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Phase change material Trombe walls cause significant heat loss on winter nights and overheating indoors in the
summer. This study proposes a phase change material Trombe wall building with a sunshade thermal insulation
curtain, which acts as a shade in summer and insulation to reduce nighttime heat loss in winter. Firstly, the
mathematical model of the proposed Trombe wall with the curtain is established by MATLAB, which is based on
the implicit difference method and is solved by Newton-Raphson iteration. Then, the building envelope model
was established using TRNSYS. The performance of the proposed building in Beijing, China, under different
curtain positions and ventilation modes is studied based on the co-simulation of TRNSYS and MATLAB. The
results show that for the curtain placed in the air passage and outdoor side, the heating load is reduced by 9.22%
and 9.76%, and the cooling load is reduced by 7.54% and 12.98%, respectively, compared with the phase change
material Trombe wall buildings without curtains. As latent heat grows, the heating load fluctuates less, and as the
phase change temperature increases, it fluctuates more. The cooling load is hardly affected by the phase change
temperature or latent heat. In the absence of air conditioning, the average indoor temperature in winter with the
curtain placed in the air passage and outdoor side is 1.05°C and 0.81°C higher than that in the phase change
material Trombe wall room without the curtain, and 4.5°C and 4.1°C higher than that in the room without the
Trombe wall. It is more beneficial to reduce the cooling load and summertime room temperature with the curtain
outside and only-night ventilation. This research can offer ideas for simulating the energy consumption of
buildings with complex Trombe wall structures.

1. Introduction

The rapid growth of industry and urbanization has resulted in an
annual increase in the area of buildings, and buildings now account for
30 % of global energy use [1]. Buildings can lower their fossil fuel
consumption and carbon emissions by implementing renewable energy,
such as geothermal energy solar energy, wind energy, biomass energy,
water energy [2], etc. Furthermore, it can enhance human health and
indoor air quality. Solar energy has garnered increasing attention due to
its advantages, such as inexhaustible, safe, and easy to obtain [3]. The
main forms of solar energy utilization are solar water heaters and hot
water systems, solar photovoltaic power generation, solar building [4],
solar dryers [5-7], solar ventilation [8], and solar collectors [9-11].
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Solar wall, as a typical, simple way to use solar energy, was originally
designed by French scientist Trombe [12], so it is also known as the
Trombe wall (TW). The way it operates is that sunlight passes through
the glass and is absorbed by black surface of the wall. Indoor air is
heated by natural convection heat transfer with the black surface, thus
providing heat to the room. In addition, vents can also be closed at night
to keep the room from losing heat. But TW cannot supply heat at night or
during rainy weather since solar energy is unstable and intermittent. To
address the issue of the mismatch between supply and demand, thermal
energy storage technology must be introduced. Phase change materials
(PCM) can store a large amount of heat in a nearly constant temperature
range [13]. Paraffin, as an organic PCM, has the advantages of high
latent heat of melting, no phase separation, and small volume change

Received 21 August 2024; Received in revised form 29 November 2024; Accepted 31 December 2024

Available online 31 December 2024

1359-4311/© 2025 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


mailto:zhangn09@swjtu.edu.cn
www.sciencedirect.com/science/journal/13594311
https://www.elsevier.com/locate/apthermeng
https://doi.org/10.1016/j.applthermaleng.2024.125403
https://doi.org/10.1016/j.applthermaleng.2024.125403

Y. Sun et al.

Table 1

Summary of the energy simulation for the TW building.

Authors Type of TW The simulation Key results
Building method of energy
consumption
Bevilacqua TW building DesignBuilder TW can lower
etal. [21] cooling energy usage
by 36.1 % and
heating energy
consumption by 71.7
% in warm climates.
Hong et al. louver —TW Co-simulation of louver-TW in service,
[22] building computational fluid office, and

dynamics (CFD) and
EnergyPlus.

residential buildings
with outdoor

ventilation can
reduce cooling
energy consumption
by 5.7 %, 5.0 %, and
5.8 %, respectively,
compared with
traditional TW.
Simoes et al. The TW system can

TW building in DesignBuilder and

[23] the EnergyPlus reduce heating load
Mediterranean by more than 20 %
region without affecting

cooling load, and
nighttime ventilation
can result in a
reduction of cooling
load by more than 35
%.

Xiao et al. TW-PCM building EnergyPlus The heating load

[24] could be reduced by

71.53 %.
Askari et al. TW building with DesignBuilder There is a 39 %

[25] a double-layer reduction in heating

PCM energy consumption
with an air passage
thickness of 20 cm;
the issue of
summertime indoor
overheating can be
resolved with the use
of exterior shading
facilities, and 50 cm
is the ideal length for
outdoor shading.

Zhu et al. TW buildings TRNSYS The peak cooling and
[26] with a double- heating load were 9
layer PCM % and 15 % lower
than those of the
traditional TW room,
respectively.
Ma et al. Double-layer TW THERB for HAM The range of energy
[27] software efficiency is 31.18 %

to 53.04 % in the
summer and 30.27 %
to 44.36 % in the
winter.

caused by the phase process [14]. Khedher et al. used brick walls
impregnated with PCM in passive buildings to reduce indoor tempera-
ture fluctuations [15,16]. TW with PCM (TW-PCM) can store latent heat
during the day and supply heating at night, lowering temperature
fluctuations and improving thermal comfort [17].

However, due to low thermal resistance of TW-PCM, indoor heat loss
accelerates at night when the wall temperature falls below the room
temperature, causing the reverse thermosiphon phenomenon. The better
the heat storage performance of TW-PCM in winter, the more likely
indoor overheating will occur in summer. To enhance the thermal per-
formance of the TW-PCM, it is therefore required to implement thermal
insulation measures on winter nights and shade facilities on summer
days. By placing a thermal insulation layer on the outside of TW-PCM,
Liu et al. [18] boosted the effectiveness of nocturnal heating.
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According to the results, the average room temperature increased while
fluctuations in temperatures decreased. Zhou et al. [19] studied a dy-
namic building envelope with TW-PCM through experiments, which
made it face outdoors to absorb solar radiation when there was solar
radiation and turn to the indoor side when there was no solar radiation,
so that the heat from the solidification of the PCM was directly trans-
ferred to the indoor. The findings demonstrate that it can raise overall
thermal efficiency by roughly 20 % and decrease PCM heat loss by 29 %.
Stazi et al. [20] studied the thermal comfort of TW in Mediterranean-
climate residential buildings through experiments and dynamic simu-
lation with EnergyPlus. It was found that the use of double glazing can
significantly improve the performance of TW, and shading and venti-
lation measures can reduce overheating to maintain a comfortable room
temperature.

