double glazing

outer node of double glazing

room target control parameter

outer surface
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1 Introduction

It is widely accepted that occupancy is one of the most important factors impacting
building energy consumptign[1 3]. In an intermittent occupancy of residential
buildings, energy demands of spad&C ( Heating and Cooling) are different from
thosein a continuous occupandy terms ofthermal comfort demand#\ typical
representative of intermitteatcupancys theparttime partspacaisage®f residential
buildings in theHSCW (Hot Summer and Cold Winter) zone of China. In the HSCW
zone, the climatén winteris notascold as in northern China and space cooling in
summercommonlydominates building thermal energy consumggid?art-time part
spaceH&C is widely accepted by people in the regigh®f]. In the intermittent
occupancythe concept dfieatstorage and release througlkthermal mass of building
envelopelaysa role in the building energy demands Although it is widely accepted
that high thermal mass will be an advantage of building energy conservation in hot
climates, they tend to be not so effective in cold climai@s To ascertain the
effectiveness of external wall thermal mass on residentidgdibgs in theparttime
partspacepattern, it issupposedhat a high-resolutionbuilding model willbe more
preciseto characterizehe dynamic thermophysical processf residential buildings
Howeverrelevant professional softwamich agnergyPlus$8], is not compatiblevith
different iterative time intervaland a 1-h time interval iscommonly adopted in
building simulationsin this sensgit is hecessarto develop higkresolution building
simulation models for investigatintge thermal mass effect of building envelopes on

building energy demands in the intermittent occupancy.



Essentiallythethermal mass effect is neglectedasimple estimation of heat transfer
through building envelopes in termsladat transmissionoefficient (U-valug), asthe
simple estimation is based time steadystatecondition[9]. The nominalU-value is
calculated in Equation (1)L0]. Ferrari and Zanott§9] reviewed the approaches or
indices being developed to approximate the dynamic behavior of builgintse
steadystate analysisand declared that the application &implified parameters
approximating the dynamic behavior in the sirglement analysisvould give
inconsistent result&yrne et al]11] investigatedhein situ thermal behavior of a case
study building and its components under transient and -gteeily environmental
conditions and concluded that predicted values of heat lossassngedtandardied
material propertig of the existing structure overestimated the impact of the retrofitted
insulation on heat loss through the ceifimgd walk. Reilly and Kinnand7] verified

the overestimation of retrofitted insulation effect was due to the thermal mass of
building envelope in dynamic behavidBesides, ametric for characterizing the
effectiveness of thermal mass elements in buildings had been proposeddoyand
Miner [12], providingguidance on the most significant contributors to indbermal

mass.
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where U;(m) and &;(W/(m K)) are the thickness and the thermal conductivity of

each layer of a wall.Qy 4 4 gand [}aéwéé(g\({(mz K)) are the internal and external



comprehensivéeat transfer coefficients, respectively.

With regard tathe thermal mass impaan building energy consumptionBeilly and
Kinnane[7] disclosed that one cannot use any material property, nor even the total
thermal mass o# building, to quantifya waste of heat or cold in antermittent
occupancynodebecausehe proportion of extra heat required depemashe order of
layers in the wall as well as on details of the thermal load. ddsmally heavy
buildings with a high thermal mass in the envelopesagosed tdelp lower the
building energy consumption by decreasing cooling demands in a continuous energy
use pattern in warm climatés3]. Siddiqui et al.[14] argued thathe use of thermal
massincorporating PCMs (Phase Change Materials) into the building envelape
found to contribute to energy savings of1B8%in the Toronto NeZero Energy House
compared to the case of commonly available forms of thermal Keassson et al.15]
simulated thenfluence of thermal inertia in building structures wittoamceptual model

and theimodel tests done in a celitimate case showed that the passive energy storage
through high thermal mag®uld significantly change the power consumption pattern
while the total energy consumption in most cases was not muckrio#éd.Xu et al.

[16] argued that energy savinatefor intermittent heatingf office buildings can reach
about20% in a typical week comparéa continuous heatingndthe required heating
capacity for each roonm an intermittent heating strategyes 1.1#.3times that of a
traditional continuous heating systevilhen it comes to the patitme partspaceH&C

of residential buildings in the HSCZ zotleethermal massmpact of external walls



the intermittent occupancy patteshould be rethoughb confirm its effectiveness

On the other handnulti-layer materialwalls with thermal insulatiorare commonly
usedin contemporary building constructiand the layer sequence and dlsttion
affect the wall behavidby virtueof its overall thermal inertia, or heat storaggacity
[17]. Gou et al. 18] useda composition of reinforced concrete and XPS board for walls
of multi-story residential buildings to conduct medthjective optimisatiorof passive
solutionsfor achieving thermal comfort and minimising building energy demands in
Shanghai. They concluded thatigh thermal inertia indefor thesouth wall and a low
thermal inertia indexor the north wall are helpfuin improving the irdoor thermal
comfort and pomoting the building energy performanc&@hermal insulation of
external walls in the HSCW zoieproven to be effectivdor energy savinggl9, 24.
Studies on the optimum insulation thickness of building external walls are fol#1d in
23]. Aditya et al. 4] gatheed most recent developments on the building thermal
insulations and discuedthe life-cycle analysisMost oftheaforenentionedstudieson
building thermal insulatiomre usefulbut the impact of thermal insulation placement
within the external walkompositiors should be clarifieturther, as even external walls
with the same thermal mass (identithlalue)but different insulation orders within
the wall would probably performiifferently for building energy efficiencylumerical
simulation done byveng et al[25] showed that different wall insulation forms had a
remarkable effect on the temperature response rate and the heat flow of the inner surface

under intermittent aicorditioning operation, although they had the same heat



transmittanceoefficients Al-Sanea et a[26] pointed out that thermal mass should be
placed on the inside, relative ttoe insulation layer, under steady periodic conditions.
AlthoughPan et al[7] conducted analysis grassiveenergy conservation approaches

of residential buildings in Shanghand reportedthat thethermal response rate of
internal insulation was faster that of external insulativey did notundertake a
guantitative analysis tohew to what extent the internal insulation of external walls
performs better thaexternal insulatioffior energy savings’uan et al[27] investigated

the effects of insulation placement and thermal resistance on heat transfer of walls in
Shanghai climatandarguedhat the energy saving of rooms with inside insulation was
at least 18% higher than that of rooms with outside insulation. However, strict model
validation was not found in their workloreover researches owall thermal mass
impact based on building components rather than the whole byitdiog ag7, 26,
should be further verified with the whole building modebr assessing the actual
impact ofbuilding envelopghermal inertia, studies on the scaleaaffhole building

