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This paper is aimed at improving the performance of a building-integrated photovoltaic thermal (BIPV/T) system driven by a
refrigerant pump. The research is aimed at optimizing and upgrading the BIPV/T system to address the shortcomings of the
original system by replacing roll-bond PV/T units with improved heat transfer features. The system’s connecting form was
redesigned using a liquid separator to solve the uneven distribution of the refrigerant on the PV/T façade. We proposed the
variable frequency refrigerant pump that can be adjusted to suit the working condition. An experimental study was performed
to analyze the electrical and thermal efficiency of the proposed system. The results show that the electrical efficiency of the
BIPV/T system was 8% which is 14.3% higher than the traditional BIPV system, while in the test period, the BIPV/T system
average COP was 3.4. The thermal and comprehensive efficiencies were 20% and 42%, respectively. Besides, the proposed
system’s average COP was 3.7 times greater than the original BIPV/T system.

1. Introduction

Renewable energy, especially solar energy, has greatly
increased, and the cost of the photovoltaic module continues
to decrease as the manufacturing technology of the photovol-
taic module is improved [1]. Improving electrical efficiency
and thermal efficiency has become the key to solar energy uti-
lization. However, in the process of photoelectric conversion,
only a small part of the solar radiation absorbed by the solar
cells is converted into electric energy, and most of the solar
radiation is converted into heat energy that reduces the PV
efficiency by increasing solar cell temperature [2]. The tem-
perature of the photovoltaic module can be absorbed by
appropriate natural convection or forced convection to cool
the PV [3]. Consequently, various solar-assisted energy types
of the system were proposed to improve the system effi-
ciency, such as the solar-assisted heat pump system [4–7],
the building-integrated photovoltaic/thermal façade system
[8, 9] (BIPV/T), and the opaque ventilated solar façade inte-
grated with PV [10].

The solar-assisted heat pump system refers to the opera-
tion of the PV/T module as an evaporator that generates elec-

tricity and produces thermal energy for heating purposes.
Zhang et al. [11] studied the effect of refrigerant charge and
structure parameters on the thermal performance of the sys-
tem such as the optimum refrigerant charge with1.65-1.75 kg,
having a solar collector area of 6.0m2 with 9mm internal
pipe diameter of the condenser. Lertsatitthanakorn et al.
[12] used R134a as the coolant media; the COP of the
solar-assisted heat pump system was 5.48. Ammar et al.
[13] studied the photoelectric and photothermal conversion
performance of the PV/T heat pump system with a refriger-
ant (R134a) as a working fluid, and the average values of
COP were 6.14. Regarding the use of the roll-bond panel as
the evaporator/collector, Sun et al. [14] studied the roll-
bond panel with different channel patterns and concluded
that the most efficient choice was the honeycomb-shaped
channel pattern. Zhou et al. [15] proposed a new roll-bond
PV/T unit, and the experimental result showed that the
new type unit system has a large potential for building energy
conservation.

The opaque ventilated solar façade is the combination of
a BIPV system and the opaque ventilated façade system. The
natural ventilation system reduces the temperature of the PV
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cells. Ji et al. [16] studied the PV wall with and without ven-
tilation on different orientations of the building. The results
showed that the west PV wall has the greatest potential,
although the ventilation PV wall has a little improvement
in the electrical efficiency but can reduce much more heat
gain as compared to the nonventilation system. Agathokl-
eous et al. [17–19] analyzed a natural ventilated BIPV/T
and BIPV system; the air gap between the façade and the
building wall helps to reduce the heat gain of the PV panel.
They also found that the modules worked stably when the
air velocity is greater than 1m/s.

The PVT heat pump system uses a refrigerant as the cool-
ing fluid to take off the heat from the PV module. The PV/T
unit acts as the evaporator of the heat pump system, the
numerical [20] and experimental methods [21, 22] were con-
ducted to analyze the performance of the system, and the
conclusions showed that the average COP achieved was 6.5.
The thermal and electrical efficiencies have reached 50%
and 12%, respectively. Zhao et al. [23] combined the PV/T
evaporator with the building roof to perform a theoretical
study. The heat pump efficiency was over 70% along with
the electrical and thermal efficiency of 55% and 19%. Bak-
ker et al. [24] operated a 25m2 PV/T system and a ground
heat pump; the electricity that the PV/T system generated
could cover 96% electricity consumption of the system.
Yang and Athienitis [25] summarized the different types
of BIPV/T systems including the development and appli-
cation of the various systems as well. Nižetić et al. [26, 27]
used phase change material and pork fat as the coolant for
PV applications, resulting in a reduction of the PV panel
temperature to 10.26°C and an improvement in efficiency
output of 3.73%.