In addition, the energy-saving capabilities of TW buildings have been
extensively studied by numerous academics. Some studies on energy
consumption simulation of TW buildings are shown in Table 1. Ac-
cording to Table 1, so far, most of the studies adopted commercial
software (such as EnergyPlus, TRNSYS, DesignBuilder, etc.) to simulate
energy consumption of TW buildings. However, for TW-PCM buildings
with complex structures, energy consumption cannot be calculated
using commercial software alone. As a result, new simulation techniques
for estimating energy usage are necessary.

1.1. Novelty

According to earlier studies, insulation measures on winter nights
and shading and ventilation strategies in summer help reduce energy
consumption in TW-PCM buildings. However, most studies used the
horizontal baffle shading method in summer, and fewer studies used the
vertical sunshade curtain to block the sunlight. In addition, the majority
of earlier research ignored how ventilation time affected TW perfor-
mance, and little research has been done on the summertime and
wintertime performance of the same TW structure. In this study, a TW-
PCM building with a sunshade thermal insulation curtain is proposed to
address the issues of excessive heat loss on winter nights and summer-
time indoor overheating. The curtain can significantly reduce sunlight
exposure in the summer, thereby preventing indoor overheating; in the
winter, it can also be utilized as an insulating layer to lessen heat loss at
night. The curtain can be set in the air passage or outdoor. TRNSYS and
MATLAB software were used to build a building energy model that
considered different ventilation modes and curtain positions. A study
was done on load characteristics and the room temperature under
different operating modes in both summer and winter.

2. Building description
2.1. Building structure

Fig. 1(a) depicts the building researched in this paper. Its dimensions
are 5 m for length, 5 m for width, and 3 m for height. The composition of
the external wall of the building is shown in Table 2, the structure
composition of the roof is shown in Table 3, and the floor structure is
shown in Table 4. Fig. 1 (b) depicts the plane structure of the south wall
with a 1.5 m x 1.8 m window. A TW-PCM with a sunshade thermal
insulation curtain (TW-IC-PCM) is mounted on the right side of the
window. Fig. 1(c) depicts the TW-IC-PCM architecture, in which the
PCM layer (0.02 m), air passage (0.2 m), and double glass layer (0.006
m + 0.015 m + 0.006 m) are set outside the insulation layer of the south
external wall. The sunshade thermal insulation curtain of 0.003 mm
thickness is situated in the air passage (TW-IC(In)-PCM) or outdoor side
near the outer glass (TW-IC(Out)-PCM), and there are 0.03 m separating
the curtain from the glass. The proposed TW-IC-PCM is mainly used in
residential buildings. This paper studies its application in Beijing, China.
For PCM, paraffin wax is utilized, which has a latent heat of 210 kJ/kg
and a phase change temperature of 27 °C ~ 29 °C. In practical
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The curtain is arranged in the air passage. The curtain is placed outside.
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Fig. 1. Building structure.
applications, aluminum boxes can be used for macroscopic packaging of

PCM to stop it from leaking. Table 5 provides the physical property
parameters of the TW-IC-PCM component materials, which are the same

Table 2
Composition of external wall.

Materials Density ~ Thermal Specific heat Thickness in winter and summer.
(kg/ conductivity(W/ capacity (J/ (m)
m®) mK) kg-K)
Plaster board 800 0.16 1090 0.019 2.2. Working mode in winter and summer
(indoor side)
Brick 1800 0.814 879 0.24 The winter working modes of TW-IC(In)-PCM and TW-IC(Out)-PCM
Insulation layer 200 0.04 1400 0.06

are depicted in Fig. 2(a) and (b), respectively. In winter, the curtain is
only used at night to create a sealed air layer that can improve the wall’s
thermal resistance. The daytime working mode is divided into two parts:
when the sun is just coming out with low solar radiation, the vent is
closed to preserve heat, and as solar radiation rises, the vent is opened to
heating the room. The heating mode is activated at the start of the night
Materials Density ~ Thermal Specific heat Thickness and changes to the heat preservation mode when the wall temperature

(outdoor side)

Table 3
Composition of the roof.

(kg/ C\‘;;’ducl?"ity Cipli‘dlt(y (m) falls below the indoor temperature for the purpose of preventing large
all (W/mK) /e ) heat losses and indoor air backflow.
Plywood ceiling 600 0.17 2510 0.01 Fig. 3 shows that in summer, the curtains are opened during the day
(indoor side) .
Concrete 2500 174 920 0.24 to shade the sun and closed at night to take advantage of the lower
Insulation layer 200 0.04 1400 0.10 outdoor temperature to cool the wall. The TW-IC(In)-PCM and TW-IC
Waterproof layer 900 0.23 1620 0.01 (Out)-PCM working modes can be divided into two types according to
Cement mortar 1800 0.93 1050 0.02 the ventilation mode: all-day and only night outdoor ventilation.
(outdoor side)
3. Simulation method
Table 4' ) The innovation of the simulation method in this paper is the co-
Composition of the floor. simulation based on MATLAB and TRNSYS. Firstly, the TW-IC-PCM
Materials Density ~ Thermal Specific heat  Thickness heat transfer mathematical model is established based on energy con-
(kg/ conductivity capacity (m) servation by MATLAB, and then the building energy model is established
™) (W/m-K) W/kg ) by TRNSYS software. Finally, the TW-IC-PCM heat transfer model is
Ceramic tiles (indoor 2300 1.3 840 0.01 coupled to TRNSYS.
side)
Cement mortar 1800 0.93 1050 0.05
screed 3.1. Model of the phase change material Trombe wall with an inside
Concrete 2500 1.74 920 0.30 curtain
Insulating layer 200 0.04 1400 0.08
Waterproof layer 900 0.23 1620 0.03 . . . . . .
Cement mortar 1800 0.93 1050 0.05 The physical quantity represented by the symbols in this article is
screed (ground defined. The symbols Tsky, Tam, Teg> Tgaps Tig> Tcairs Teurss Teurbs Tairs Tpems
side) Tpems, and Tpemp represent the temperature of the sky, outdoor air,

external glass, air interlayer, internal glass, sealed air passage, curtain
outer surface, curtain inner surface, air passage, PCM, PCM outer sur-
face, and PCM inner surface, K, respectively. The density of glass,
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Table 5
Composition of TW-IC-PCM.

Materials ~ Density (kg/m®) Thermal conductivity(W/ Specific heat capacity ( J/ Thickness (m)  Phase change temperature (°C)  Latent heat (kJ/kg)

m-K) kg-K )
Glass 2500 0.76 780 0.006 —- —-
PCM Solid:880; 0.2 2000 0.02 27 ~ 29 210
Liquid:770
Curtain 100 0.045 1340 0.003 —- —-
Solar radiation «— Heat conduction Heat convection

</~ Long-wave radiation heat transfer

Daytime heating

Daytime heat preservation

3 Absorption of solar energy

I

‘ 4 nlet

Nighttime heating

Nighttime heat preservation

(a) When the curtain is placed in the air channel (TW-IC(In)-PCM).
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(b) When the curtain is placed outside (TW-IC(Out)-PCM).