are more valuable than a simple component analyis

In summary,high-resolutiontime intervalmodelsare moreaccurateto analyze the
building dynamic thermophysical processes and thermal mass effect in the intermittent
occupancy while relevantprofessional softwaresuch as EnergyPlusise a time
interval of 1 hour for simulationg he difference othermalinsulation placementsf
external wall compositiors under the same thermal massr building energy

conservatiomeeds to be further exploréa parttime partspaceH&C pattern The



present study aims to ascertain the impact of external wall thermalitasifferent
compositionsnd different thermal insulation placements under idengcalmmended
U-valuein the HSCW zone o€hina A typical 3-occupantouilding apartmenmodel

is developedn Matlaband validated to testify therecisionof high-resolution models

with time intervalssmaller than 1 houBesides, most of previous studies onithpact

of thermalmass on building energy conservation were based on room air temperature
instead of room operative temperature. Actually, the room operative ratumese+
defined as thequal combination ahdoorair and meamadiant temperature on room
wall inner surface + should be used as the indicatimr assessing room thermal
comfort, because it represerttse occupant perceived temperatur2d, 30]. The
establisheanodel is then amended to calculttebuilding energy demands with fixed
H&C supply powers from the perspective of system control, in order to illustrate the

impact of thermal mass iterms of room operative temperature

2 The method

The whole framework of the present study is illustrated in Figure 1.
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Figure 1Researchrimework of the present study

Choose a typical 3-occupant flat layout and
establish the flat model in arbitrary time
interval based on the state-space method

. 2

running temperature (2) Room R1 heating
load in the part time pattern

Model validation by comparing the simulation

Thermal mass scenario analysis (using the
same recommended U-value 0.83 W/(m? k))

Full time versus part time pattern
Test of high resolution model in part time
pattern

Different thermal masses /insulation placements
- == i

Fa

External insulation
Middle insulation
Internal insulation

Heavy weight
Medium weight
. Light weight

'/Summary of the effectiveness of external
wall thermal mass on residential buildings in
. the HSCW zone

2.1 Physicalmodel description

In the present study, a typicaloccupantbuilding apartmentayoutidentified from a
variety of multi-storyresidential buildingin Chongqing city ihoserasthe studied
object.The typical5-roomflat layout is simplified in Figur@ with a total floor area of
70.2 nt. Three functional rooms involving 2 bedroo(Rdl, R3)and 1 sitting rooniR5)
are required for heatingnd coolingin relevant periodsstipulated in theDesign
Standard 20103[1] (heating: # December to 28 February; cooling: 15 June to 3%

Augusb. The window to wall ratio (WWR) on the south walls is chosen as 0.4 and

11



WWRs on the other walls are @&ferring to the building code

Figure2 Plain layout of a typida3-occupant building apartment

2.1.1Mathematical modebased orthe State-SpaceMethod

A dynamicthermghysical process model of the typicaldomflat is established based

on thestatespacemethod[32, 33]. Peripheral wall®f the flat are assumed as external
walls exposed to outdoor environment. The flat is assumed to bemultastory
building and cyclic boundary conditions are supposed on the external surfaces of the
ceiling and the floor=or the multilayer buildinggnvelopecomponentswalls, ceiling,

floor), it is assumedhatthe heat transfer is ordimensionallong the thicknesand
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each layer can be discretizegcording to Fourier numbel; L = ®&i ¢T° [34],
where = is the diffusivity of the building material ang i is the iterative time interval
(conventionally ¢1=1 h). In the present study, thepatial step ¢T; of each layeis
chosen as¢TL ¥=®&:, ((5=1). According b the discretization principle, whehe
multilayer building envelope componeistdivided into n layersp 1 WHPSHUDWXUH
nodes areusedto describe the thermal balance of thélding componentTaking the
ILUVW QRGH p T DV WK HJ IDQVQW K HV R X WDHFB \DXQUBogedsH W KH W
from inner to outer are described in Equatidhg)([34].
JRU WKH LQQHU VXUIDFH QRGH p ¢

2 Y%sbeTrt L DKo oF ROE— (R F B E AyDNskRy F ROE Mo

2)

For the intermediate nodeQ R GTH

. 5 P x - . . . .
@%urs s i Tors B P TASL—2= Rys FREE-2:Rs F R (3)

FA-To4 A=)

JRU WKH RXWHWI VKUIDFH QRGH pu
5 . X _ ' . ~
<% T L DoskRosouF Bos0E— ‘R F Rss; E AyDNssekRssy F

R-50E Mo s @

Doubleglazing window isadopted in the modeélue to recommended winddwvalue
(2.8 W/(nt K)) in the Design Standard 2013]]. Thus WZR QRGHV pnZ 1 DQG puzZ |
considered for each window and the thermal balance equations are given in Equations

(5) and (6).

%hesbssiTes— L DyaasskRso ok RsOE AyDNgskR sy F R5OE M ags E
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Moss (5)
%heobescToo— L DyaasckRenuE R6OE AyDNg ckR oy F ROE M ags E
Moss (6)

The indoor air oeachroom is assumed to be a lumpedametetemperature node and

its thermal balance is given in equation (7).

. XGov, R L &1 Doy
%o 060 u8 a2 'L AYDBKR F R UaE %o véo v KRa e oF R 0GE
MaaE Meoo (7)

The thermal balance equationsolving all the temperature nodes feachroom can

be rewrittenn a set of linear differential equations in the matrix fo8:

%60 # 6E > (8)

where %represents the heat storage capacity mattixjenotes the heat flux flow
relationship matrix due to temperature difference between adjacent temperature nodes;
> is a vector desiing the heat disturbance on temperature sodeis atemperature

vector consisting of all thealculatingtemperature nodes for the room.

2.1.2 Heat transfer coefficiens

The longwaveradiative heat transfer coefficient between two differsumtfacesis

calculated irEquation (9) for simplificatior34].

DN L 2 okt E 670k6y E 60 ©

The convective heat transfer coefficients on the vertical surface of inner walls, on the

14



floors andceilings are 3.5, 8, 1.0 W/(m? K) respectively, referring tdhe DeST
software[35, 36]. The externatomprehensivéeat transfer coefficiens determined
by equations (10and (11) 37] instead of an identical value fdifferentcities of China

[38]. The skybackgroundemperature is calculated by Equation ([IZ).