In summary, the PV/T heat pump system can meet the
diversified needs of building heating and domestic hot water
at the same time. While the compressor and other compo-
nents of the PV/T heat pump system consume a lot of elec-
tricity especially in hot summer, the refrigerant system can
run in the form of a natural cycle or low power mechanical
cycle to meet the demand. In contrast, the compressor in
the PV/T heat pump system increases power consumption.
Therefore, a PV/T façade system with a refrigerant pump
was proposed [28] and experimental research was carried
out. The PV/T module was applied as the evaporator, and
the refrigerant (R134a) was used to produce the domestic
hot water by absorbing heat energy through the PV modules.
An air cavity between the PV/T modules and the external
wall of the building was used for ventilation to avoid the extra
cooling load due to the overheating of the external wall of the
building. The experimental results show that, under the con-
dition of the average solar radiation intensity of 496W/m2,
the maximum heating COP of the system was 3.1, and the
average electrical efficiency was 9% to meet the cogeneration.
However, the research on the PV/T façade system is still
under process, and there are various shortcomings in various
aspects such as low solar cell convergence rate, the excessive
temperature of the module, and the constant-frequency
operation rate of the refrigerant pump.

There is some system deficiency laid out in Ref. [28]
such as low solar cell coverage rate and poor heat transfer

effect, the distribution of the refrigerant in the backchan-
nel of the PV/T facade is heterogeneous, and the refriger-
ator pump can only run at the maximum speed of
revolution. This paper, therefore, redesigned the device
for the abovementioned problems: improved the PV/T
module, redesigned the connection type, added the fre-
quency variable pump, etc. The experiment will test the
electrical efficiency, thermal efficiency, COP heating, and
other output parameters of the PV/T façade system. For
comparison, the photoelectric conversion characteristics
of the PV/T façade system and the PV façade system were
compared in an experiment. We evaluated and summa-
rized the approaches used along with the enhanced perfor-
mance of the proposed system.

2. Description of the PV/T Façade System

The hybrid PV/T façade module can transform solar energy
into cogeneration production. The electric power is gener-
ated through photovoltaic modules, and the thermal energy
is produced by extracting heat from the flat plate collector
by the circulating refrigerant. The active opaque ventilated
façade system proposed in Ref. [28] is a solar cogeneration
system that integrates the hybrid PV/T module with the
external façade of the building as shown in Figure 1. The size
of a single component was 1:6m × 0:9m with the heat-
collecting area of 1.44m2. The size of the solar cell was 156
mm × 156mm, and the single module was made up of 36
cells which were connected in series having a packing factor
of 60.8% as shown in Figure 1. Four PV/T module in the ver-
tical direction were mounted and connected in series. The
circulating form adopts the method of upside feed and
underside flow. Therefore, the heat transfer of each piece of
the PV/T module depends on the flow of the refrigerant.
The connection form of the PV/T façade system is shown
in Figure 1.

The refrigerant pump only operates at the maximum
speed and cannot be adjusted according to the weather con-
ditions. Under cloudy weather, the absorbed heat energy is
insufficient due to the excessive flow, and a liquid hammer
phenomenon could form, leading to the permanently
impaired service life of the refrigerant pump, and reduces
the efficiency of the system. The PV/Tmodule faces the prob-
lem of low solar cell coverage rate and poor heat transfer
effect. The inadequate contact area between the backchannel
of the PV/T module and the plate collector leads to the
incomplete evaporation of the refrigerant, so the thermal effi-
ciency of the system was reduced. Moreover, it can be seen
from Figure 2 that the temperature of the PV/T module at
the bottom is significantly higher than that of the modules
at high installation. This indicates that the refrigerant flow
entering the PV/T module is not uniform and unable to
absorb the heat of the PV/T module, resulting in the exces-
sive temperature of the module at the bottom.