Fig. 2. TW-IC-PCM working mode in winter.

curtain, air, and PCM is denoted by the symbols pg, pcur, Pa, and ppem,
respectively, kg/ma. The symbols cg, Ceur, Ca, and cpem express the spe-
cific heat capacities of glass, curtain, air, and PCM, respectively, J/
(kg-K). The symbols Ag, Aa, Acur, and Apem, respectively, represent the
thermal conductivity of glass, air, curtains, and PCM, W/(m-K). The
Symbols Oeg, Qig, Qcyr, and opem indicate the absorption rate of solar rays
on the surface of the external glass, internal glass, curtain, and PCM,
respectively. The symbols teg, and 7;g indicate the solar transmittance of
the external and internal glass, respectively. For the external glass, in-
ternal glass, curtain, and PCM, the corresponding thermal emissivity is
represented by the symbols eeg, €ig, €cur, and €pers. Gy indicates the solar
radiation intensity of south wall, W/m?. t stands for time, s. ¢ is the
Steven Boltzmann constant, 5.67 x 108 W/(rnz-K4), and u,y, is the wind
speed, m/s. The TW-IC(In)-PCM heat transfer model consists of the
following five sets of heat transfer differential equations.

3.1.1. The energy balance equation of double glass
The external glass energy balance equation is expressed by Eq. (1)
[28]:

2
chgdeg% = degﬂg% + hconv,am(Tam - Teg) + hradveg—Sky (TSk}’ - Teg)
1 @
+R—, (Tg - Teg) + Prad.eg-ig (Tig - Teg) + 0 Gr
gap—eg
The sky temperature is expressed by Eq. (2) [29]:
Tyy = 0.0552T> 2

The heat resistance, (mZ-K)/W, between the external glass and the air
interlayer is defined as Rgap.eg. It is calculated by Eq. (3) [30]:
d d

_ Zgap | Ceg
Reap-eg = 24 * 2, 3
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(b) When the curtain is placed outside (TW-IC(Out)-PCM).

Fig. 3. TW-IC-PCM working mode in summer.

heonv,am refers to the convective heat transfer coefficient between the
external glass and outside. It can be calculated using Eq. (4) [31]:

Reony.am = 5.6 + 3.8Ugn @

hrad,eg-sky @nd hrag eg-ig are the radiant heat transfer coefficients be-
tween the sky, internal glass, and external glass, W/(m?K), respectively.
They can be calculated by Eq. (5) and Eq. (6) respectively [32]:

hmd,eg—sky = Eeg0 (Tszky + ng) (TXk}’ + Teg) (5)
. o(T8,+ T2 ) (T + T) ©
d.eg—ig —
rad eg—ig 5173+$_ 1

The energy balance equation of the air interlayer is expressed by Eq.
(7) [301:

OTgap _

1 1 0°T,
PaCalsny—5~ = o

(Teg - Tgap) +m (Tig - Tgap) + dgapflav

Reggap

)

where Rgap.ig is the heat resistance between the air interlayer and
internal glass, (mz-K)/W, which is expressed by Eq. (8) [30]:

_dyp | g
Repig = 2, +2_Ag (€)]

The equation for internal glass energy balance is as follows:
When the curtain is not in use [18]:

0T, 0° Ty

pgcgdigﬁ = dig)vgv + heonvig-air (Tair — Tig) + (Tep — Tig)

Ragap - ig €)]
+hrad,eg—ig(Te - Tig) + hmd,ig—pcms (Tpcms - Tig) + aigTegGr
When curtain is used [18]:

oT; o°T, 1
/)gngiga—;g = digﬂnglg + hconv,ig—cﬂir (Tcair - Tig) + Rgap i

“Fhmd,eg—ig (Te - T1g) + hrad,ig—curs (Tcurs - Tlg) + aigTegGr

(Tg - Tig)

103

where hrad ig-curs and hrad igpems represent the radiant heat transfer
coefficient between the curtain external surface, PCM external surface,
and internal glass, W/(m2K), respectively. They can be calculated by
Eq. (11) and Eq. (12), respectively [28]:

a(Tfm + T,jl) (Tews + Tig)
hrad,ig—curs = 1 T 1 _q (11)

&g | Ecur
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where heony,ig-air Stands for convective heat transfer coefficient, W/
(m?K), between the air passage and the internal glass. Its expression is
as follows:

When the vent is opened [33]:

/laNuai,

=== 13

hconv,ig—air

where H represents the height of the air passage, m. Nuy;: can be
expressed by Eq. (14) [34]:

0.67Ra'/*
4
[1 + (0.492/Pr)9/16]

Nug;, = 2
0.387Ral/®

8/27
[1 + (0.492/pr)9/16]

0.68 +

9
7 Ra<10

14)

0.825 + Ra > 10°

where Pr indicates the Prandtl number and Ra is the Rayleigh
number, which can be computed using Eq. (15) and Eq. (16) [35]:

HCa

Pr =
Aa

(15)
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|t represents air dynamic viscosity, N-S/m?; « indicates the air thermal
diffusion coefficient of air, mz/s, K = Aa /pCa.

When the vent is closed [36]:

Fig. 7. Comparison of the room temperature simulation results with Zhou
et al.’s experimental [41] findings.

AaNUg;
Ra = gﬁ(Tai" - T’S)HG (16) hconv,ig—air = % (17)
VK
where B stands for air thermal expansion coefficient, 1/K, and it can be 1 Grgr < 2000
computed using the equation: p = 2/(Tout + Tin). Tour and Ti, are the Nugy = 0.18Gr/* (dar/H)'° 2000 < Grgy <2 x 10° 18)

temperatures of the air flow at the outlet and inlet, respectively, K; v

0.065Gr}? (der/H)"°2 x 10° < Grg < 2 x 107
represents the air kinematic viscosity, m?/s, and its expression isv = p/p; ar (dar/H) “w=
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Fig. 10. Outlet air temperature and PCM inner surface temperature at different number of nodes in Y-axis.

where Gry;, is the Grashof number for the sealed air passage, which can
be expressed by Eq. (19) [28]:

_ 8s (Tpcms — Tig) dgir

Grair 2

(19)

When the curtain is in use, heonv,ig-cair i the convective heat transfer
coefficient between the internal glass and sealed air passage. It can be
calculated referring to the equations (17-19).

