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Abstract: Photovoltaic double-skin glass is a low-carbon energy-saving curtain wall system that
uses ventilation heat exchange and airflow regulation to reduce heat gain and generate a portion
of electricity. By developing a theoretical model of the ventilated photovoltaic curtain wall system
and conducting numerical simulations, this study analyzes the variation patterns of the power
generation efficiency of photovoltaic glass for different inclination angles, seasons, thermal ventilation
spacing, and glass transmittance in the photovoltaic double-skin curtain wall system. The results
indicate a positive correlation between the surface temperature of photovoltaic glass and both ground
temperature and solar radiation intensity. Additionally, photovoltaic power generation efficiency is
generally higher in spring and autumn than in summer and winter, with enhanced power generation
performance observed. At an inclination angle of 40°, photovoltaic panels receive optimal solar
radiation and, consequently, produce the maximum electricity. Furthermore, as the ventilation
spacing increases, the efficiency of power generation initially rises, reaching a peak at approximately
0.4 m, where it is 0.4% greater than at a spacing of 0.012 m. For a photovoltaic glass transmittance
of 40%, the highest photovoltaic power generation efficiency is 63%, while the average efficiency is
35.3%. This has significant implications for the application and promotion of photovoltaic double-skin
glass curtain walls.

Keywords: photovoltaic power generation; double glass curtain wall; power generation efficiency;
influencing factors

1. Introduction

To address the urgent need to combat global warming, China has set targets for achiev-
ing “carbon peak and carbon neutrality” [1]. Due to their high heat transfer coefficient,
lower sealing performance, and greater transparency, traditional building envelopes fea-
turing glass curtain walls are responsible for approximately 40-50% of the total energy
consumption of building envelopes. This presents substantial challenges in achieving
energy conservation and emission reduction objectives [2,3]. The use of renewable energy
in reducing building energy consumption may allow for these goals to be achieved. Solar
energy is a clean and inexhaustible resource in nature; it is considered an ideal energy
source. Against this backdrop, the integration of solar photovoltaic systems with buildings,
which is known as Building Integrated Photovoltaics (BIPV), has been proposed. BIPV
seamlessly combines the building with the photovoltaic system, which allows for a reduc-
tion in indoor heat gain and the generation of electricity for the building’s own use, making
it a type of green building [4,5].

The combination of photovoltaics (PV) with buildings mainly involves the roof and
exterior walls, with a primary application on the facade in the form of photovoltaic curtain
walls [6]. Studies have been conducted on the energy-saving potential of photovoltaic
skin curtain walls [2,7]. Solar power leads in energy generation; innovations in BIPV are
transforming building exteriors, yet their penetration into the construction sector remains
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low. A new model has explored the integration of PV systems in buildings, applied to
Swiss data showing BIPV levels of innovation and traits, impacting scientific research and
the construction industry [8]. A multifunctional and multi-zoned photovoltaic curtain
wall design has also been proposed by integrating them with a photovoltaic thermal
system that uses a thermos catalytic air process [9,10] and optimized design methods [11].
Compared with traditional photovoltaic ventilated curtain walls, this design achieved
higher power generation, reduced heating and cooling loads, and decreased solar heat
gain from the curtain walls. Huang et al. [12] studied a novel vacuum photovoltaic
insulating glass unit (VPV IGU) in Hong Kong. Their results showed that, during the
summer, compared with the traditional double-layer transparent glass system, the VPV
IGU reduced heat gain by 81.63% and increased power generation by 31.94%. Wang
et al. [13] conducted a comparative study between photovoltaic double-skin curtain walls
and photovoltaic insulating glass units. Their results demonstrated the significant energy-
saving potential of integrated photovoltaic solutions. This shows that photovoltaic curtain
walls can outperform traditional insulating glass in terms of energy efficiency, which
provides a strong rationale for adopting them over traditional energy-saving measures.

