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This paper proposes a novel PV-Trombe wall system combined with phase-change material, which is named as PV-PCM-Trombe
system. The workmainly experimentally studies the effectiveness and characteristics of using phase changematerials to improve the
overheating problem of PV-Trombe wall in summer. Through experiments, the photoelectric performance of the system using
phase-change board surfaces with and without a matte black paint lacquer are compared; moreover, the influence on thermal
environment of building is evaluated. The results indicate the PV-PCM-Trombe wall system shows an effective cooling effect on
PV cell in both experiments and that the surface lacquer coating treatment of PCM plates affects little the photoelectric
performance of the system and can reduce the working temperature of PV cell.

1. Introduction

Building-integrated photovoltaic/thermal technology (BIPV/T)
is an important technology for using solar energy that gener-
ates solar energyphotovoltaicpowerwhile improving the ther-
mal environment of buildings to efficiently use solar energy.
This can be considered as a significant contribution to the
implementation of sustainable development of the energy.

Recently, focusing on BIPV/T technology, many numer-
ical and experimental studies have been carried out from var-
ious perspectives. Yang and Jie [1] established a heat transfer
model for photovoltaic-wall integrated (PV-WALL) struc-
ture and concluded that the heat gain of PV-WALL
structures could be significantly reduced in summer. Jie
et al. [2, 3] presented a novel Trombe wall with PV cells
(PV-Trombe), which theoretically and experimentally stud-
ied the effect of the PV-Trombe system on indoor tempera-
ture and electrical efficiency and found that the aesthetic
value was much more than that of normal Trombe wall. Hu
et al. [4] compared and analyzed the annual thermal per-
formance and electric performance of three types of BIPV
system, and the result showed that a PV blind-integrated

Trombe wall system (BIPVBTW) is superior to the other
two systems in the total electricity saving and CO2 emissions
reduction. Dupeyrat et al. [5] studied the electric perfor-
mance and thermal performance of PV/T solar collectors
with different laminates and the results indicated that PV/T
solar collectors could provide advantages over separated
solar thermal and PV technologies in configuration of limited
available space for solar collector area. Herrando et al. [6]
established a system performance evaluation model and
mainly analyzed the effects of cover ratio of cells and coolant
flow rate on system performance. Koyunbaba and Yilmaz [7]
researched energy performance comparison of single glass,
double glass, and a-Si semitransparent PV module integrated
on the Trombe wall facade of a model test room. The change
in electrical efficiency by surface temperature of the PVmod-
ule had been interpreted and the electrical power rate of the
PV module had been designated. Zogou and Stapountzis
[8] studied the flow and heat transfer of a BIPV/air wall sys-
tem for building application. In this work, the results from
flow visualization and hot wire anemometry measurements
performed on the basic structural module of a double-skin
photovoltaic (PV/T) façade were discussed. Jiang et al. [9]
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presented a novel photovoltaic-Trombe wall (PV-TW). The
electrical and thermal performance of the PV-TW are inves-
tigated experimentally and theoretically. Ahmed et al. [10]
attempted to enhance the performance of a hybrid photo-
voltaic/Trombe wall (PV/TW) system through employing
a porous medium. The results revealed that incorporating
the porous medium and DC fan offered favorable features
of the system performance, while the glass cover has a
conflicting effect.
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Figure 1: Schematic of structural principle of PV-PCM-Trombe
wall system and the arrangement diagram of thermocouples.
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PV cells

Figure 2: The test PV-PCM-Trombe wall system.

Table 1: Dimensions of the experimental setup.

Experimental setup
Length
(m)

Height
(m)

Width/thickness
(m)

Hot box room 3.0 2.6 3.0

Door 0.6 1.6 —

Window 1.0 1.0 —

Upper/lower opening 0.3 0.2 —

Upper/lower shield 1.0 — 0.15

Photovoltaic glass board 1.0 2.0 0.004

Phase change board 0.3 0.5 0.02

Air passage — — 0.15

South wall — — 0.24

Table 2: Main properties of PCM.