3.1.2. The energy balance equation of sealed air passage
The sealed air passage does not exist when the curtain is not used; its
energy balance equation is [37]:

Teair = Tair (20
When the curtain is used [33]:
aTr:air

pacadcairT = hconv,ig—cair (Tlg - Tcair) + hcanv,cuir—curs(Tcurs - Tcair) (21)

where heonv,cair-curs Stands for the convective heat transfer coefficient,
W/(m?K), between the curtain external surface and the sealed air, and

hconv,cair»curs = hconv,ig-cair~

3.1.3. The energy balance equation of curtain
When the curtain is not in use [37]:

Teuwrs = Teur = Tair (22)

When the curtain is used:
The curtain external surface energy balance equation is [38]:

deyr 0T cur
pcurccur% 06: : = hrad,ig—curs(Tig - Tcurs) + hconv,cair—curs(Tcair - Tcurs)

(23)
+@l 62 TCI.U‘S + ﬂ'CU.T
o far 3_‘)/2 d

The curtain internal surface energy balance equation is [38]:

(Tcurb - Tcurs) + acurTigTegGr
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deur 0T curp
Table 6 PeurCeur ;ur ac;tr = hrad,curb—pcms (Tpcmx - Tcurb) + hconv,curb—air(Tair - Tcurb)
Daily working mode of TW-IC(In)-PCM and TW-IC(Out)-PCM in winter.
dcur l 62 Tcw‘b /1cu.r T T
The time period Operation mode o Aeur ay? d (Teurs — Teurs)
-cur
08:00 a.m. ~ 10:30 a.m. daytime heat preservation 24

10:30 a.m. ~ 18:00p.m.
18:00p.m. ~ 07:30 a.m.
07:30 a.m. ~ 08:00 a.m.

daytime heating
nighttime heating
nighttime heat preservation

where hyag,curb-pems represents the radiation heat transfer coefficient
between the curtain internal surface and the PCM external surface, W/

(mz-K), and the Eq.(25) can be used to compute it [28]:
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2 2
Table 7 O.<Tpcms + Tcwb) (Tpcms + Tcurb)

The heating load reduction rate when compared to the reference room.

Month TW- PCM TW-IC(In)-PCM TW-IC(Out)-PCM
November 20.35 % 27.23 % 27.94 %
December 12.22 % 19.15 % 19.77 %
January 11.86 % 18.73 % 19.07 %
February 18.60 % 27.48 % 27.53 %
March 36.11 % 47.81 % 48.87 %
Total 16.35 % 24.07 % 24.52 %

10

(25)

hrad,curbfpcms = 1

Ecur

1
+ -1
heonv,curb-air T€Presents the convective heat transfer coefficient be-
tween curtain internal surface and air passage, W/(m?3K). The calcula-
tion formula can refer to the above calculation formula of hcony,ig-air-

3.1.4. The energy balance equation of air passage
When the curtain is not in use:
When the vent is opened [33]:
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cd 0Tar h (T T ) ‘R (T When the curtain is used, the air passage thickness changes from dajr
PaCalair ot~ comwgmaritie tar COMVr=pems \ = pems t0 dair cur, and dair cur=dair-deur-deair- Its energy balance equation is:
0T, When the vent is opened [35]:
= Tar) = pocadar Ve 3" (26) P
0T
When the vent iS ClOSGd [33] pﬂcadair_curwmr = hconv,curb—air(Tcurb - Tair) + hconv.air—pcrm(Tpcm - Tair)
0Ty
aT ir _ C . V air
pacﬂdflifT:lr = hconv,ig—air(Tig - Tair) + hzonv,air—pcms (Tpcms - Tair) @7 Pa adair_curVa Qy

(28)

11
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Table 8
The reduction rate of the heating load of the TW-IC(Out)-PCM at different phase
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When the vent is closed [35]:

0T
change temperatures compared to the reference room. p ac”d“""‘:wT:l = heomscuro—air (Teuro = Tair) + Peonyair—pams (Tp ems Tair) (29)
Month 24°C 28°C 32°C 36°C 40°C
where V, is the air flow velocity in air passage when the vent is
November 26.47 % 27.94 % 30.32 % 32.23 % 32.24 % 4 m/s. It be caleulated by Eq. (30) [38]-
December 18.21 % 19.77 % 22.61 % 22.82 % 21.66 % opened, m/s. It can be calculated by Eq. (30) :
January 17.95 % 19.07 % 20.69 % 21.55 % 20.72 %
February 26.92 % 27.53 % 28.95 % 30.47 % 30.34 % = 0.588(Tour — Tin) H (30)
March 47.06 % 48.87 % 50.26 % 56.10 % 53.39 % O A\ o
Total 23.32 % 24.52 % 26.48 % 27.56 % 27.03 % Cinla; ) +Cou|zz) TC D
where A denotes the air passage cross-sectional area, m?% A;, and Aout
1.25
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Fig. 17. Heating load, PCM liquid fraction, and ventilation heat gain of TW-IC(Out)-PCM at different PCM latent heat in winter.
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Table 9
The reduction rate of heating load of TW-IC(Out)-PCM at different PCM latent
heat compared to the reference room.

Month TW-IC(Out)- TW-IC(Out)- TW-IC(Out)- TW-IC(Out)-
PCM PCM PCM PCM
(130 kJ/kg) (170 kJ/kg) (210 kJ/kg) (250 kJ/kg)
November  28.64 % 28.19 % 27.94 % 27.77 %
December 21.55% 20.37 % 19.77 % 19.62 %
January 19.88 % 19.49 % 19.07 % 18.99 %
February 28.26 % 27.66 % 27.53 % 27.45 %
March 48.97 % 48.51 % 48.87 % 48.89 %
Total 25.49 % 24.84 % 24.52 % 24.42 %
Table 10
Different shade positions and ventilation methods in summer.
TW- Daytime shade Nighttime shade External
PCM position (curtain position (curtain ventilation
position) position)
Reference — — — —
Summerl \/ - —- The whole
day
Summer2 \/ Air passage —- The whole
day
Summer3 \/ Outdoor —- The whole
day
Summer4 Vv Outdoor —- Only night

represent air inlet and outlet areas, m? respectively. H stands for air
passage height, m. D represents the air passage hydraulic diameter, m,
and D = 4A/2(d, + w,); dy and w, represent the air passage thickness
and width, m, respectively. C;, and Cyy represent air inlet and outlet
local resistance coefficients, respectively; Ci, = 0.5, Coyt = 0.3. Cy is air

passage resistance coefficient, Cf = 0.4104Gr2{984.