In recent years, many studies have been conducted on double-skin facade (DSF)
structures. This type of facade meets aesthetic requirements and reduces heat gain and
heat loss in buildings, which allows for a reduction in their energy consumption [14,15].
The ventilated DSFs can reduce solar heat absorption in the summer and provide thermal
insulation in the winter. In addition, the narrower cavity in DSFs can produce a better
chimney effect [7,16]; the airflow behavior during natural ventilation should to be studied
further. Guo et al. [17] conducted experimental tests on naturally ventilated double-layer
photovoltaic windows in different climatic regions. The coupling of the ventilated double-
glazed facade with a photovoltaic system allowed for the reduction of energy consumption
and the generation of electricity [18,19]. Tina et al. [20] developed a ventilated active glass-
glass facade installed with double-sided photovoltaic modules, which improved the power
output by approximately 5% compared with a non-ventilated single crystal BIPV facade.
He et al. [21] compared the energy performance between double-layer and single-layer
photovoltaic windows. The results showed that the double-layered photovoltaic windows
outperform the single-layered ones. Peng et al. [22,23] developed a novel ventilated PV-DSF
and conducted experiments to evaluate its energy performance for different ventilation
modes. Compared with the closed DSF, the naturally ventilated DSF can use the air
circulation within the cavity to remove the heat accumulated in it, cool down the window,
and reduce the heat entering the indoor space. Compared with the mechanically ventilated
DSF, the natural ventilation does not consume energy and it can significantly enhance the
heat exchange, achieving the purpose of ventilation and cooling.

The transmittance of photovoltaic glass is related to the photovoltaic coverage ratio
and the material thickness of the photovoltaic modules. It affects the proportion of solar
radiation that is absorbed, transmitted, and re-radiated, which affects the temperature of
the photovoltaic modules and thus the power generation efficiency [24]. Chow et al. [25]
deduced that a solar cell transmittance in the range of 45-55% can achieve the best energy-
saving effect in Hong Kong. Japan developed the semi-transparent photovoltaic technology,
where the transmittance of the semi-transparent solar photovoltaic glass can be adjusted
by changing the area of the holes [26]. Miyazaki et al. [27] used EnergyPlus to study
the impacts of photovoltaic window transmittance and the window-to-wall ratio of the
heating and cooling load, daylighting, and power generation of office buildings. Their
results showed that under Tokyo’s climate conditions, 40% solar cell transmittance and a
window-to-wall ratio of 50% achieved the lowest electricity consumption.

The power generation efficiency of photovoltaic glass depends on many factors, such
as the ambient temperature [28], solar irradiance [29], and photovoltaic capacity [30]. Hong
et al. [31] offer valuable insights into the operational performance of a nearly Zero Energy
Building (nZEB) over the course of a decade, underscoring the importance of continuous
analysis, maintenance, and strategic design improvements to achieve and sustain net-zero
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energy status. The integration of PV with double-skin facade structures results in more
complex airflow distribution characteristics, which may affect PV thermal transfer [32,33].

Numerous studies have focused on optimizing photovoltaic double-skin facade struc-
tures, yet research examining the various factors affecting the power generation efficiency
of photovoltaic panels remains limited. This paper provides a detailed analysis of how
the temperatures of photovoltaic modules and substrate glass fluctuate with changes in
solar radiation intensity, wind speed, and ground temperature within such systems. It
also examines how the inclination angle of the photovoltaic glass influences efficiency and
explores the seasonal variations in photovoltaic glass power generation across different
climates. Furthermore, it delves into the effects of ventilation spacing on the fagade’s
photovoltaic glass and assesses how changes in glass transmittance levels can alter power
generation efficiency. By incorporating factors like tilt angle, ventilation spacing, and glass
transmittance, researchers have developed optimized design strategies for photovoltaic
double-skin glass curtain walls, which enhance their performance and energy efficiency.
This study not only identifies crucial elements for maximizing power generation efficiency
but also enables the fine-tuning of parameters to bolster building energy efficiency. This
investigation marks a significant step forward in promoting the application of these in-
novative curtain walls in architecture, championing sustainability, and supporting the
advancement of sustainable development goals.

2. Research Method
2.1. Ventilated Photovoltaic Glass Curtain Wall System Model

Figure 1 introduces the basic structure of the photovoltaic curtain wall. It can be
observed from Figure 1a that the photovoltaic double-layer glass curtain wall structure
consists of an outer photovoltaic module and an inner conventional single-layer glass.
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Figure 1. Physical model of ventilated photovoltaic curtain wall, (a) curtain wall structure and
(b) thermal analysis of curtain wall.