Properties Unit Number

Melting point °C 29-31 (standard 29)

Solid point °C 26-28 (standard 26)

Latent heat (18-33°C) kJ/kg 160

Solid density(20°C) kg/L 1.43

Liquid density (40°C) kg/L 1.23

Volume expansion rate % 13.98

Thermal conductivity W/(m·K) 0.6

Viscosity (50°C) m2/s 16.88

PCM
panels

Vents

PH3

PH2

PH1

Figure 3: Distribution of phase change board and the
thermocouples.

Table 3: Uncertainty of sensors at test conditions.

Copper-constantan thermocouples:
temperature

±0.5°C

Pyranometer
Secondary standard

(global irradiance on the
south wall surface)

Output voltage: Voc 1% of Voc ± 0:1V
Output current: Isc 1% of Isc ± 9mA
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Combining PCM (phase change material) and PV
(photovoltaic) technologies to cool PV board or store heat
by PCM has attracted scholars’ attention. Huang [11–13]
applied PCM to PV board and carried out many studies on
the effect of PCM on the thermal regulation performance of
BIPV systems. Lin et al. [14] floored all the internal walls of
a room with PCM to study the influence of PV/T solar collec-
tor and PCM on indoor thermal environment. Through
experiments and transient energy balance approach, Hachem
et al. [15] and Kibria et al. [16] studied the effect of PCM on
the performance of PV board and concluded that PCM could
decrease the temperature of PV board and increase the elec-
trical efficiency. Curpek and Hraska [17] compared and stud-
ied the PV board with and without PCM as well as the flow
passage with and without ventilation, the results showed that
natural ventilation of PV façade with added PCM could
reduce the temperature of PV board better. Aelenei et al.
[18, 19] developed a simplified thermal network model for
BIPV-PCM and studied the thermal behavior of the system.
Ma et al. [20] conducted a detailed review of the literature
focusing on the use of PCM for PV module thermal regula-
tion and electrical efficiency improvement and found that
the PV-ST-PCM system, i.e., PV-PCM integrated with a solar
thermal (ST) system, had an obvious scope for practical
applications but met challenges.

Focusing on the inclination of solar heating wall of regu-
lar PV-Trombe wall system being overheated in summer
working conditions, based on the feature that the tempera-
ture cannot rise during phase-change heating process of
PCM, the present work proposes a novel PV-Trombe wall
system combined with PCM, i.e., the PV-PCM-Trombe.
The proposed system uses the thermal feature of PCM by
combining the PCM and conventional PV-Trombe wall

ystem to reduce the temperature of solar heating wall in
summer working conditions to avoid overheating issue of
the wall resulted by solar radiation. This work mainly
studies the effectiveness and characteristics of using phase
change materials to improve the overheating problem of
PV-Trombe wall in summer. Under summer working condi-
tions, experimental investigations are carried out on a test
system including the comparison of photoelectric perfor-
mance of the novel system with and without matte black
paint lacquer coating on phase-change board, and the analy-
sis of their effects on thermal environment of the building.

2. Principle of PV-PCM-Trombe Wall System
and the Experiment

The PV-PCM-Trombe wall system is composed of photovol-
taic glass units, upper and lower openings, upper and lower
shields, phase-change heat-storage wall, air passage, and a
frame (Figure 1). The system is installed on the south
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Figure 4: Solar irradiation intensity and ambient temperature.

Table 4: Test results of ambient temperature and solar irradiation
intensity.

Date
Max. Ts
(°C)

Mean Ts
(°C)

Max. Ic
(W/m2)

Mean Ic
(W/m2)