2.1. Improvement of the PV/T Façade System. To improve the
performance of the PV/T façade system, this paper rede-
signed the connection form of the PV/T module for the
building facade. The proposed roll-bond PV/T module is
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composed of a glass cover plate, a photovoltaic cell sheet,
TPT, an EVA adhesive, and a single-side inflatable flat plate
collector [15]. The size of a single component is 1:56m
× 0:78m with the heat-collecting area of 1.2m2. The size
of the solar cell is 156mm × 156mm, and the single mod-
ule is made up of 32 pieces which are connected in series
having a packing factor of 64%. The back of the evaporat-
ing plate is a serpentine channel with a thickness of
2.5mm. Under standard test conditions, the maximum
heating power of the PV/T module is 800W at the solar
radiation intensity of 1000W/m2 and the ambient temper-
ature is 25°C, and the maximum electrical efficiency is
16%. The proposed PV/T modules and their installations
are shown in Figure 3.

To solve the problem of the nonuniform distribution of
the refrigerant in the PV/T module of the vertical elevation,
we have optimized the connection code and filling volume
of the refrigerant of the PV/T module as follows:

(1) The connection form of the system is improved by
using the liquid separator, as shown in Figure 3. At
the inlet of the façade, a one-divided-into-four Ven-
turi separator is used to separate the liquid, and the
refrigerant is uniformly fed into each PV/T module.
Besides, four modules are connected by the same pro-
gram to ensure the resistance balance of each branch.
Afterward, the refrigerant absorbs heat energy in the
PV/T module and flows into the main pipeline

Storage tank

Heat exchanger

Mass flowmeter

Turbine flowmeterPump

Refrigerant pump

1# PV/T

2# PV/T

3# PV/T

5# PV/T

6# PV/T

7# PV/T

4# PV/T8# PV/T
Air cavity

Building wall
PV/T facade

Air vent

Glass

Cells

TPT
Single-side

inflatable flat plate Outlet

Inlet

EVA

EVA

Figure 2: The infrared thermal imaging of the PV/T façade system.
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(2) A liquid-phase volume method is adopted to calcu-
late the amount of the refrigerant required by the sys-
tem as given in Equation (1). The refrigerant is added
into the system through a liquid adding valve on the
main pipeline

M = 1:1ρ VP + 0:5VE + 0:5VCð Þ, ð1Þ

whereM is the flow of the refrigerant (kg); 1.1 means a factor
that accounts for the factors such as dissolving the refrigerant
in the lubricating oil and neglecting the gas-phase medium; ρ
is the saturated liquid density of the refrigerant under the
average condensation temperature and evaporation tempera-
ture (kg/m3); VP is the volume of the liquid pipeline between
the outlet of the tank and the inlet of the PV/T module (m3);
VE is the volume of the refrigerant inside the PV/T module
(m3); and VC is the volume of the refrigerant inside the heat
exchanger (m3).

According to the heat absorption capacity of the PV/T
module under different working conditions, we have fur-
ther considered the variable frequency pump. The flow
range of the refrigerant of the PV/T module can be calcu-
lated. The speed of revolution of the refrigerant pump can
be controlled by the frequency converter to change the
mass flow to achieve the optimal operating state. Taking
the thermodynamic performance of the PV/T module
under the standard operating condition as an example,
the maximum heating power is 800W, assuming that
the inlet working fluid of the PV/T module is saturated
liquid and the temperature range is 20~40°C. The outlet
working fluid is superheated steam, superheat is 5°C,
and the temperature ranges from 25 to 45°C. According
to Equation (2), the mass flow range of the refrigerant
entering each PV/T module can be calculated which is
15.36~17.09 kg/h. The frequency converter is regulated to
control the mass flow of the refrigerant entering each
PV/T component based on the optimal mass flow range.
The refrigerant flow matching weather conditions enables

the system to operate under a stable and efficient state.

mR =
Q

ho − hi
, ð2Þ

where mR is the refrigerant flow rate (kg/h); Q is the
maximum heating power of the PV/T module (W); hi is
the inlet refrigerant enthalpy (kJ/kg); and ho is the outlet
refrigerant enthalpy (kJ/kg).

2.2. Analysis of the Improved System. After the optimization
and improvement in the PV/T façade system by methods
described earlier, the infrared thermal imaging was used for
comparison as shown in Figure 2. The temperature of the
top PV/T module is between 33°C and 37°C. The tempera-
ture of the remaining PV/T modules under the first module
is evenly distributed, with a temperature value of about
33°C. Since the vent is closed during the operation, the hot
air in the cavity rises and accumulates at the place of the first
PV/T module, and the temperature of the first PV/T module
is higher than that of the following PV/T components.