3.1.5. The energy balance equation of phase change material
The PCM energy balance equation is expressed by Eq. (31) [35]:

oT, o°T, 0T,
ppcmcl’c’"$ = pcmﬁ+ pcmﬁ (31)
The PCM external surface boundary condition is as follows:
when the curtain is not in use [35]:

oT,

7/1pcm$ = hrad.ig—pcms (Tlg - Tpcm) + hconv.air—pcms(Tair - Tpcm)

(32)
+TegTigOpemGr

when the curtain is used [35]:

ancm

- j-p:m? = hrad‘curb—pcms(Tcurb - Tpcm) + hconv.air—p:mx (Tair - Tpcm) (33)

where heony,air-pems represents the convective heat transfer coefficient
between PCM external surface and the air passage, W/ (III2~K). Its
calculation formula can refer to heonv,ig-air-

The boundary condition for the PCM internal surface is expressed by
Eq. (34) [30]:

dT, 1
— Apem apcm _

- (]wall 1 cm)
p
X Rwa —pcmb

(€D)]
where Ty, is the plaster board internal surface temperature, K. Ryaj1-

pemb is the thermal resistance between the plaster board internal surface

and the PCM internal surface, (m2~K)/W, and its expression can be

calculated using Eq. (35) [30]:

dim

lins

dpla.ster dbrick

(35)

Ryan - pemb =

/lplaster }Vbrick

where Apjaster, Morick, and Aips are the thermal conductivity of plaster
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board, brick wall, and thermal insulation layer, W/(m-K), respectively;
dplaster> dbrick, and dins are the thickness of plaster board, brick wall, and
insulation, m, respectively.

The specific heat capacity of PCM is based on the effective specific
heat capacity model, which is calculated by Eq. (36) [39]:

Cs, Tpcm < T
(Cs + cl)/z JFHm/(Tl - Ts)7 Ts S Tpcm S Tl
Cr, Tpcm > Tl

(36)

Cpem =

Ts and T) stand for the lowest and highest temperatures of the PCM
during phase transition, K, respectively. ¢ and c; are the PCM specific
heat capacity in solid and liquid phase, J/kg-K, respectively.

The PCM liquid fraction can be calculated by Eq. (37) [35]:

0, Tpem < T

Tpcm -

T,
= T = TSS’TZ < Tpem < Ts 37)

17 Tpcm > Tl

3.2. Model of the phase change material Trombe wall with an outside
curtain

When the curtain is located outdoor and is not in use, the curtain
temperature is the same as the outdoor temperature, and the energy
balance equation for the rest of the TW-IC(Out)-PCM is the same as TW-
IC(In)-PCM. Between the curtain and the external glass, a sealed air
passage occurs when the curtain is in use. The following describes the
different parts of the energy balance equation when the curtain is used,
compared to when the curtain is not in use. The different parts are the
curtain internal and external surface, the sealed air passage, and the
external glass.

The energy balance equation of the curtain external surface is
expressed by Eq. (38) [38]:

dowr 0Tewrs  dewr, FTewrs | Acur
pcurCcur% ac;us = ;1 cur ayczu ° + dzr (Tcurb - Tcurs) ( 3 8)
+hconv,am(Tam - Tcur:) + hrad,curs—sky(Tsky - Tcurs) + acurGr

The energy balance equation of the curtain internal surface is
expressed by Eq. (39) [38]:

dcur aTcurlb

PeurCeur 2 ot = hrad.curb—eg(Te - Tcurb) + hconv.curb—cair(Tcair - Tcurb)
dew, 0T | 2
o e a;z'"b d;“; (Towrs — Teurv)
(39

The energy balance equation of the sealed air passage is expressed by
Eq. (40) [30]:

d Tcair

pgcadcairT = hconv,curb—cair(Tcurb - Tcair) + hconv,cair—eg(Teg

The energy balance equation of the external glass is expressed by Eq.
(41) [301:

- Tcair) (40)

oT, 0°T,
pgcgdegT:g = degﬂgﬁ + hconv,cair—eg (Tcair - Teg) + hrad.eg—curb (Tcurb - Teg)
1
+R (Tga - Teg) + hrad,egfig(Tig - Teg)
8ap—eg

(41)

In the above formula, hyag,curs-sky represent the radiant heat transfer
coefficient between the curtain external surface and the sky, W/ (m%K);
hrad,curb-eg i the radiant heat transfer coefficient between the curtain
internal surface and the external glass, W/(mZ-K). The radiant heat
transfer coefficient has been determined according to equations (5)-(6).
heonv,curb-cair @nd heony,cair-eg T€present the convection heat transfer
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Fig. 19. Instantaneous cooling load, liquid fraction, and heat flow of the inner wall surface under different shading and ventilation modes in summer.

coefficient between the curtain internal surface, external glass, and the
sealed air, W/ (mZ'K)’ TESPECﬁVel}’; hconv,curb-cair = hconv,cair-eg: and its
calculation formula is the same as equations (17-19).

3.3. Building energy model

First, using the implicit difference approach, the heat transfer dif-
ferential equations in sections 3.1 and 3.2 are discretized into algebraic
equations, which are then solved via Newton-Raphson iteration. Fig. 4
shows the node division diagram of TW-IC-PCM. The calculation pro-
gram was compiled by MATLAB. Then the building envelop is then
established by TRNSYS. Additionally, in order to achieve the data
interaction between TRNSYS and MATLAB, the Typel55 module in
TRNSYS calls the MATLAB program.

Fig. 5 shows the co-simulation schematic diagram of MATLAB and
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TRNSYS. In the simulation process, the data interaction between MAT-
LAB and TRNSYS is as follows: TRNSYS transmits the indoor tempera-
ture, outdoor meteorological parameters, and internal surface
temperature of the wall where the TW-IC-PCM is installed to MATLAB.
The air outlet temperature, air outlet flow rate, and PCM internal surface
temperature are then sent to TRNSYS by MATLAB. Since the focus of this
article is on the impact of TW-IC-PCM on building performance, loads
generated by air infiltration, personnel, fresh air, and equipment are not
set in the multi-zone building module Type 56.

3.4. Model verification

The accuracy of mathematical model was verified with the use of the
available experimental data. First, verify the model with the vents open
and closed. For a PCM solar chimney, Liu et al. performed an 8-hour heat
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Fig. 20. Monthly and total cooling load under different shading and ventilation modes in summer.

Table 11

The comparison of this work with previous studies.
Building type Energy saving References
louver —TW building 5.8 % (cooling load) [22]
TW building 20 % (heating load) [23]
TW building with double-layer PCM 39 % (heating load) [25]
Dynamic TW-PCM building 25.3 % (heating load) [42]
TW-PCM building 22.47 % (heating load) [43]
TW-PCM building with sunshade 24.52 % (heating load)/3.64 This work

thermal insulation curtain % (cooling load)

storage process by closing the vent and then opening the vent for a 16-
hour heat release process [40]. Fig. 6 presents a comparison of the
modeling and experimental results for the solar chimney. The figure
shows that the temperature differential between the outlet and inlet, the
mass flow rate at the outlet, the absorber temperature, and the PCM
internal surface all correspond well with the experimental data.