2017.05.27 33.3 28.3 392.8 178.8

2017.05.28 34.8 29.3 388.5 181.2

2017.05.29 34.9 30.5 388.2 175.5

2017.07.14 39.7 34.5 379.5 155.2

2017.07.15 40.6 35.1 345.0 163.5

2017.07.16 40.3 35.0 364.5 126.6
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elevation (Figure 2), where the PCM board is attached to the
external side of the south wall of building to form the PCM
wall; the photovoltaic glass units cover the PCM wall and a
certain gap is kept to form an air passage. By upper and lower
openings and upper and lower shields, the system achieves
passive heating in room in winter and heat dissipation to out-
door ambient to cool the room down in summer. Therefore,
photoelectric conversion efficiency increases and indoor
thermal environment improves. The design purpose of
phase-change heat-storage wall is to use the characteristics
of great phase-change energy storage, no increase in temper-
ature during phase change process and phase-change tem-
perature selected near the human comfort temperature;
reduce the temperature of the passage where photovoltaic
cells work especially in high-temperature summer while
ensuring sufficient hot air supply in winter to meet the
demand of building heating corresponding to human com-
fort temperature requirement; and achieve the overall
effects of the system that the photovoltaic cells are cooled
better and the photoelectric efficiency is higher, and the
indoor thermal environment better meets the requirement
of human comfort.

The working principle of the system is as follows.

1. Photovoltaic Part: the DC current generated by
photovoltaic glass is converted into AC current

2. Solar Thermal Part

In summer, the upper opening (5) and the lower opening
(9) are closed while the upper shield (1) and the lower shield
(4) are opened so that the air passage (6) and the outdoor air
forms a loop; thermal siphoning causes the air flowing

upwards from bottom in the passage, bringing away the heat
absorbed by the phase-change heat-storage wall (7, 8) and the
photovoltaic glass (2), and thereby the photovoltaic cells can
be cooled down to some extent and overheating of the room
in summer can be prevented. In addition, when the air tem-
perature in the passage rises to the phase transition tempera-
ture of PCM, the PCM undertakes phase change process; the
temperature can hardly rise as the PCM absorbs a significant
amount of heat in the phase change process, and thus the rise
of air temperature in the passage is inhibited and meanwhile,
the photovoltaic cells and the building walls can be cooled
down to some extent.

In winter, the upper opening (5) and the lower opening
(9) are opened while the upper shield (1) and the lower shield
(4) are closed so that the air passage (6) and the indoor
room form a loop, bringing the heat absorbed by the phase
change heat-storage wall (7, 8) and photovoltaic glass (2) into
the room.

To investigate the system, a test system is established on
a comparable hot box test platform. The experimental setup
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Figure 5: Electric power and efficiency of photovoltaic cells.

Table 5: Photovoltaic performance.

Date
Max. P
(W)

Mean P
(W)

Daily power
generation (kW·h)

Mean ηc
(%)

2017.05.27 55.4 23.5 0.322 10.7

2017.05.28 54.6 23.7 0.325 10.8

2017.05.29 54.1 22.3 0.299 10.5

2017.07.14 56.2 21.4 0.306 11.0

2017.07.15 51.8 22.2 0.318 10.6

2017.07.16 53.1 16.6 0.239 10.2
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consists of one hot box room, photovoltaic collector wall
combined with PCM, openings, and a measurement system.
Among them, the hot box room installed with photovoltaic
collector wall combined with PCM is the experimental
room. The south wall of both hot box rooms are brick
structure, while other walls are lightweight insulating mate-
rial. The dimensions of the experimental setup are shown
in Table 1. The area of photovoltaic cells AC is 1.125m2,
and the coverage ratio of photovoltaic cells on the photo-
voltaic glass board is 56.25%. The package material of
PCM plate is aluminum, the surface is plated with a light
color anticorrosion material, and the inner portion is crys-
talline hydrate and organic PCM; thus, the advantages of
both PCMs, hydrate and organic matter, are met. The
phase transition temperature of the PCM plates is 29°C;
its surface can be treated by matte black paint or kept as
it is to perform comparable experimental analyses. The
material properties of the PCM are listed in Table 2. The
array configuration of the phase-change board is shown in
Figure 3.