Assume that the refrigerant in the first PV/T module
absorbs heat and then completely evaporates and turns into
superheated steam and the superheat is 4°C. The refrigerant
in the following PV/T modules changes from liquid state to
gas-liquid two-phase state after absorbing heat, and the tem-
perature remains unchanged. By the first piece of inlet and
outlet temperature of the PV/T module, according to Equa-
tion (2), the quantity of absorbed heat Q1 of the first PV/T
module can be calculated. The quantity of the obtained heat
Qs of water can be calculated by the inlet and outlet temper-
ature of a heat exchanger. If Qs is greater than Q1, it states
that the refrigerant inside the following PV/T modules has
absorbed heat and turned into a gas-liquid phase. If Qs is less
than Q1, it means that the following PV/T modules have not
absorbed heat, and it is necessary to further check the system
such as the dispenser and the pipeline. It is verified that the
heat gain of water Qs was greater than the heat absorption
of the first PV/T module Q1, so the refrigerant inside the fol-
lowing PV/T modules absorbed heat and changed from liq-
uid phase to gas-liquid phase.

3. Experiment Layout

The PV/T façade system was installed on a westward vertical
surface. In the afternoon, the external skin absorbed solar
radiation, part of which was converted into electricity by
solar cells, while most of them were converted into heat; the
refrigerant in the rear of the PV/T modules absorbed heat
energy, which was used to make domestic hot water.

The experimental system includes three parts: photoelec-
tric, photothermal, and data acquisition systems. The photo-
electric system mainly used the micro photovoltaic inverter
by Envertech in measuring the output characteristic of solar
cells; One inverter is connected to four pieces of PV/T mod-
ules, and another inverter is connected to four PVmodules to
conduct a comparative study. The two inverters are con-
nected in series to the circuit breaker and then integrated into
the grid, where the real-time generated power is recorded by
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33.5 45.5 54.9
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Figure 3: The connection form of the PV/T façade system after
improvement.
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the monitor and uploaded to a database for storage. The
photothermal system is mainly composed of a PV/T module,
refrigerant pump, plate heat exchanger, water pump, and
storage tank. After absorbing heat through the PV/T mod-
ules, the refrigerant enters the plate heat exchanger to
exchange heat with water. Afterward, it was again pumped
into the PV/T façade by the refrigerant pump to complete a
cycle. The data acquisition system mainly includes the mea-
surement of temperature, pressure, flow rate, wind speed,
irradiance, and other parameters. The necessary instruments
are shown in Table 1. Modbus RTU combined with wireless
communication is applied in real-time acquiring and moni-
toring data displayed as data tables or curve graphs on the
web and app. Parameters such as irradiance and wind speed
can be measured by meteorological stations.

The experimental process was tested following the test
method for the thermal performance of flat plate solar collec-
tors [29]. Temperature sensors were arranged on PV/T and
PV modules at the front and rear. Three temperature sensors
are uniformly arranged on the solid wall, and their average

value is taken as the temperature of the solid wall. Five tem-
perature sensors are arranged in the air chamber between the
façade skin and the solid wall, and the average value is taken
as the temperature of the air chamber. Temperature sensors
are also placed in the middle of the tank and the inlet and
outlet of the exchanger. Moreover, sensors are placed at
the inlet and outlet of the PV/T façade to measure the
temperature and pressure of the refrigerant. The mass
flowmeter and turbine flowmeter are used to measure the
flow of refrigerant and water, respectively. During the
experiment, the data for each parameter were recorded
every five minutes. The description of the experimental
facility is shown in Figure 4.

3.1. Performance Evaluation. The heating capacity of the
PV/T façade system can be calculated by the following for-
mula:

Qw = ρCpV Tw,τ2 − Tw,τ1

� �
, ð3Þ

Table 1: Experimental devices used in the experiment.