Then verify the model when the curtain is opened and closed. A TW-
PCM room [41] was built up by Zhou et al. The vents were kept open
throughout the experiment. The light source was turned on during 9:00
a.m. ~ 15:30p.m. to keep the solar radiation intensity at 320 W/m?
During 15:30p.m. ~ 9:00 a.m. the next day, the light source was turned
off while the thermal insulation curtain was opened. In the TW-PCM
building, Fig. 7 compares the simulated and experimental room tem-
perature data. Results indicate a good agreement between numerical
simulation and experimental results.

3.5. Grid and time step independence

The mesh size and time step have a significant impact on the math-
ematical model’s calculation accuracy. Verifying the grid and time step
independence is frequently required since it is not possible to choose the
right mesh size and time step directly. This section uses the simulation
results of TW-IC(In)-PCM under a Beijing typical winter day (as shown in
Fig. 8) for verification. The working mode in winter is to close the vent
for thermal insulation during 05:00 a.m. ~ 10:30 a.m. and open the vent
for indoor heating during the rest of the time. The melting temperature
was determined to be 31 °C ~ 33 °C, while the room temperature was
fixed at 14 °C.

Fig. 9 shows the air outlet temperature and PCM inner surface
temperature when the time stepsare 1 s,5s, 10s,15s,20s, 30s, 40 s,
and 50 s, respectively. In the process from 1 s to 10 s, the temperature
changes little, and when the step size continues to increase, the tem-
perature changes greatly. In this paper, the time step is selected as 10 s.
Fig. 10 shows the temperature change with different numbers of nodes
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along the height direction of the wall. When the number of nodes in-
creases from 20 to 40, the temperature of the PCM internal surface and
outlet rises with the number of nodes. As the number of nodes continues
to increase from 40, the temperature hardly changes. Therefore, m is
chosen as 40 for further calculation (that is, a node is set every 0.0475 m
along the Y-axis). The impact of PCM node count (S) along thickness on
the outlet and inner surface temperature is depicted in Fig. 11. When S
increases from 1 to 5, the temperature changes greatly, but when S
continues to increase, the temperature changes are not obvious. So S is
selected as 5, that is, set a node at the PCM layer every 0.004 m along the
X-axis.

4. Results and discussion

This study investigates the performance of the TW-IC-PCM building
under Beijing’s weather conditions. Fig. 12 shows the vertical south-
ward solar radiation and outdoor temperature parameters of Beijing.
The heating time in winter is set to be from November 15 to March 15,
and the design room temperature is 18 °C. The cooling time in summer is
from June 15 to August 31, and the design room temperature is 26 °C.

4.1. Heating load in winter

In winter, the period from 08:00 to 18:00 is daytime, and the rest of
the time is night. Table 6 displays the daily working mode of TW-IC(In)-
PCM and TW-IC(Out)-PCM in winter.

4.1.1. Comparison at different curtain positions

Fig. 13 shows the instantaneous heating load, PCM liquid fraction,
and ventilation heat gain of TW-PCM, TW-IC(In)-PCM, TW-IC(Out)-
PCM, and reference room. The reference room is the room that does
not install TW. In Fig. 13(a), when compared to the reference room, TW-
IC(In)-PCM and TW-IC(Out)-PCM can both lower the heating load dur-
ing the day and night when solar radiation is enough; however, TW-PCM
has a higher heating load because of significant heat loss at night. Fig. 13
(b) shows that during the period of six consecutive days with solar ra-
diation, the heating load range of TW-IC(In)-PCM and TW-IC(Out)-PCM
is OKW-0.98KW, and their peak load decreases by 5.5 % compared with
that of the reference room, but the TW-IC(Out)-PCM heating load at
night is lower than TW-IC(In)-PCM. According to Fig. 13(c), during the
day, the PCM in TW-PCM, TW-IC(In)-PCM, and TW-IC(Out)-PCM all
melt completely. However, at night, the latent heat residual of TW-IC
(In)-PCM is between 20 % and 26 %, while that of TW-IC(Out)-PCM is
between 5 % and 12.6 %. In Fig. 14(d), the ventilation heat gain of TW-
PCM at night is negative during 23:30-07:30, but after the curtain is set,
the ventilation heat gain at night is positive. In contrast to TW-IC(In)-
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Fig. 21. Indoor cooling load, PCM liquid fraction, and heat flow on the inner surface of the TW-IC (Out)-PCM under different phase change temperatures in summer.

PCM, TW-IC(Out)-PCM has a higher ventilation heat gain between 20:00
and 07:30 but a lower ventilation heat gain between 10:30 and 20:00.

The monthly and overall heating loads of four distinct rooms during
the winter are displayed in Fig. 14. It shows that the monthly heating
load in descending order is January, December, February, March, and
November. The total heating loads of Reference, TW-PCM, TW-IC(In)-
PCM, and TW-IC(Out)-PCM are 1903.55 kW-h, 1592.23 kW-h, 1445.36
kW-h, and 1436.77 kW-h, respectively. Table 7 shows that the heating
load of TW, TW-IC(In)-PCM, and TW-IC(Out)-PCM is reduced by 16.35
%, 24.07 %, and 24.52 %, respectively, compared to the reference room.

4.1.2. Effect of phase change temperature

The TW-IC (Out)-PCM instantaneous heating load, PCM liquid frac-
tion, and ventilation heat gain are displayed in Fig. 15 at various phase
change temperatures. As shown in Fig. 15(a), higher phase change
temperatures lead to higher peak heating loads and higher daily

fluctuations in heating loads. Fig. 15(b) shows the heating load during
six consecutive days from January 19 to January 25. The results show
that the heating load is 0 during 13:00 ~ 16:00 in the daytime. A greater
phase change temperature means faster growth and more fluctuation in
heating load during the nighttime hours of 18:00 to 07:30. According to
Fig. 15(c), PCM melts more slowly during the day and solidifies more
quickly at night at higher phase change temperatures. As the phase
change temperature rises, the ventilation heat gain decreases during the
day, but it first rises before falling during the night, as illustrated in
Fig. 15(d).

The monthly and total heating loads of TW-IC(Out)-PCM at various
phase change temperatures are displayed in Fig. 16. The phase change
temperature of 36 °C results in the lowest monthly and total heating
loads, with a minimum total heating load of 1379.00 kW-h. Table 8
displays the heating load decrease rates at various phase change tem-
peratures in comparison to the reference room. The data suggests that
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Fig. 22. Monthly and total cooling load at different phase change temperatures in summer.

the monthly reduction rates are the largest when the phase change
temperature is 36 °C, which are 32.23 %, 22.82 %, 21.55 %, 30.47 %,
and 56.10 % from November to March, respectively. The maximum
reduction rate of the total heating load is 27.56 % when the phase
change temperature is 36 °C.