Ryaawaed tZEUS (10)
DNorpaed €ok6SoE 6259 kb ok Gose® (11)
6epil raAWWESS, (12)

2.2 Calculating conditions and model parameter setting

The typical meteorological year data developdd i for the three representative cities
Chongging, Changsha and Shanghai in the HSCW are used as the weather data inputs
in different cases. The compositions of building envelope in the benchmark condition
with heavy weight external walls are listed in Tabland the properties can be found

in [38]. Emittance of the wall inner plastering surface is 0.94 and emittance of the
glazing is 0.84. The absorptance of the inner and outer surface of external walls is
chosen as 0.7 referring to the default conditiorisriargyPlug41]. An ar changerate

of 1.0 htis choserfor all the five rooms according to thigesign Standard 20131].

Natural ventilation is not consider@dthe model The occupancy schedule in the part
time pattern is given in Table(Zhe timesheet might ka&dightly different for different
residents, but the main conclusions of the study will not be changed the

calculations of internal heat gains, lighting and equipment densities are 6, 423 W/m

15



respectively and the fractions of convection and radiation related to relevant internal
heat gains are referred to the default values in Energy®lisSolar radiation model

of internal heat gains is referred to relevaninulasin [37, 41] Occupant sesibleand

latent heat dissipatiorare 70, 60 W/per, respectively. No internal heat gains are

considered for Rooms R2 and RA4.

Table 1 Riilding envelope components of the benchmark condition

Building component Composition U-value
type (W/m? K)
External wall(ffrom  38.7 mm EPS insulation +15meament  0.83
inside to outside)  mortar +240 mneinforced
concrete+15mnplasterboard

Internal wall 15 mmplasterboard + 120 mmiay brick 2.56
+15 mmplasterboard

Ceiling (from inside 20 mmplasterboard + 150 mmeinforced 2.96

to outside) concrete20 mmcement mortar

Floor (from inside 20 mmcement mortar + 150 mm 2.96
to outside) reinforced concrete20 mmplasterboard
Window Double glazing 2.8

Table2 Occupancy schedule

Occupants Bedroomq?2 persons for R1 Weekdays 21:00-24:00; 0:006:00
and 1 person for R3) &weekends
Sitting room (3 persons)  Weekdays 6:00-8:00; 18:0021:00
Weekends 6:00-21:00

Lighting & BedroomgR1, R3) Weekdays 6:00-8:00; 21:00-22:00
equipment & weekends
Sittingroom(R5) Weekdays 6:00-8:00; 18:0021:00

Weekends 6:00-21:00

16



2.3 Solving methodof the physical model

To avoid a large computational effort of solving theodm flat modekimultaneously,

the matrices C, Af each room are constructed separately and the matrix equations for
rooms R1IR5 in the form of equation (8) are solvedccessivelyFor the calculation

case of fregunningroom temperatures in section 3.1 as a portion of model validation,
the matrices C, A of all the 5 rooms are constructed with all the temperature nodes
involving building envelopeomponentand the indoor air. While in the calculations

of ideal building leating and cooling loads, the air node is excluded from the matrices
C, A as well as the vector b ftre functional room¢$R1, R3, R5), because the room
target temperature is fixed ftine functional roomg18 °C for heating and 28C for
cooling). The icealheating and cooling loads of the functior@msat everytime step

ufare calculated by equatiork3f and (14, respectively.

30:EF s; L %0 0fo 08 0 @ig0a0 R udEF 1A ¢l EADyz0R @y oau by

41 By

Ror EF S;AE %o 00 ua7, KReoaubcRae OF Bwuwaasck (13

30 EF s; L %0 080 18 U uEF S; F Rgoaud el E AvDy 50 BKR 6 pgs EF

&1 ®Dipy

S; FRgoaudk %o ulos—,, KRaecF Reoaudk SuunaasE (14)

A complicated Mitlabprogramhas been written to implement thedomflat model
Supplementary material of the programs is illustrated in AppendBh& solver od&s
in Matlabwas used to directly soltbeset of linear differential equatioms Equation

(8). The flow chart othe programalgorithm for calculating heating and cooling loads

17



under dixed roomtemperatureés presentedn Figure3.

Figure3 Flow Chart ofthe Matlab program focalculating ideal building1&C loads

with fixed roomtarget temperatuse

3 Model validation

Actually, thestatespace method has been widedyidatedfor building simulatios |34,
35]. Neverthelessthe case of freeunningroom temperre andthe caseof heating
loads in the part tim@attern based on the benchmark condifisee Table 1are
illustrated totestify the established modaking Changsha weather datad 1 h time
interval As EnergyPlus is internationally acknowledged professional softj&ane

the scope, a@culation results of the same conditidng EnergyPlus are used #se

reference

18



3.1Free-running room temperature without consideration ofbuilding loads

Figure 4 gives thecompaison of freerunningroom temperature dR1l between the
simulation result®©f EnergyPlus and the model developedMatlab programn the
benchmark conditianlt shows a goodagreemenbetween each othewith a high

relevance coefficient of 0.99

Figured4 Temperature comparisafiroom Rlbetweerthe calculation results of Matlab

programand EnergyPlus

3.2 Heating loads in the part time pattern

Figure5 shows comparison of the calculation results of ideal heating foadsom R1
by the Matlab progranand EnergyPlusn the benchmark conditiort alsoshows a

good agreement between the two cases heddlativedeviation of statisticaltotal

19



building heating load betweerthe two caseis 4.6 %, indicating the established model

is effective for further study.

Figure5 Heating loagpowersof RoomR1 inthepart time heating pattefrom January

to Februarythewhole year hour numbe®d:1416 h)

4 Scenario analysisand discussion

Three representative cities Chongging, Changsha, Shaloghéeédat the upstream,
middle and downstream of the Yangtze River, respectively, are concerfudidtime
and part timeH&C patterns.The winter heating perioffom 1%t December to 28
February and the cooling period fromi"Bune to 3% August stipulated in the building
code of HSCW zone of Chindl] is considered for calculations of building H&C loads.
Referring to the building code, the recommentedalueof 0.83 W(m?K) is chosen
for case studies. To assess the effectiveness of thermal timass,representative

thermal masscompositions of external walls as well as three thermal insulation

20



placements of heavy weight external walls under the same recommiénddde are

compared.