Devices Type Range Precision

Temperature sensor Pt100 -20~100°C ±0.1°C
Pressure transmitter CYYZ11-H 0~4MPa ±0.25%FS
Wind speed transmitter CHWVN 0~2m/s ±0.2%FS
Turbine flowmeter JST-LWG-10Y 0.15~1.5m3/h ±0.5%FS
Mass flowmeter LHD8MH01 0~260 kg/h ±0.15/±0.20%
Three-phase wattmeter FPW201 0~1 kW ±0.5%FS
Single-phase wattmeter FPW101 0~1 kW ±0.5%FS
Pyranometer TBQ-2 <5%FS
Inverter EVT500

Meteorological station PC-4

Modbus RTU-318D

Meteorological station Pyranometer

PV/T facade

Photovoltaic
inveter Modbus RTU

Power grid

Computer

Frequency
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Figure 4: The proposed PV/T façade system.
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where Qw is heating capacity (kJ); ρ is the density of water
(kg/m3); Cp is the specific heat of water (kJ/(kg·°C)); V is
volume (m3); (Tw,τ1) is the initial temperature of the water
in the tank (°C); and Tw,τ2 is the final temperature of the
water in the tank (°C).

The heating COP of the PV/T façade system can be calcu-
lated by the following formula:

COP =
Qw

∑ WR +WWð Þ , ð4Þ

where COP is thermal performance coefficient of the system;
WR is refrigerant pump power consumption (W); andWw is
water pump power consumption (W.)

The thermal efficiency of the PV/T façade system is

ηth =
Qw

IAPV/T
, ð5Þ

where ηth is thermal efficiency (%); I is the amount of solar
radiation (W/m2); and APV/T is the PV/T module area (m2).

The electrical efficiency formula is as follows:

ηe =
P

IAPV
, ð6Þ

where ηe is electrical efficiency (%); P is the power generated
by photovoltaic cells (W); and APV is the PV area (m2).

Because of the difference in energy grade between electri-
cal energy and thermal energy, a direct comparison of their
combined efficiency with the conversion efficiency of other
photoelectric or photothermal devices is not appropriate.
The conversion of photoelectric power to heat energy is
therefore considered, which is convenient for comparison
with the conversion efficiency of ordinary photoelectric-

thermal or photoelectric conversion devices. The compre-
hensive performance of the PV/T façade system is

ηs =
ηe

ηpower
+ ηth, ð7Þ

where ηs is the comprehensive performance of the PV/T
façade system (%) and ηpower is the generation efficiency of
conventional thermal power, the value of 0.38 [3].

4. Results and Discussion

To evaluate the performance of the improved PV/T façade
system, experiments were conducted from September to
October 2019. We have taken September 29 experimental
data for analysis. The air vent was closed during the
experiment. The experiment was conducted from 12:00
to 17:00, and the recording interval of each parameter
was 5 minutes. Figure 5 shows the curve of solar radiation
intensity and ambient temperature during the testing
period. It can be seen that the highest temperature during
the test period was 30.6°C, and the average temperature
was 29.0°C. The maximum wind speed was 2.3m/s, and
the average wind speed was 0.4m/s. The maximum radia-
tion intensity of the west facade is 752.15W/m2, and the
average radiation intensity is 562W/m2. The volume of
the storage tank is 150 L, and the initial tap water temper-
ature is 23°C.

The heating COP, the thermal efficiency, and the temper-
ature of the tank with time are shown in Figure 6. During the
test period, the temperature of the tank continues to rise from
23°C to 39.4°C, with a total heat of 10.33MJ. The heating
COP and thermal efficiency of the PV/T façade system show
a similar downward trend. The temperature of the tank
decreases with the dropping of heating COP. The average
COP of the system was 3.4, and the average thermal efficiency
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Figure 5: The curve of solar radiation intensity and ambient temperature.
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was 20% throughout the experiment. The thermal efficiency
of the PV/T system is considerable, and the hot water can
be used for domestic purposes.

Figure 7 shows the temperature of the PV/T and PV
façade over time. As can be seen from the figure, the temper-
ature of PV/T at rear increases from 37°C to 45°C, with a tem-
perature change of 8°C. The temperature of PV at rear
increases from 37°C to 48°C, and the temperature changes
by 11°C. The temperature fluctuation of PV/T at the rear is
relatively small, which can avoid the drastic fluctuations of
façade temperature caused by the sudden changes in solar
radiation intensity during the operation. Thus, the PV/T sys-
tem could maintain a more stable operating state.