Figure 1b shows the thermal performance characteristics of the photovoltaic double
glazing. The photovoltaic double-layer glass curtain wall (PV-DSF) is an architectural exte-
rior wall system that combines photovoltaic technology with a double-layer glass curtain
wall, in order to increase energy efficiency and to improve the utilization of renewable
energy. The internal energy increment of the photovoltaic module mainly includes the
solar radiation, ground radiation, and indoors and outdoors convection of absorbed solar
radiation. The internal energy increment of the substrate glass mainly includes absorbed
solar radiation, convection, and radiation from the photovoltaic module and indoor en-
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vironment. The cavity between the photovoltaic module and the substrate glass mainly
affects the heat transfer through convection.

The technical framework, summarizing the methodological steps adopted in this
study, is shown in Figure 2. Meteorological data for a typical meteorological year in Jinan
City were first obtained through the EnergyPlus 22.1.0 software platform, including many
parameters such as the solar irradiance, ambient temperature, and wind speed, which
served as the premise and foundation for this study’s data analysis. The raw data was then
preprocessed using cubic spline interpolation. Afterwards, using the MATLAB R2020a
software platform, the established nonlinear differential equations were solved to obtain the
photovoltaic panel surface temperature (T;) and inner glass temperature (Tg). Finally, the
calculated Ty, and T were used to compute the power generation efficiency and analyze the
obtained results. A detailed introduction to all the followed steps is provided in the sequel.
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Figure 2. Technology roadmap of this study.
2.2. Theoretical Model of Ventilated Photovoltaic Curtain Wall System

The photovoltaic panel surface air convection heat transfer was calculated according
to Equation (1):
Gl = hconv,u,m(Ta - Tm)A (1)

where leonp a.m is the convective heat transfer coefficient between the outdoor air and the
surface of the photovoltaic panel (W/(m?-K)), T, is the environment temperature (K), T}, is
the photovoltaic panel surface temperature (K), and A is the photovoltaic glass area (m?).

The radiation exchange heat between the sky and the surface of the photovoltaic panel
was calculated according to Equation (2):

GZ = hr,m,sky (Tsky - Tm) A (2)

where h; 5k, is the radiant heat transfer coefficient of the sky and the photovoltaic panel
surface (W/(m?-K)) and Tsky is the sky’s effective temperature (K).
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The radiation exchange heat from the sky and the ground was calculated according to
Equation (3):
G; = hr,m,gro (Tgro - Tm)A (3)

where hy y,gr0 is the radiative heat transfer coefficient between the sky and the ground
(W/(m?-K)) and Tgro is the surface temperature (K).

The radiant heat exchange between the photovoltaic panel and the inner glass was
calculated according to Equation (4):

where hy ¢ is the radiant heat transfer coefficient between the photovoltaic panel and the
inner glass (W/ (m?2-K)) and T, is the inner glass temperature (K).

The Convective heat transfer between photovoltaic panel and inner glass was calcu-
lated according to Equation (5):

Gs = hconv,m,g(Tg - Tm)A (5)

where hcony,m,g s the convective heat transfer coefficient between the photovoltaic panel
and the inner glass, W/ (m?K).

Convection heat transfer between the inner glass and the interior was calculated
according to Equation (6):

G6 = hconv,g,room(Troom - Tg)A (6)

where hmnv/g,mom is convective heat transfer coefficient between inner glass and interior,
W /(m?-K); Troom, the room temperature, is set at 299.15 K.
Radiant heat transfer between component and sky was calculated according to
Equation (7):
Gy = hr,g,room (Troom - Tg)A (7)

where /1y ¢ room is the radiant heat transfer coefficient between the component and the sky
(W/(m*K)).

The radiant heat transfer between the inner glass and the photovoltaic panel was
calculated according to Equation (8):

Gs = hygm (T — Tg) A (8)

where hy ¢, is the radiant heat transfer coefficient between the inner glass and the interior
(W/(m?-K)).

The convection heat transfer between the inner glass and the photovoltaic panel was
calculated according to Equation (9):

Go = heonvmg (T — Tg) A 9)

where hwm,,m,g is the convective heat transfer coefficient between the inner glass and the
photovoltaic panel (W/(m?-K)).