4.1 Part-time part-space versugull -time part-space H&C load profiles

In the full time part space pattern, thermal comfort of three functional rooms (R1, R3,
R5, see Figur@) should be met all the time during H&C periods, while inghetime

part spacepattern just theccupiedhours(seeTable 2) should be met with coroft
temperature. Ideal sensible building heating/cooling Idadsthe three citiesare
calculated in both patternsto make comparisons. The ideal sensible building
heating/cooling load is defined as the heat or cold quantity requiredafiotaining a
functional roomair temperature at a fixedoint The fixed target temperatures for
heating and cooling are chosen as 18 °C, 26°C, respectively, according to the building
code [31]. The ideal building loads differ from rediuilding thermal energy
consumptionsas usually room temperature caat be fixed at a point by specific
heating/cooling systems due to room air distribution and system thermal response.
Notwithstanding,it is necessary to calculate the ideal building H&C loads for
determining tle required capacities of H&C. Moreovérmakes sense to compare the
ideal building loads in different cases as it excludes complicated influences from

relevant energy supply systems if concerned.

Table3 gives the calculation results of ideal sensibC loads of the studied building

apartmentith heavy weight external walla two H&C patternswith a time interval

21



of 1 hin three typical cites ,W{V IRXQG WKDW WKH HQHWpat VDYLQJ U
time partspacepattern are 25.328.13%compared to those in the full time part space

patternin three cities, while the cooling energy saving ratio of the part time pattern are
28.1481.75%. Furthermore, it is observed the ideal sensible heating load of Shanghai

is somewhat lower than that oh@nhgqging, although the average outdoor temperature

of Shanghai (6.1C) during the heating period is lower than that of Chongr) (0.

Through an examination of the calculation data, it is found this is because the winter

solar irradiance resource 8hanghai is more abundant than that of Chonggqing in the

TMY weather data, contributing to more internal solar heat gains in Shanghai.

Table 3 Total sensible H&C loads in ftiline andparttime partspacepatterns in three

cities in the HSCW zondl 8 °Cfor heating and 26 °C for coolipg

Cities H&C patterns Ideal sensible heatin Ideal sensible cooling
load (KWh(m?a)) load (kWh(m?a))
Chongging Full time 22.04 30.13
Part time 15.84 21.65
.Energy.savmg ratic 28.13% 28.14%
in part time
Changsha Full time 28.34 29.45
Part time 21.16 20.10
.Energy.savmg ratic 25.34% 31.75%
in part time
Shanghai  Full time 20.41 27.94
Part time 15.22 19.82
Energy saving ratic g a9, 29.06%
In part time

Note: (1)Calculations based on the benchmark condit{@p The total flat floor area
of 70.2 ntis used to calculate the H&C loads.

Althoughthe ideal H&C loads of the studied building apartment in the part time pattern

22



aresignificantly reduced compared to those in the full time pattern, it is obseed th
the mart time H&C loads profiles are much steeper than those of full time pattern

the three cities. Taking Changsha city as an example, Fégslnews comparisons of
thetotal sensible heating load powers of the building apartmeheill time andthe

part time heating patterns during the period§f 28" February(thewhole year hour
number: 768+936 h) which represents a relatively cold week in Changsha weather
data. Heavy weightexternal walls withboth internal and external insulations are
considered in the calculations. It is shown tlatal peak heating loaddrequently
appear in the part time pattern in Fig@relue to the intermittent occupancy. When
scrutinisingheatingload profiles of a single fictional room (R1, R3 or R5), the
profiles in the part time pattern are dramatically steeper than those in thentill ti
pattern, as shown in Figuile(a) and (b)for rooms R1, R5, respectively. The case of
URRP 5 LV RPLWWHG DV LWRYwiHtRd abdJrodvRfumtiid W RI1 UR
Similar featuresf peak loadsppear in the cooling load profiles in thert timepattern.
Figures7 (c) and (d)give the comparisons of cooling load powers in different cases in
a week of extreme hot weather durirtg 47" July (thewhole year hour number: 4344
+4512 B in Changsha weather data. Local cooling powers in the part time pattern are
much higher than those in the full time pattern. It suggests that required capacities of
H&C systems in the part time pattesimould be much higher than those in the full time
pattern. To quantify the required capacities in the two pattédrasgypical weeks of
relatively cold and extreme hot weather in each city are identified according to

continuous fday peak loads in relemt H&C periods. The required capacity is
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calculated as the averaged load power of occupied hours in the typicaiomeiions.
Table4 summarizes the required capacities of H&C systenikempart time andhe
full time patterns. It suggests that tleguiredcapacitie®f heat or cool supply systems
in the part time pattershould be 1.€.1 timesas thosen the full time pattern inthe

three citis Chongging, Changsha, Shanghai.

Figure6 Total sensible heating load powers of the building apartment in full time and
part time patterns in a typical week refatively cold weatherZ™ +8" February the
whole year hour number: 7684936 h

(RC-ExtINS denotes reinforced concrete with em&drinsulation for external walls in
the benchmark conditionRC-IntINS denotes internal insulation is used for the
reinforced concretwalls)
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Figure 7 Comparison of sensible&C loads in full time and part time patterns (a)
heating load powers of R1 in a week of relatively cold wed®¥#€r+8" February) (b)
heating load powers of R5 in a week of relatively cold wed@€r+8" February)(c)
cooling load powers of R1 in a week of extreme hot wedflier7" July); (d) cooling
load powers of R5 in a week of extreme hot weath@r+7" July)
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Table4 Required capacities ¢ieat or cold supply powefsr three functional rooms in the studied flat in three different cities in the HSCW zone

Compositions Conditions

Full time

Part time

Power atio of part
time to full time

Required Required Required

Required Required Required

Ratio

Ratio

Ratio

Cities of external  and typical . . . . . .
wall week | capacity capacity ~ capacity |capacity —capacity —capacity |for  for  for
of room of room of room|of room of room of room|room room room
RI(W) R3(W) R5(W) |R1W) R3(W) R5W) |RL R3 R5
Heding | 5951 297.9 512.8 508.1 520.6 922.0 181 175 1.80
RC+external (1925 Jan)
insulation
Cooing (29 | /o1 g 4385 781.3 766.7 690.4 14467 |1.66 157 1.85
Juk4 Aug)
Chongging Heding
282.2 301.8 518.9 520.8 532.4 961.1 185 176 1.85
. (19-25 Jan)
RC+internal :
insulation ~ ¢°ding
(29 Juts | 461.4 438.6 781.0 743.7 654.6 14201 |1.61 1.49 1.82
Aug)
Healing (Z | /51 6 495.1 889.2 902.9 868.0 16933 |1.84 1.75 1.90
RC+external 8 Feb)
insulation  Coding (1
7 3u) 4712 498.7 760.6 740.8 700.0 13386 |1.57 1.40 1.76
Changsha p———
. eaing (2 | ;919 5016 8978 |9261 8925 1771.9 |1.88 1.78 1.97
RC+nternal 8 Feb)
e o
nsulation  Coding (I- | o0 = 5069 7723|7413  683.6 13700 |156 1.35 1.77