4.1.3. Effect of latent heat

Fig. 17 shows the heating load, PCM liquid fraction, and indoor
ventilation heat gain of TW-IC(Out)-PCM building at different latent
heat. Fig. 17(a-b) shows that in the presence of solar radiation, the
greater the latent heat, the greater the daytime heating load and the
smaller the nighttime heating load. It found that the greater the latent
heat, the smaller the fluctuation of heating load in one day. Fig. 17(c)
shows the PCM liquid fraction under different latent heat. It can be seen
that PCM can completely melt during the day, and the higher the latent
heat, the slower the melting of PCM during the day and the slower the
release rate of latent heat at night. In Fig. 17 (d), The heat gain by
ventilation decreases with the increase of latent heat during the day and
increases with the increase of latent heat at night. The greater the latent
heat, the smaller the fluctuation of the heat obtained by ventilation
within a day. This is because the greater the latent heat, the more solar
energy PCM stores during the day, so that less heat enters the room
through natural convection during the day and the more heat is released
at night.

In winter, the monthly and total heating load at different latent heat
is displayed in Fig. 18. Table 9 shows the reduction rate of heating load
with different latent heat compared to the reference room. It can be seen
that from November to February, the monthly heating load increases
with the increase of latent heat, and the heating load in March increases
first and then decreases with the increase of latent heat. When the latent
heat increases from 130 kJ/kg to 250kJ/kg, the total heating load in-
creases by 1.44 %. This is because the greater the latent heat, the more
solar energy stored during the day and used at night, the greater the heat
loss in the process of heat transfer, thus increasing the total heating load.

4.2. Cooling load in summer

4.2.1. Comparison at different curtain positions and ventilation modes

In summer, the curtain can be used as a shading facility to effectively
improve the indoor thermal environment, and the period from 07:00 to
19:00 is defined as daytime, and the rest of the time is night. In this
section, the melting temperature of PCM is 28 + 1°C and the latent heat
is 210 kJ/kg. Table 10 shows the different shading and ventilation
modes in summer.

Fig. 19 shows the indoor cooling load, PCM liquid fraction, and heat
flow on the inner surface of the wall under different shading and
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ventilation modes. Fig. 19(a-b) demonstrates that the cooling load value
in descending order is: Summerl > Summer2 > Reference > Summer3
> Summer4, indicating that the all-day ventilation with a shading cur-
tain in the air passage can reduce the cooling load of TW-PCM room, but
the cooling load value is still greater than that in the reference room.
However, when the shading curtain is set outdoors, the indoor cooling
load is smaller than when it is placed in the air passage and the reference
room. For the curtain set outdoor, ventilation only at night is more
conducive to reducing the cooling load than all-day ventilation. Because
of the high outdoor temperatures during the day, opening the vent does
not help the wall dissipate heat. In Fig. 19(c-d), for the Summer1 con-
dition, PCM can completely melt during the day, and the latent heat is
not fully released at night. For Summer 2, PCM can melt completely in
the hottest weather, and the rest of the time it is in a state of partial
melting. For Summer 3, PCM cannot melt completely in the whole
summer, and the liquid fraction can reach 0.66 in the hottest climate,
while it is lower than 0.4 for most of the rest of the time. For Summer 4,
the maximum liquid fraction can reach 0.47 under the hottest weather
conditions, and the value of the liquid fraction is lower than 0.16 at the
rest of the time. In addition, when there was solar radiation for 6
consecutive days from August 6 to August 12, the liquid fractions of
Summer 1, Summer 2, Summer 3, and Summer 4 ranged from 0.5 to 1,
0.05-0.96, 0-0.35, and 0-0.23, respectively. In Summer 4, although the
outdoor shading hinders the melting of PCM, the use of PCM in winter to
store solar energy during the day while releasing latent heat for indoor
heating at night is effective. In addition, the PCM liquid fraction is
related to the phase change temperature, latent heat and outdoor
meteorological parameter. Fig. 19 (e-f) shows that outdoor shading and
only nighttime ventilation help reduce the amount of heat entering the
room through the walls.

Fig. 20 shows the monthly and total cooling load under different
shading and ventilation modes in summer. In Fig. 20(a), Summer 4 has
the lowest cooling load. Compared with the reference room, the cooling
load in Summer4 in June, July, and August was reduced by 4.0 %, 2.6 %,
and 3.09 %, respectively. As shown in Fig. 20(b), when compared with
the reference room, the cooling load in Summer 1 and Summer 2
increased by 10.72 % and 2.37 %, respectively, while the cooling load in
Summer 3 and Summer 4 reduced by 2.77 % and 3.64 %, respectively.
The energy-saving performance of the TW-IC-PCM building in this work
is compared with that in other literature in Table 11. It is evident that
the TW-IC-PCM building proposed performs relatively well in terms of
energy conservation.

4.2.2. Effect of phase change temperature
According to the study in 4.2.1, it is more beneficial to reduce the
cooling load by adopting an outdoor sunshade with only nighttime
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ventilation mode. In this section, the effect of phase change tempera-
tures on the cooling load of buildings with TW-IC(Out)-PCM is studied.

Fig. 21(a-b) shows the distribution of indoor cooling load at different
phase change temperatures, from which it can be seen that phase change
temperature has little influence on indoor cooling load. During the
period from June 15 to August 31, the peak cooling load appears at
13:00 on August 15, and its value is 0.374 KW. Fig. 21(c) shows that
during the whole summer, when the phase change temperature is 24 °C,
the PCM liquid fraction is between 0.18 and 1, indicating that the PCM
layer temperature is always greater than or equal to 23 °C. When the
phase change temperature is 28 °C, the PCM liquid fraction is between
0 and 0.48, indicating the PCM layer temperature is always less than or
equal to 29 °C. When the phase change temperature is 32 °C, in most of
the time the liquid fraction is 0, indicating PCM does not melt and the
PCM layer temperature is less than 31 °C, while only a few times its
temperature is greater than 31 °C. Since there is no moment with the
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. 23. Indoor cooling load, PCM liquid fraction, and heat flow from the inner surface of the wall into the room of TW-IC (out)-PCM under different latent heat in

liquid fraction value being 1 when the phase change temperature is
32 °C, the temperature of PCM is less than 33 °C. Fig. 21 (d) shows that
the PCM liquid fraction drops with a rise in phase change temperature
from August 6 to August 12. When the phase change temperature is
32 °C, the liquid fraction is 0, and at this time, further increase of phase
change temperature has no effect on the change of PCM layer temper-
ature and cooling load. Fig. 21(e-f) shows that during the period from
June 15 to August 31, as the phase change temperature increases, the
difference between the maximum and minimum values of the heat flow
on the inner surface wall is 11.938 W, 12.84 W, and 14.948 W,
respectively. In addition, on summer nights, due to the low outdoor
temperature and the radiation heat transfer between the external glass
and the sky, the temperature of the entire wall is low, and the heat flow
from the wall into the room is negative, indicating that the internal
surface temperature of the wall is lower than 26 °C.