Figure 8 shows the comparison of the electrical efficiency
of the PV/T and PV façade system. During the test period,
the average solar radiation intensity was 562W/m2, the aver-

age temperature was 29°C, the PV/T façade system generated
0.72 kW·h, and the average electrical efficiency was 8%,
whereas the total power generation of the PV façade sys-
tem is 0.63 kW·h, with an average electrical efficiency of
7%. The electrical efficiency of the PV/T façade system is
14.3% which is higher than that of the PV façade system.
The power generation of the PV/T façade system was
0.95 kW·h throughout the day. Meanwhile, the power con-
sumption was 0.83 kW·h. When the solar radiation inten-
sity reached the maximum, the electrical efficiency of the
PV/T and PV façade system did not reach the peak. The
reason is that the ambient temperature is relatively high,
which leads to the temperature rise of cells; thus, the elec-
trical efficiency decreases. Before 15:00, with the decrease
of ambient temperature and the solar radiation intensity
also maintained at a high range, the electrical efficiency
gradually increases.

Figure 9 shows the curve of the comprehensive efficiency
of the PV/T façade system over time. Throughout the test,
the average comprehensive efficiency is 42%, and the com-
prehensive efficiency decreased from the maximum value
of 60% to a minimum of 10%. During the period of
12:00~14:00, the comprehensive efficiency decreased
slowly; after 16:00, due to the sudden drop in solar radia-
tion intensity, the comprehensive efficiency of the system
changed sharply. The improved PV/T system has excellent
comprehensive efficiency and wide application prospect.

Since the meteorological conditions of the current study
are different from those listed in Ref. [28], the meteorological
conditions include solar radiation intensity, ambient temper-
ature, and wind speed. To reasonably compare the heating
COP, the Gaussian mixture model (GMM) was adopted to
cluster the meteorological data. The classification and clus-
tering problems are different. In the classification problem,
the classification property value of the sample is acquainted,
whereas in the clustering problem, the classification property
value needs to be found. Therefore, the classification problem
is called unsupervised learning, and the clustering problem is
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called supervised learning. Assuming that the data obey
the Gaussian distribution, different clusters correspond
to different Gaussian distribution parameters, which is
the principle of the GMM. After processing the data,
the required clustering results will be obtained by using
probability as the measurement standard. The meteoro-
logical data in this paper are taken as reference points,
and the data in reference [28] are clustered to obtain
conditions similar to the meteorological data presented
in this paper.

The definition formula of the GMM is as follows:

P xð Þ = 〠
k

k=1
πkP x ∣ μk,〠

k

 !
, ð8Þ

where πk is a weight for each cluster distribution, whichmeans
the probability of category k; μk is the mean vector of the clus-
ter distribution; ∑k is the covariance matrix of the cluster dis-
tribution; and Pðx ∣ μk,∑kÞ is the posterior probability of
sample x generated by the kth cluster distribution.

The key to solving the GMM problem is calculated
from the parameters of πk, ∑k, and Pðx ∣ μk,∑kÞ, so the
EM algorithm is adopted. Briefly, the EM algorithm uses
two steps to compute alternately. The first step is the E
step (expectation step), which uses the currently estimated
parameter to calculate the expectation of log-likelihood
estimation, and the second step is the M step (maximiza-
tion step), finding the parameter which maximizes the
expectation of the log-likelihood calculated by the E step.
Then, the newly obtained parameter is reused for the E
step, until it converged to the local optimal solution.

Time (h)

I (
W

/m
2 )

12:00 13:00 14:00 15:00 16:00 17:00
0

100

200

300

400

500

600

700

800

0.00

0.05

0.10

0.15

Westward solar radiation
Electrical efficiency of PV/T
Electrical efficiency of PV

Figure 8: The electrical efficiency of the PV/T and PV façade system.
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Figure 10 shows the workflow diagram of the GMM.
The sample-set D = fx1, x2 ⋯ xmg contains m samples,
and each sample x1 = ðI1, t1, v1Þ is a three-dimensional fea-
ture vector. Through GMM, the sample set D is divided
into k disjoint clusters fC1 ∣ l = 1, 2,⋯, kg; accordingly, λ j

∈ f1, 2,⋯, kg represents the cluster tag of sample xj, that
is, xj ∈ Cλj; thus, the results C = fC1, C2,⋯, Ckg is
obtained; then, the heating COP can be compared under
similar working conditions.