7 Jul)
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Shanghi

Heding

361.5 413.1 704.3 742.1 818.7 1362.2 205 198 1.93
(14-20 Jan)
RC+external -
. . Coding
insulation
(26 Jun2 403.6 413.5 631.8 638.0 593.2 1180.1 158 143 187
Jul)
Hedin
9 368.9 418.8 717.8 790.3 845.3 1467.1 214 2.02 2.04
) (14-20 Jan)
RC+internal .
. . Coding
insulation
(26 Jun2 410.6 422.7 651.5 650.5 593.4 1211.3 158 140 1.86

Jul)
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4.2 Model resolution test with different time intervals

In real engineering, the room target temperature is usualtyrolledin a comfort
temperature band (18+1 °C for heating and 26+1 °C for cooling in this study) instead
of afixed point due to room air distribution and energy system respResponse time

of relevant energy supply systems is usually less than 30 min. In this case, it is therefore
necessaryto ascertain the modegbrecision with time intervalssmaller than the
conventionall htime interval fromthe perspective of heatiftpoling system contrel

The original flat model of calculatintpeideal building H&C loads has been amended
by assigning required capacities of supply powers to 3 functional rooms in order to
simulate theconditions of fixed room temperature control bands. In each city, the
required capacitiesf H&C in the casg of externalwalls with external insulationn
Table4 are adopted abhe H&C system supply powers in the amendeatlisbprogram.

For the oroff controls of cooling, when the room air temperaturabieve 27 °Gat a
certain iterative step irelatedroom model, the cold supply will be turned on. While
the room air temperature lielow 25 °C cold supply will be stopped inghterative

step. For heating, eoff switches of heat supply are similar to those of cooling, by

turning on heating at71°C and turning off at 19 °C.

High resolution solutionsef theamendednodelwith time intervas of 10 min 15 min,
30 min aremplementedo explore the calculation precision of different casethe

full time andparttime partspacegatternsChangsha weather data is adopted.found
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that the simulatiordeviationsof different time intervals in the part time pattern are
larger than those in the full time pattern giidsminus relation®f the heating loads
in the two patterns are invergEable 5) For the part timepatternthe conventional-
hourtime intervaloverestimates building H&C loads by aroun8% compared tthe
case of 10 min time intervah small time internabf 1580 min helpsto improve
resolution of simulations. It is recommendiat 1580 mintime interval should be
adopted irtheintermittent occupancyl.o save computational efforts, a time interofl

30 minhas beetaken in the following analysis.

Table 5 Comparison of building H&C loadls different time intervals with room
temperature control bands8+1 °C for heating and 26x1 °C for coolingChangsha

climate

Time Sensible Sensible Relgtlye Relgtlye
H&C ) . . deviationof deviationof
interval heating load cooling load

patterns o qwhi(ma)) (kwhi(m2a) Eza;'”g ;O;;'”g
1lh 24.34 32.01 Benchmark Benchmark
Full 30 min 25.12 31.07 3.21% -2.92%
time 15 min 25.53 30.77 4.89% -3.87%
10 min 25.50 30.74 4.78% -3.96%
1lh 17.85 24.88 Benchmark Benchmark
Part 30 min 17.09 23.40 -4.26% -5.95%
time 15 min 16.67 22.83 -6.58% -8.24%
10 min 16.62 22.82 -6.91% -8.25%

4.3 Impact of different thermal mass compositions of external walls

To explore thehermal massmpact of external wall on the buildirenergy demands
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threerepresentativeompositionf external wak with different thermal magheavy
weight, medium weidt light weight)listed in Table 6 are considered for aast. The
thicknessof each layeris assigned considering the recommendkgalue of 0.83

W/(m?K). Thermal properties of the materials are availabl&h.

Table 6 Three representative thermal mass compositibasternal walls y = 0.83

WI(MPK))

External Composition from external to interna Mass  Thermal capacity
wall type wall) (kg/m?)  (kJ/(MPK))
38.7 mm EPS insulation +I%m cement

22%\% mortar +240 mmreinforced Concrete 644.2 590.4
(RC)+15mm plasterboard
Medium 15 mmcement mortar + 196.5 maeerated
: concrete  block (ACB)+15 mm 177.1 176.8
weight

plasterboard
Light 10 mmdtainless steel plate+ &mm EPS
weight insulation +10 mnstainless steel plate

157.9 80.8

4.3.11deal huilding H&C loadsand operative temperatures

Figure 8 provides the comparison of ideal total sensible cooling load powdlgin
cases ofhree representatithermal massompositionsn the full time cooling pattern
from 18" June to 3% August thewhole year hour number: 39665832 h). The ideal
total building cooling loads fahethree thermal mass cases are close to each other with
a deviation ofiround 1%. Figured (a) and(b) displays minor differences at local times

in a week okextremehot weathers' +71" July) and a week of noeextreme hot weather

(7" +£13" Augus) in Changsha climateThe light weight walls tend to lead the
maximumcooling load power in very hot weather, while it results in the minimum
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cooling load power in neextreme hot weather. It indicatibstiow thermal mass (light

weightwall) is more climatedependent compared to high thermal mass.