Measured parameters of the system include voltage,
current, temperature, and solar irradiation intensity.
Table 3 summarizes the ranges of parameters’ accuracies.
The temperature is measured using a conventional copper-
constantan thermocouple (accuracy of ±0.5°C). The main
measuring points for temperature measurement are shown
in Figures 1 and 3. Figure 1 represents a structural section

view of the system to show the locations of temperature mea-
suring points marked by “×,” i.e., external surface of photo-
voltaic glass board (1 point), back side of photovoltaic cells
(5 points along height), air passage (1 point), external surface
of the wall attached by phase change board (1 point), and
indoor air temperature (1 point). Figure 3 presents the loca-
tions of the thermocouples distributed on the external sur-
face of phase change heat storage board marked by “●.” In
addition, one thermocouple is placed on external surface of
the south wall of experimental room. For the control room,
there are two temperature measuring points which are
indoor air temperature (1 point) and external surface of the
south wall (1 point). The measurement system also includes
the measurement of ambient temperature, output voltage
and current of photovoltaic cells, and the total solar irradia-
tion intensity on the south-faced vertical surface measured
by a TBQ-2 pyranometer. DC voltage isolation sensor and
AC–DC current isolation sensor are used, respectively, to
detect the output voltage Voc and current Isc. The real-time
acquisition of all data are done by an Agilent 34970A data
acquisition instrument.

3. Experimental Results and Analysis

Experiments were carried out in Nanchang city in 2017, in
three consecutive days on 27–29 May (experiment 1) and
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Figure 6: Temperature distribution of PCM plates.

Table 6: Characteristic data of mean temperature of external side temperature of phase change board 1, 2, and 3.

Temperature
Experiment 1 Experiment 2

Day 1 Day 2 Day 3 Day 1 Day 2 Day 3

Max. temperature (°C) 39.3 41.1 41.6 44.4 46.2 44.8

Mean temperature (°C) 31.3 32.6 33.5 36.4 37.1 36.6
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14-16 July (experiment 2). During the tests, the outdoor
openings were kept open and the indoor openings closed,
while room doors of the experimental room and the control
room were kept open all the time. Matte black paint lacquer
covered the external surface of the phase change board dur-
ing the tests in July, like the treatment for the surface of the
heating wall of a regular passive Trombe wall system. For
the tests in May, the surface of the phase change board was
not coated.

Figure 4 presents the distribution of solar irradiation
intensity and ambient temperature during the three days of
tests, and the detailed data is listed in Table 3 (mean ambient
temperature is the average over a whole day; solar radiation is

the irradiation on the south-faced vertical wall, and its mean
value is the average in the period from sunrise to sunset). Ic is
the solar irradiation intensity and Ts is the ambient temper-
ature. Their subscripts 1 and 2, respectively, represent exper-
iment 1 and experiment 2. Based on Figure 4 and Table 4, the
solar irradiation intensity of experiment 2 is slightly lower
than that of experiment 1 on each corresponding day in the
three days, while the ambient temperature is higher. The
mean ambient temperature of experiment 1 is 29.4°C while
that of experiment 2 is 34.9°C.

3.1. Power and Efficiency of Photovoltaic Cells. Electric power
and photoelectric conversion efficiency are two important

Table 7: Test results of inner and outer temperatures of PV cells.

Date
TAVE (°C) TOUT (°C) Maximum difference

between TAVE and TOUT (°C)Max. temperature Mean temperature Max. temperature Mean temperature

2017.05.27 50.5 32.1 44.0 30.6 6.5

2017.05.28 52.1 33.5 45.8 32.0 6.3

2017.05.29 51.1 34.2 45.1 32.7 6.0

2017.07.14 48.4 36.2 44.1 35.2 4.3

2017.07.15 51.4 37.3 46.7 36.1 4.7

2017.07.16 50.8 36.4 46.2 35.5 4.7
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Figure 7: Inner and outer temperature distributions of PV cells.
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parameters measuring the performance of photovoltaic cells.
Through the definition of electric power P =U × I, being U
the voltage and I the current, electric power of photovoltaic
cells can be calculated once voltage and current are
measured. The photoelectric conversion efficiency can be
obtained by Eq. (1).

Electric power of photovoltaic cells is given by

P = ηcIcAc, ð1Þ

where Ac is the area of photovoltaic cells, m
2; Ic is the solar

irradiation intensity, W/m2; and ηc is the photoelectric
conversion efficiency.