In a double-layer photovoltaic glass curtain wall system, the unsteady energy balance
equation of the photovoltaic module was calculated according to Equation (10):

dT
ZAdemCmTtm:Gl+G2+G3+q)1A_Pout+G4+G5 (10)
m

where A is the area of the photovoltaic array (m?), py, is the component density (kg/m?),
dy, is component thickness (m), ¢y, is the specific heat of the component (J/(kg-K)), ¢7 is the
solar radiation energy absorbed by the PV module (W/ mz), Poyt is the output power of the
photovoltaic module (W).
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In a double-layer photovoltaic glass curtain wall system, the unsteady energy balance
equation of the inner layer glass was calculated according to Equation (11):

Cgpgdgddltg =Gg+ G774+ Gg+ Gg + ¢ A (11)
where ¢, is the solar radiant energy absorbed by the inner glass (W/m?), pg is the inner
glass density, kg/m?; cq specific heat of inner glass (J/ (kg-K)).

The unsteady heat transfer equation of the ventilated photovoltaic double-layer glass
curtain wall system is a nonlinear differential equation. The mathematical model was
developed using MATLAB R2020a, and the numerical solution was obtained by the fourth-
order Runge-Kutta method, which is an efficient numerical method for solving differential
equations. The latter uses the slope values of four points to approximate the solution
values of differential equations. Before calculating the differential equation, the cubic spline
interpolation method was used to calculate solar irradiance, ambient temperature and
ground temperature and wind speed.

2.3. Calculation of the Heat Transfer Coefficient
2.3.1. Convective Heat Transfer Coefficient

The convective heat transfer between the photovoltaic glass and the outdoor air is
related to wind speed [34,35]. If the wind speed is greater than 2 m/s, the convective heat
transfer can be expressed as follows:

heonv,am = 8.070%60° (12)

If the wind speed is greater than 2 m/s, the convective heat transfer expression is
obtained as follows [34,35]:
hconv,a,m =12.27 (13)

In the leeward situation, the convective heat transfer coefficient between the photo-
voltaic glass and the outdoor air (W/ (m?.K)) is expressed as follows [34,35]:

heonv,am = 18.64(0.3 + 0.050)0'605 (14)

where v is the wind speed (m/s).
The convective heat transfer coefficient between the photovoltaic module and the
inner glass with the indoor air was obtained as follows [36]:

0.25 (15)

hconv,g,room = 1-77(Tg - Troom)
where Tyoop; is the indoor temperature, K.
In the photovoltaic glass curtain wall system, the convective heat transfer coefficient
between the photovoltaic module and the inner glass was obtained as follows [37]:

hcom},m,g = ANu/é (16)

where Nu is a parameter related to the Rayleigh number (Ra).

For ventilated photovoltaic double-glazing, when Ra is greater than 10,
Nu = 0.12Ra'/3 [35]. Otherwise, Nu = 0.12Ra'/3 [38]. The Rayleigh number Ra = (Gr-Pr)
= gad3AT/va. g is the acceleration due to gravity (m?/s), a is the volumetric expansion
coefficient, & =2/(Tp, + Tg), AT is the acceleration due to gravity (K), a is the gas diffusivity
(m?/s), v is the kinematic viscosity of air (m?/s), A is the thermal conductivity of the
ventilation channel (W /(m-K)).
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2.3.2. Radiative Heat Transfer Coefficient

For vertically installed photovoltaic modules, the view factor between the module and
the inner glass is equal to 1. The radiative heat transfer coefficient expression was obtained
as follows [39]:

CA(T+ Ty) (T3+T2)
hr,m,g = 1 17)

Sm'i‘%—l

where ¢ is the Stefan-Boltzmann constant, with equal to 5.67 x 1078 W/(m?.K%), g is the
emissivity of the inner glass which is always less than 1, in this study, the value is 0.8 [39],
and ¢, is the emissivity of the photovoltaic module, which is also always less than 1, the
value is 0.853.