Figure8 Total sensile cooling load powsrof three thermal mass cases infthitime
patternduring cooling period (18 June +31 August the whole year hour number:

3960 +5832 ) in Changsha climate

(@)
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(b)

Figure9 Total sensible cooling load povean full time cooling patterrin Changsha
climate (a) in a week of extreme hot weath&f (7" July); (b) in a week of non

extreme hot weather {7+13" August)

Although no significant difference is observed in the ideal building H&C |dads
different thermalmass compositionghe mean radiant temperatures ifier wall
surfacedn differentcasesare found to be different. The mean radiant temperature is
calculated by the Averaged UnhedténlcooledSurface Temperature (AUST) of room
inner wall surfacesgiven in Equation 15) [42]. Thus the operative temperature
consisting othe AUST andthe air temperaturevill be different for different thermal
masscompositions The roomoperative temperature given in Equatidl)(represents
occupanperceived temperatuesnd should be taken as the indicator of thermal comfort
temperaturé29, 30]. Figurel0 (a) shows the AUSDBf Room1 under different thermal
massduringthe cooling period (15June 315 August)in Changsha climatendFigure

10 (b) gives the development of room operative temperattigan be seen that the
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AUST and the room operative temperaturéheacase of light weight walls fluctuate
more intensively with a larger amplitutiganthe other two cases. Variations of Room

1 operative temperature in an enlarged view of a week of extreme hot weksthef'(

July) is shown in Figure 1L The fluctuation of room operative temperature with low
thermal mass (light weight or medium weight) in the figure is evident although the
maximum temperature difference is only 0@. The present discussion is based on the
assumption oénideal building cooling loadimedto obtaina fixedroom temperature
at26 °C. Inreal engineeringhe room target temperature is usually under control in a
comfort temperature band (18+1 °C for heating and 26x1 °C for cooling in this study)
instead of a fixed point due to room air distribution and energy system response. When
the room target temperaturedsntrolled to bevariable in a temperature band rathe
than a fixed value, the fluctuation effect of low thermal mass will be amplified, probably
resulting in discomforbperative temperatuig somelocal time. The amplified effect

will be explained in detail in the next sectis3.2 Thermal mass effect in the part time

pattern will alsdbe explained further.

#7560 Alg (wb (15)

where (i is theview factorof radiative heat transfer fromall VX U IDIFWRL VU IDFH p

1 GuouvdioeGriidlili
Gal Gouz Ui (16)
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(@)

(b)

Figure 10 (a) AUST (AveragedUncooled Surface Temperature); (b) Operative
temperatureof RoomR1 underdifferent thermal masi full time patternduring the
cooling period (18 June 315t August the whole year hour numbe&9605832 1 in

Changsha climate
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Figure1l Operative temperature of RodR1 under different thermal mags a week
of extreme hot weathe¥ +7" July, the whole yeahour number: 4344512 B in

Changsha climate

4.3.2 Comparison of room thermal comfort controlsith different thermal massn
the full time pattern

The amended model described in sectddhwith fixed temperatureontrol bands is
used tocalculate room operative temperatures for the cases of different theassl
compositionsfrom the perspective of system contriml.each H&C pattern and city
climate, the required capacitiesthe benchmark conditiofsee Table 4are chosen for
the functional roomdor three types of thermal massmpositionwalls. Figure 2 gives
the operative temperature of RooR1 with the coolingtemperature control banaf

26+1 °Cunder different thermahassin a week of extreme hot weather Changsha
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climate @'#" July). Even in the very hot weather conditionke troom operative
temperature in the case of heavy weight walth external insulatiomre below 28C
andthermal comforin the case ibetter Theoperative temperature in the case of light
weight walls at local time is above 28°C and thaximum operative temperature
differencerelative to the heavy weight caseceedd °C. It suggestsow thermal mass
may result in overheating in summertthe cas. To improvetheroom thermal comfort

in the coolingmodewith light weight walls, a lower room target temperature should be
set (e.g. 24C) and a larger capacity of the coolipgwerthan the presertondition
needs to be matched. Undoubtedhis will increasecooling energy consumption.
Furthermorethe adoptionof larger capaciés of cooling (or heating units will raise

the problem of reasonable system operation strategies in part load conditodsr

to avoid frequent stadndstop of the unitsWith regard to the heating mode, Figure
13 shows the operativiemperature of RoorR1 with the heating temperature control
band of18+1 °Cunder different thermal mags four daysof relatively coldweather

(4" 7" February) in Changsha climate. In some hours the operative temperatures in
the case of light or medium weight walls are lower thase¢bf heavy weight walls. It
suggestshatlight weight walls can result in worse room thermal comfort than heavy
weight wallsatrelativelycold weather conditiongience even under the same nominal
U-value of external walls, thermal comfort of the buildings constructed with relatively
light weight external walls is moreomplexto meetin extreme hot weatheand
relatively cold weathecompared to that of the buildings with heavy weight external

walls. This is mainly because a more intensive fluctuaitfanean radiant temperature
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on the inner surfaces of external walls. In this regard, using light weight external walls
will increase thecomplexity of thermal comfort controin extreme hobr very cold
weatherand larger capacities deat or cold supply poweese needed in compaadn

to the case ofeavy weight walls.

Figure R Operative temperature abom R1 with a coolingtemperature control band
(261 °Q under different thermal magsa week of extreme hot weath@s 7" July;

the whole year hour number: 43441512 1) in Changsha climate
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Figure13 Operative temperature obom R1 with a heatingtemperature control band
(181 °Q under different thermal magsfour daysof relatively cold weathe@" #

February the whole year hour numbe¥l6 +912h) in Changsha climate

4.3.3 Comparison of room thermal comfort controlsith different thermal massn
the part time pattern

In the part time pattern, only the room thermal comfort in the occupied hours needs to

be concerned. Figure 14 gives the operatemperature of Room RWith the

temperature control band @6+1 °Cunder different thermal mass the part time

pattern on two continuously hot days'@™" July, thewhole year hour number: 4344

4392h LQ &KDQJVKD FOLPDWH 7KH WLPH VORWYV ZLWK WKH
occupied hours. Similar to the cases of thermal mass in the full time pattern, room

thermal comfortn terms of the operative temperaturehe occupied hours for the case

of light or medium weight walls is worse than that in the case of heavy weight walls in
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an extremely hot weather. Room thermal comfort of heating in the former case are also
worse than that in the latter case in a relatively cold weather in the part tiere aaid

no comparative chart is provided here for simplification.