Figure 5 presents the trends of electric power and effi-
ciency of photovoltaic cells with time for experiments 1 and
2. P and ηc are the electric power and efficiency of photovol-
taic cells, respectively. The electric powers and efficiencies of
photovoltaic cells are similar between each pair of corre-
sponding days in both experiments, and the efficiency varies
in the range of 7%~13.5%. Table 5 lists the daily measured
data from sunrise to sunset, i.e., at around 5:30~19:00 in
experiment 1 and 5:15~19:30 in experiment 2. From the
table, regarding experiment 1, the mean efficiency of power
generation is about 10.7%, the daily mean power output is
23.1W, and the daily power generation is 0.315 kW·h; for
experiment 2, the mean efficiency of power generation is
about 10.6%, the daily mean power output is 20.0W, and
the daily power generation is 0.287 kW·h. The difference in
photovoltaic performance of photovoltaic cells is small
between the two experiments, and the overall change charac-
teristics are almost consistent. Thus, the matte black coating
treatment slightly impacts on both electric power and effi-
ciency of photovoltaic cells.

3.2. Temperature of PCM Plate. Figure 6 presents the external
side temperatures of phase change boards 1, 2, and 3
(see Figure 3) in experiments 1 and 2. TPH is the temperature
of the external side of the PCM plate, and subscripts 1, 2, 3,
respectively, represent PCM plates 1, 2, and 3. From the
curves, all the external side temperatures of PCM plates 1, 2,
and 3 in the two experiments are almost identical, and those
in experiment 2 are higher than those in experiment 1. The
external side temperatures of PCM plates 1, 2, and 3 are aver-
aged, and the compared results of both experiments are listed
in Table 5. According to Table 6, the highest temperature of
the PCMplates in experiment 1 was 41.6°C and in experiment
2 46.2°C. On the one hand, the coating on the surface of the
PCM plates in experiment 2 increases the absorption of solar
heat. On the other hand, experiment 2 has a higher ambient
temperature.

3.3. Cooling Effect on PV Cell. Figure 7 presents the tempera-
tures at different height locations on the inner side and at the
middle of the outer side of PV cells in experiments 1 and 2.
T IN is the temperature of each node along the high direction
on the inner side of PV cells, and the subscript numbers 1-5
from small to large represents the high direction from low to
high. TOUT is the temperature at the middle of the outer side
of PV cell. TAVE is the mean temperature of the four locations

in the upper part of the inner side of PV cell. As shown in the
figure, during daytime, the internal temperatures are all
higher than the outer temperature of PV cell; during night-
time, the internal temperatures at different height locations
are close to the outer temperature of PV cell; the temperature
distribution laws of PV cells are similar in both experiments.
The specific data for TAVE and TOUT are listed in Table 7. As
shown in the table, although the ambient temperature is
higher in Experiment 2 and the maximum outer temperature
of PV cells in experiment 2 is slightly higher than that of
experiment 1, the internal maximum temperature of the
PV cells in experiment 2 is slightly lower than that of exper-
iment 1. The result shows that the absorption coating
treatment on the surface of the PCM plates will increase the
temperature of the PCM plates; however, there is a reduction
in the working temperature of the PV cells.

Figure 8 shows the temperature in the middle of the inner
side of PV cell and that of passage varying with time in exper-
iments 1 and 2. T INM is the temperature in the middle of the
inner side of PV cell, and TCHM is the temperature in the
middle of passage. From the comparison between experi-
ment 1 and experiment 2, the value of TINM in experiment
2 is close to that in experiment 1, even slightly lower, but
TCHM in experiment 2 is higher than that in experiment 1.
The results also indicate that the absorption coating treat-
ment on the surface of the PCM plates can reduce the
working temperature of PV cell. Table 8 lists the specific
test results of the two experiments. The maximum value
of T INM is 52.3°C in experiment 1 and it is 51.7°C in
experiment 2. The maximum values of TCHM are 41.4°C
and 45.3°C in experiments 1 and 2, respectively. The tem-
perature difference between the inner side of PV cell and
the passage reaches 11.6°C in experiment 1 and 6.7°C in
experiment 2. According to [21], without a ventilation
passage on the PV wall, the working temperature of PV
cell reaches up to 70°C in summer. From the comparison,
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the PV-PCM-Trombe wall system shows the effective cool-
ing effect on PV cell both in experiments 1 and 2.