Figure 11 represents the comparison curves of heating
COP under similar conditions. It can be seen from the figure
that the heating COP before and after improvement shows a
similar downward trend. However, with a similar operation,
the average COP of this work is about 3.4 which is higher
than 0.9 [28]. The heating COP of the PV/T façade system
is significantly promoted after improvement in the PV/T
façade system. The improved system has more energy-
saving advantages.

Figure 12 shows the comparison curves of thermal effi-
ciency under similar conditions; it is evident that the trend
of the thermal efficiency of the PV/T façade system after
improvement is decreasing gradually the same as that of
the PV/T façade system before improvement, whereas the

thermal efficiency of the PV/T façade system after improve-
ment is much higher. The average thermal efficiency of the
PV/T façade system is 20% which is higher than 13% of the
system before improvement. Through the improvements
described above, the performance of the PV/T façade system
raised significantly.

5. Conclusions

This study presented the BIPV/T façade system driven by a
refrigerant pump. The BIPV/T façade system was improved
by redesigning the traditional system of BIPV/T. The heating
COP, thermal efficiency, electrical efficiency, and the com-
prehensive performance of the BIPV/T façade system were
evaluated through experimental tests. A comparison of the
proposed BIPV/T system with the traditional system has
been made. The following conclusions were drawn, based
on the results of the experimental test:

(1) The total heat output of the BIPV/T façade system
was 10.33MJ during 12:00~17:00, the system ‘s aver-
age heating COP was 3.4, and the average thermal
efficiency was 20%

Output
C = {C1,C2...Ck}

Group Xj into the
corresponding cluster

Cj = C j {Xj}

Whether the
convergence condition

is satisfied

Step M is used to update
model parameters

Initializes the
model parameters

of the Gaussian
mixture distribution

Enter the sample
set D = {X1,X2...Xm}

N

Y

Step E is used to calculate the
posterior probability ji ofXj

generated by each component

Figure 10: The workflow of GMM.
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Figure 11: The comparison curves of heating COP under similar
conditions.
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Figure 12: The comparison curves of thermal efficiency under
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(2) The BIPV/T façade system modules can sustain a
lower temperature as opposed to the PV façade sys-
tem, thereby improving the electrical performance.
The PV/T system’s electrical efficiency was 14.3%
higher throughout the test than that of the PV façade
system

(3) The thermal efficiency of the PV/T façade system was
20% during the experimental period, the electrical
efficiency was 8%, and the overall efficiency was 42%

(4) This study’s average heating COP was 3.4, above the
presented 0.9 in the Ref. [28]

(5) The average PV/T façade system thermal efficiency
reached 20%, higher than the conventional system
with 13%

Nomenclature

APV: PV module area
APV/T: PV/T module area
Cp: Specific heat of the water
hi: The inlet refrigerant enthalpy
ho: The outlet refrigerant enthalpy
I: The amount of solar radiation in the west elevation
M: The flow of the refrigerant
mR: The refrigerant flow rate
P: The power generated by photovoltaic cells
Q: The maximum heating power of PV/T module
Qs: The quantity of obtained heat of the water
Q1: The quantity of absorbed heat of the first PV/T

module
Qw: Heating capacity
Tw,τ1: The initial temperature of the water in the tank
Tw,τ2: The final temperature of the water in the tank
VP: The volume of the liquid pipeline between the outlet

of the tank and the inlet of the PV/T module
VE: The volume of the refrigerant inside the PV/T

module
VC: The volume of the refrigerant inside the heat

exchanger
V : Volume
WR: Refrigerant pump power consumption
Ww: Water pump power consumption.

Greek Symbols

ρ: The liquid density
ηe: Electrical efficiency
ηpower: The generation efficiency of conventional thermal

power
ηs: The comprehensive performance of the PV/T façade

system
ηth: Thermal efficiency.

Abbreviations

APP: Application
BIPV: Building-integrated photovoltaic

BIPV/T: Building-integrated photovoltaic/thermal
COP: Thermal performance coefficient of the system
PV: Photovoltaic
PV/T: Photovoltaic/thermal.

Data Availability

The raw/processed data required to reproduce these findings
cannot be shared at this time as the data also form part of an
ongoing study.

Additional Points

Highlights. (1) The solar cogeneration façade system driven
by a refrigerant pump was designed. (2) An experimental sys-
tem of the active opaque ventilated façade was established.
(3) Improved performance of the system was carried out with
outdoor climatic conditions
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