%HVLGHV Ithe/ thérmdR Boghferin terms of the operative temperature
occupied hourg the part time pattern is worse than that in the full time pattéien
comparing the magfudes of operative temperatures in Figuteeand14, even if the
same room temperature control baB@%1 °Q is considerednh both patternsThis is

due to higher mean radiant temperatures of wall inner surfaces in the part time pattern.
To makethe room thermal comfort in the part time pattern close to that in the full time
pattern, a lower temperature control baBd+1 °Q in thepart time patterms needed
asillustratedin Figure15 (in thebenchmark conditionanda larger cooling capacity
(1.23 times as the case of temperatoetrolband26+1 °Q should be matchedror

the case of heatingyorsethermal comfort state is found for the part time pattern
compared to that of the full time pattern in relatively cold weathsuggests thermal
comfort in the part time patternworse tharhat inthefull time patterrunderthe same
temperature control banWhen low thermal mass walls are used, it will increase the

complexityof room thermal comfort control
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Figure14 Operative temperature obom R1 with a cooling temperature control band
(261 °Q under different thermal massthe part timgyatternon twocontinuouslyhot

days(15' 2" July) in Changsha climate

Figurel5 Comparison of operative temperaturesadm R1 with heavy weight walls
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on two continuously hot days#®™" July) in Changsha climate

4.4 Impact of different insulation placement on the heavy weight external wall

compositionsunder the same thermal mass

Although some researclsesirgued thathe internal insulation performs significantly
better thartheexternal insulation for external walbmpositiors in thebuilding energy
conservation[26, 27], different insulation placementsf the heavy weight wall
compositionswith the samehermal mass and-Malue are comparet confirm the
point As shown in Figure$ and7, there is a slight differexe of ideal H&C loads
between the cases of external and internal insuagther inthe full time or inthe

part time patternsStatistical results of theequired capacities dhe heat and cold
supply powergor thethree functional roomsf the studiedlat in different citiesgiven

in Table4 also suggeghatthere is jusaminor differencebetweercases wittexternal

and internal insulatios. Table 7 lists the total building H&C loads with different
insulation placements undixed room temperature control band$ie difference of
sensible H&C loaddetween theeases withexternal and internal insulatisim both
patternsare smallln the full time pattern, there is no obvious advantage for the internal
insulation compared to the external insulation, while the internal insulation tends to
save a small amount of building H&C loads in the part time patfEne.largest
advantage of the internal insulatiappears in Chongging, wheitecan help to save
H&C loadsin the part time patterhy 6.3%and 3.6% respectivelycompared to the

casea of external insulationlt suggests thathe use ofinternal insulatioron external
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walls is slightly superior tdhat of external insulation ithe part time pattern in terms

of building H&C loads. To explain the minor superiority of using internal insulation,
Figure 16 gives theatculating node temperatures of the eastrezgtevall of Room R1

from outer to inner surface at 18:00 and 20:00 on a typical cold day (20th January) in
the part time heating conditions with the temperature control bak&iaf°C. At 18:00,

when the heating condition begins, the inner wall surfaogerature in the case of
internal insulation is lower than that in the case of external insulation. Two hours later,
at 20:00, the wall inner surface temperatures in both cases of internal and external
insulations achieve nearly the same value. It israsdithat the heat absorption by the
external walls with internal insulation megligiblein the temperature rise process, as

the thermal mass of the internal insulation layer is very small. When it comes to the
case of external insulation, there is a jporiof heat absorption by the internal side of

the external walls due to neregligible thermal mass of the heavy weight component,
although the temperature rise of the wall inner surface is small. The heat absorption by
the inner side of the external walith external insulation is then added to the building
heating loads, resulting in a slightly higher heating loads compared to the case of
internal insulation. Furthermore, it is noteworthy that in Figure 16 the heat just transfers
from the wall inner sidace temperature nodemM_inner to the adjacent calculating
temperature node (twl_n8) with a small heat transmittance depth of circa 35 mm in 2 h.
It indicates that the heat storage due to thermal mass impact of external walls in the part
time patterns not intensive. This is why just a minor reduction of heating loads is

observed in the case of external insulation compared to that of internal insulation.
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enlarge the effect of wall heat storage and release in the part time pattern for building
energyconservation, some high thermal mass materials (e.g. phase change materials)
should be adopted and specific technology should be developed. Basslegerred
that previous work26, 27] overestimated thadvantagef internal insulatiordue to a

simplified lumped parametenodelon the thermal mass layers of the external walls.

Table7 Total sensible buildingd&C loads with different insulation placements under

room temperatureontrolband (18+1 °C for heating and 26x1 °C for cooling)

Full time pattern Part timepattern
Sensible  Sensible  Sensible Sensible
Cities Insulation  heating cooling heating cooling
placement |oad load load load
(kWh/(m?  (KWh/(m?  (KWh(/m?  (KWh/(m?
a)) a)) a)) a))
External 22.53 29.33 14.67 22.73
_ Middle 22.43 29.27 14.63 22.63
Chongaing™|nternal 22.36 29.14 13.74 21.92
Maximum
deviation -0.74% -0.65% -6.34% -3.60%
External 25.12 31.07 17.09 23.40
Middle 25.13 30.91 17.06 23.30
Changsha Internal 25.36 30.62 16.64 22.46
Maximum
deviation 0.98% -1.46% -2.63% -4.00%
External 16.69 29.10 11.23 20.89
Shanghai Middle 16.74 28.87 11.30 20.56
Internal 17.10 28.52 11.23 20.03
Maximum
deviation 2.44% -2.01% 0.00% -4.12%
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Figure 16 Calculating node temperatures of the east external wadarh R1 from
outer to inner surface on a typical cold day'{2&nuary) in the part time heating
conditions with the temperature control bak®1 °C(twl_ni xwall temperature of

QRGH M Z O Bual)ignidrisurface temperature; tair_ Rtoom R1 terperature)

With regard to the room thermal comfamtterms of the operative temperatumethe

cases of different thermal insulation placements¢onsistentadvantage is observed
either fortheinternalinsulationor for the external insulationas shown in Figurg7in

the part time pattern. In some occupied hours utttecooling conditions, thermal
comfort in the case of internal insulation is worse than that in the case of external
insulation,while in some other occupied houte situatio turns inverselyimplying

the internal insulation willresult ina morefluctuated amplitudeof the operative
temperaturecompared tdhe external insulationAs shown in Figure 17, the case of
internal insulation on heavy weight external walls is somewhat similar to that of the

light weight walls in the cooling conditions. In analogy to the effect of low thermal
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mass discussed in section 4.3, the internal atigul may result in overheating in
summer in the part time patterns.this sense, the adoption of internal insulation on
heavy weight external walls weakens the thermal mass impact of the heavy weight wall
composition compared to that of external indatatlt suggests thahe high thermal

mass in the composition of external walls should be exposed to the indtmaaiid
overheating in the intermittent cooling conditions. In overall consideration of heating
and cooling in the HSCW zone, internasutation is inadvisable as the cooling loads

dominate the building thermal energy demands.