3.4. Thermal Effect on the Indoor Room. As is shown in
Figure 9, TE−out, TC−out, and TH−out are, respectively, the tem-
peratures of the external side of the south wall of experimen-
tal room, south wall of the control room, and Trombe wall in
experiments 1 and 2. TE−out smooth is the smoothed curve of
TE−out. For each of experiments 1 and 2, the two temperature
curves of the external side of the south wall of the experimen-
tal room and control room are almost coincident with each
other; in daytime, the temperatures of the external side of
the south wall of the experimental room and control room
are higher than that of the Trombe wall which means that
the passive solar building will not result in summer overheat-
ing problem of the wall, and the peak of temperature occurs
earlier; in nighttime, the temperature of the external side of

the Trombe wall is higher than the that of others. From the
comparison between the two experiments, the main charac-
teristic is that the peak temperature difference between the
south wall and the Trombe wall for the experimental room
are lower in experiment 2. Take day 2 as an example, as is
given by Table 9, the delay is 2 hours in experiment 1 and
40 minutes in experiment 2. In addition, the maximum value
of TC−out in experiment 1 is almost the same as that of exper-
iment 2, but the maximum values of TE−out and TH−out in
experiment 2 are slightly greater than those in experi-
ment 1; in each experiment, the daily mean values of
TE−out, TC−out, and TH−out are substantially identical. Overall,
though the coating on the external side of phase change
board increases the solar heat absorption and the tempera-
ture of the Trombe wall slightly, the effect of preventing the
wall from overheating in summer is still available for the pas-
sive solar system.

Table 8: Test results of the inner side temperatures of PV cell and passage temperatures in the middle position.

Date
T INM (°C) TCHM (°C) Maximum difference

between T INM and TCHM (°C)Max. Temperature Mean temperature Max. Temperature Mean temperature

2017.05.27 50.6 32.2 39.6 30.2 11.6

2017.05.28 52.3 33.6 41.3 31.4 11.4

2017.05.29 51.4 34.3 41.4 32.3 10.3

2017.07.14 49.2 36.5 43.1 35.3 6.5

2017.07.15 51.7 37.5 45.3 36.2 6.5

2017.07.16 51.2 36.6 44.6 35.6 6.7
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Figure 9: External side temperatures of the south wall and the Trombe wall.
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4. Conclusions

Aiming at the summer overheating problem existing in regu-
lar PV-Trombe wall system, the present work proposes a
novel PV-Trombe wall system combined with PCM, i.e.,
the PV-PCM-Trombe wall system. This work mainly exper-
imentally studies the effectiveness and characteristics of
using phase change materials to improve the overheating
problem of PV-Trombe wall in summer. Through hot box
experiments, two experiments were carried out in summer
for comparing the proposed PV-Trombe wall system com-
bined with phase change material (PV-PCM-Trombe sys-
tem). Experiment 1 was carried out without coating the
external surface of PCM plates, whereas in experiment 2,
the external surface of the PCM plates was coated; in exper-
iment 2, the solar irradiation intensity is slightly lower and
the ambient temperature is higher. The following conclu-
sions are addressed:

1. From the two experiments, electric power and the effi-
ciency of photovoltaic cells are similar, so the coating
treatment on the external surface of phase change
board impacts a little on both electric power and effi-
ciency of photovoltaic cells

2. The lacquer coating on the surface of the PCM
plates can increase the absorption of solar heat.
Therefore, it can increase the temperature of the
PCM plates

3. The PV-PCM-Trombe wall system shows the effective
cooling effect on PV cell compared with the regular
PV-Trombe wall system, even the absorption coating
treatment on the surface of the PCM plates can reduce
the working temperature of PV cells

4. Though the coating on the external side of phase
change board increases the solar heat absorption, the
novel phase change heat storage-type PV-Trombe wall
system will not induce room overheating whether the
external surface of the phase change board is coated
or not

The improvement of the PV-PCM-Trombe wall system
is the use of phase change material layer. The above experi-
mental results show that this improvement can help to avoid
the summer overheating problem of the regular PV-Trombe
wall system. In the future, this system will be further studied
and optimized mainly from the aspects of theoretical model-
ing analysis and economic analysis.
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