Fig. 22 shows the effects of different phase change temperatures on
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Fig. 24. Monthly and total cooling load of TW-IC(Out)-PCM under different PCM latent heat in summer.

the monthly and total cooling loads. When the phase change tempera-
ture is 24°C, 28°C, and 32°C, the total cooling load is 201.83 kW-h,
202.14 kW-h, and 202.1 kW-h, which is reduced by 3.79 %, 3.64 %, and
3.66 % compared with the reference room, respectively. The cooling
load in June, July, and August accounted for 18.44 %, 39.32 %, and
42.24 % of the total cooling load, which decreased by 4.42 %, 3.58 %,
and 3.7 % compared with the reference room, respectively, when the
phase change temperature was 24 °C.

4.2.3. Effect of latent heat

This section studies the cooling load of TW-IC(Out)-PCM with
different latent heat. Fig. 23 (a-b) shows that when the latent heat in-
creases from 130 kJ/kg to 250 kJ/kg, the cooling load does not change
significantly. Fig. 23(c-d) shows that when the phase change tempera-
ture is 28 °C, the larger the latent heat, the smaller the PCM liquid
fraction in most of the summer. With the increase of latent heat, the
maximum liquid fraction is 0.66, 0.55, 0.47, and 0.42, respectively.
However, between August 6 and August 8, there was a phenomenon that
the greater the latent heat, the greater the PCM liquid fraction. This may
be due to the change of outdoor temperature from high temperature to
low temperature in these two days; the greater the latent heat, the
smaller the influence of outdoor temperature on the PCM temperature,
and the smaller the fluctuation of liquid fraction. Fig. 23 (e-f) shows the
heat entering the room through the inner surface of the wall with
different latent heat. It is found that with the increase of latent heat, the
change of heat entering the room is different under different outdoor
weather conditions.

As shown in Fig. 24, monthly cooling load and total cooling load do
not change significantly with the increase of latent heat. When the latent
heat increases from 130 kJ/kg to 250 kJ/kg, the total cooling load only
increases by 0.04 %. This is because the summer meteorological pa-
rameters of Beijing are used in this paper. As shown in Fig. 12, the
outdoor temperature difference between day and night is large, and the
average outdoor temperature in summer is 26.21 °C. This is similar to
the summer indoor design temperature of 26 °C, resulting in less impact
of latent heat on cooling load.

4.3. Indoor temperature without air conditioning

4.3.1. Indoor temperature in winter

Fig. 25(a-b) shows the indoor temperature at different curtain po-
sitions in winter without air conditioning. The TW-IC(Out)-PCM and the
TW-IC(In)-PCM had average indoor temperatures that were, respec-
tively, 1.05 °C and 0.81 °C higher than those of the TW-PCM room and
4.5 °C and 4.1 °C higher than those of the reference room. Fig. 25 (c-d)
shows the indoor temperature of TW-IC (Out)-PCM at different phase
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change temperatures. On most days, the nighttime indoor temperature
fluctuates more with the increase in phase change temperature. With the
increase in phase change temperature, the average indoor temperature
was 8.70 °C, 8.86 °C, 8.88 °C, and 8.84 °C, respectively. Fig. 25 (e-f)
shows the indoor temperature at different PCM latent heat. The higher
the latent heat, the lower the indoor temperature during the day, and the
higher the indoor temperature at night, the less fluctuation of indoor
temperature within a day, resulting in better indoor thermal comfort.
When the latent heat increased from 130 kJ/kg to 250 kJ/kg, the
maximum indoor temperature decreased by 1.13°C and the minimum
temperature increased by 0.16°C, but the effect of latent heat on the
average indoor temperature was not significant.

4.3.2. Indoor temperature in summer

Fig. 26 (a-b) shows the indoor temperature under different shading
and ventilation modes in the summer. The indoor temperature is ranked
in descending order as follows: Summerl > Summer2 > Reference >
Summer3 > Summer4, showing that TW-IC(In)-PCM’s room tempera-
ture is higher and TW-IC(Out)-PCM’s room temperature is lower than
that of the reference room. Furthermore, it is more effective to lower the
room temperature by adopting outdoor ventilation only at night. The
indoor temperature of TW-IC(Out)-PCM under various phase change
temperatures with only night ventilation is displayed in Fig. 26(c-d).
There was little change in room temperature as the phase change tem-
perature rose from 24 °C to 32 °C. Fig. 26 (e-f) shows that room tem-
perature does not change significantly with PCM latent heat. This is
because the outdoor meteorological parameters selected in this paper
are in Beijing, where the average outdoor temperature in summer is
close to the indoor design temperature of 26°C. In hot summer areas,
different phase change temperatures and latent heat may greatly affect
the indoor temperature distribution.

5. Conclusion

This paper studies the influence of sunshade thermal insulation
curtain position and ventilation mode on the energy performance of
phase change material Trombe wall building in Beijing based on co-
simulation of MATLAB and TRNSYS. The conclusions are as follows:

(1) In winter, the total heating load of the phase change material
Trombe wall building without curtains, with curtains inside, and
with curtains outside decreased by 16.35 %, 24.07 %, and 24.52
%, respectively, compared with the reference room. The lowest
total heating load occurs at a phase change temperature of 36 °C.
When the latent heat increases from 130 kJ/kg to 250 kJ/kg, the
total heating load increases by 1.44 %.
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Fig. 25. Indoor temperature under different curtain position, phase change temperature and latent heat in winter.

(2) In summer, the cooling load of phase change material Trombe
wall with curtains inside is reduced by 7.54 % compared to that
without curtains. The cooling load with a curtain outside in all-
day ventilation and night ventilation mode is reduced by 12.18
% and 12.97 %, respectively, compared with that without a
curtain. The phase change temperature and latent heat has very
little effect on the cooling load.

In the absence of air conditioning, the indoor temperature of the
phase change material Trombe wall building in winter with the
curtain inside or outside was higher than that without the curtain
and in the reference room. In summer, the indoor temperature is
the lowest under the outdoor shade and night-only ventilation
strategy. The higher the phase change temperature and latent
heat, the more the indoor temperature fluctuates in the winter,

3

20

but the indoor temperature change is less noticeable in the
summer.

In the future, the performance of phase change material Trombe wall
buildings in different climate zones will be studied through experiments
and simulations. In addition, because this paper blocks solar radiation
through shading in summer, solar radiation is not effectively used in
summer, and photovoltaic thermal systems can be added in the future to

make use of solar radiation to generate electricity and produce hot
water.
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