Figurel7 Operative temperature of Ridith different insulation placements external
walls in part time pattern in a week of extreme hot wedféth July £3 August the

whole year hour number: 499245160 ) in Chonggingclimate
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5 Conclusions

A high-resolutiontime intervalmodel of a typical @ccupant residential apartment has
been developedsing the statespacemethod. The model is then validated by the
simulation resultgrom EnergyPlus in the same benchmark condgiddased on the
validated model, different thermal mass scenarios under thel$aaleie (0.83 W/

K) are considered to explore the effectivenelsthermal mass of external walls on
residential buildings inparttime partspaceH&C in the HSCW zonelt can be
concludedhat:

(1) Although the ideaH&C loads of the studied buildirgpartmenin the part time
patternin the three citiearereducedvy 25.3881.8% compared to those in the
full time pattern, it is found that the part time H&C loads profiles are much
steeper than those of full time patteriRequired capacities tfeat/coldsupply
powersin the part time part spacepatternare 1.4 2.1 timesas those of
corresponding full time part space patterns in three typical cities Chongging,
Changsha, Shanghai.

(2) Simulation deviationsof different time intervals in the part time pattern are
larger than those in the full time pattdor building H&C loadscalculations
For the part time pattern, the conventional time interval afuk bverestimates
building H&C loads by around B% compared to the case of 10 min time
interval. It is recommendetiat15 80 min time interval should be adopted for
high resolution calculations the intermittent occupancy.

(3) No significant difference is observddr different thermal massf external
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walls under the same aluein the ideal building H&C loadsalculationsof
residential buildings in th&iISCW climates However,low thermal mass is
proven to influencethethermal comfort control of functional rooms (bedrooms
and sitting room)n terms of room operative temperatf@iren the perspective
of heating/cooling system contrdJsing light or medium weight external walls
may result in overheating in summer and timgseasng thecomplexityof room
thermal comfort controlTo easilycontrolthethermal comfort of a buildingnd
saveenergyhigh thermal mass of external walls helps to reducedh®lexity

of thermal comfort contrand required capacities of supplgwers

(4) With regard to different insulation placemeiwf external wall compositions

under the same thermal mass, ibisservedhat he use ofinternal insulation

on external walls is slightly superior toathof external insulation for energy
saving in the part time pattern and the previous wavkrestimated the
advantage of internal insulation due to a simplified model othiérenal mass
layers The effect of internal insulaticon heavy weight external walls is similar

to that of light weight walls and the adoption of internal insulation on heavy
weight walls weakens the thermal mass impact of the wall compositions
comparedo that of external insulation.igh thermal mass in the composition

of external walls should be exposed to the indoor air to avoid overheating in the
intermittent cooling conditions. l@an overall consideration of heating and
cooling in the HSCW zone, ¢hinternal insulation is inadvisable as the cooling

loads dominate the building thermal energy demands.
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Table Captions:

Table 1 Riilding envelope components of the benchmark condition

Table 2 Occupancy schedule

Table 3 Total sensible H&C loads in fitiime andparttime partspacepatterns in three
cities in the HSCW zond 8 °C for heating and 26 °C for cooling

Table 4 Required capacities of heat or cold supply powers for three functional rooms in
the studied flat in three different cities in the HSCW zone

Table 5 Comparison of building H&C loads in different time intervals with room
temperature control bands8+1 °C for heating and 26x1 °C for coolingChangsha
climate

Table 6 Three representative thermal mass compositibasternal walls y = 0.83
W/(m?K))

Table 7 Total sensible building H&C loads with different insulation placements under

room temperature control bands¢1 °C for heating and 26+1 °C for cooling)

Figure Captions:

Figure 1Researchrimework of the present study

Figure 2 Plaidayout of a typical 2ccupant building apartment

Figure 3 Flow Chart of the Matlab program for calculating ideal building H&C loads
with fixed room target temperatures

Figure 4 Temperature comparison of room R1 between the calculation results of Matlab

program and EnergyPlus
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Figure5 Heating loagpowersof RoomR1 inthepart time heating pattefrom January

to Februarythewhole year hour numbe®:1416 h)

Figure6 Total sensible heating load powers of the building apartment in full time and
part time patterns in a typical weekrefativelycold weatherZ™ +8" February)
(RC-ExtINS denotes reinforced concrete with external insulation for external walls in
the bewchmark condition;RC-IntINS denotes internal insulation is used for the
reinforced concrete walls

Figure 7 Comparison of sensible H&C loads in full time and part time patterns (a)
heating load powers of R1 in a week of relatively cold wed®2¥#r+8™" February); (b)
heating load powers of R5 in a week of relatively cold wed@€r+8" February)(c)

cooling load powers of R1 in a week of extreme hot wedflier7" July); (d)cooling
load powers of R5 in a week of extreme hot weathr+7™ July)

Figure 8 Total sensible cooling load powers of three thermal mass cases in the full time
pattern during cooling period (f5June +31 August the whole year hour number:
3960 h £5832 1) in Changsha climate

Figure 9 Total sensible cooling loadwersin full time cooling pattern in Changsha
climate (a) in a week of extreme hot weathEt ¢7" July); (b) in a week of non
extreme hot weather {7+13" August)

Figure 10 (a) AUST (Averaged Uncooled Surface Temperature); (b) Operative
temperatureof Room RL under different thermal mass full time pattern during the
cooling period (18 June +315t August thewhole year hour number: 396045832 1

in Changsha climate

Figure 11 Operative temperature of RoomuRtler different thermal mags a week

of extreme hot weathet{ 71" July; the whole year hour number: 434444512 H in
Changsha climate

Figure 12 Operative temperature of roomih a cooling temperature control band
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(261 °Q under different thermal magsa week of extime hot weather 17" July;
the whole year hour number: 43444512 1) in Changsha climate

Figure 13 Operative temperature of room\K&th a heating temperature control band
(18+1 °Q under different thermal massfour daysof relatively cold weather {2 8"

Februarythe whole year hour number: 8161912 H in Changsha climate

Figure 14 Operative temperature of roomth a cooling temperature control band
(261 °Q under different thermal massthe part time pattern on two continuously hot
days (£ 2" July) in Changsha climate

Figure 15 Comparison of operative temperatures of roomwiRilheavy weight walls

on two continuously hot days{#®™" July) in Changsha climate

Figure 16 Calculating node temperatures of the east external wall of Room R1 from
outer to inner surface on a typical cold day (20th January) in the part time heating
conditions with the temperature control bak®#1 °C(twl_ni wall temperature of
QRGH M Z O Bual)ignidrisurface temperature; tair_ Rtoom R1 temperature)
Figurel7 Operative temperature of Rith different insulation placements of external
walls in part time pattern in a week of extreme hot weather (28thtRiugust; the

whale year hour number: 4992 #6160 h) in Chongging climate
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