The expression of the radiative heat transfer coefficient for vertically installed photo-
voltaic modules with the sky and ground was obtained as follows [40-42]:

My = 7€ X sky A (Tg + Tsky) (ng + Tfky) (18)

h =g X A(Ty + Toro) (T2 4 T2 1
rm,gro = U€gXm—gro ( gt 8”‘7) g + gro (19)
5ty = 0.787 + 0.764 ln<po /273) (20)

0.25
Ty = (o Thh) @)
s /2

Tyro = tg + Age ¥V cos (zﬂ Ty, /D:TZ) +273.15 (22)

where Xm—sky is the radiation view factor of the photovoltaic module to the sky, Xm_gm is the
radiation view factor of the photovoltaic module to the ground, &, is the sky emissivity,
Ty is the dew point temperature (K), tor, is the annual average soil surface temperature
(°C), Ag is the temperature fluctuation amplitude, y is the depth from the soil surface,
(where y = 0), Z is the fluctuation period, and T denotes any time.

Assuming that the indoor space is a closed cavity, according to the completeness of
the view factor, that of the inner glass to the inner surface of the building envelope is equal
to 1. The radiative heat transfer coefficient between the inner glass and the inner surface of
the building envelope is given by the reference [31]:

hr,g,room = UsgA(Tg + Troom) (T§ + Trzoom) (23)

2.3.3. Energy Absorption by Glass Curtain Wall

The solar energy absorbed by the photovoltaic module in a double-layer photovoltaic
glass curtain wall was obtained as follows [43]:

@1 = amE (24)

where w,, is the absorption coefficient of the photovoltaic module for solar radiation and
E represents the absorbed solar radiation, estimated by calculating the effective radiation
on an inclined panel [43]. This calculation incorporates factors including solar declination,
geographic latitude, and the panel’s tilt and orientation, expressed in W/m?.

The solar energy absorbed by the inner glass was obtained as follows [43]:

¢2 = TmagE (25)

where a, is the absorption coefficient of the inner glass for solar radiation and 7y, is the
transmittance of the photovoltaic module.
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2.4. Evaluation Indicators

The photovoltaic conversion efficiency of the photovoltaic module is a crucial parame-
ter in the photovoltaic power generation systems that convert light energy into electrical
energy. It is the main factor determining the efficiency of photovoltaic power genera-
tion [44]. During the actual use of photovoltaic modules, they are subject to the influence of
the complex outdoor environment, which can lead to changes in their electrical performance
parameters. Among these factors, solar irradiance has the most significant impact [45].
Studies have shown that solar irradiance, ambient temperature, wind speed, and humidity
affect the surface temperature of photovoltaic modules, which affects the power generation.

The temperature coefficient indicates the sensitivity of the photovoltaic panel efficiency
to temperature changes. It is usually expressed in %/°C. For photovoltaic panels with
a temperature coefficient of 0.35% (amorphous silicon), the power generation efficiency
reaches its highest value at the standard temperature (25 °C). For every 1 °C increase in
temperature, the output power of the photovoltaic panel decreases by 0.35% [46].

The relationship between the temperature coefficient and the efficiency is given by [46]:

A =p(Ty — Ts) (26)

where Ay is the photovoltaic conversion efficiency (%), § is the temperature coefficient, (%/°C),
Ty is the standard temperature (25 °C), and T is the actual operating temperature (°C).
The output power is computed as [47]:

Pout = A x Ay x E (27)
The power generation efficiency of the photovoltaic panel (%) is computed as [48]:

n= Pout  100% (28)

max

where P, is the output power of the photovoltaic panel (W) and Py is its maximum
value (150 W).

2.5. Case Data
2.5.1. Meteorological Data

The performance prediction was conducted using weather data from Jinan, a city with
hot summers and cold winters in eastern China. Figure 3 shows the meteorological data for
a typical year in Jinan (latitude 36°40’ N, longitude 117°00’ E), including the outdoor dry
bulb temperature, solar radiation intensity, and effective sky temperature.

2.5.2. Performance Parameters

The parameters of the photovoltaic glass curtain wall and those of the thermal perfor-
mance of photovoltaic modules are shown in Tables 1 and 2, respectively.

Table 1. Characteristic parameters of the photovoltaic glass curtain wall.

Component Size (mm) Power (W) Air Layer Thickness (mm)

1390 x 1029 150 12
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Table 2. Parameters of the thermal performance of photovoltaic modules.
Photovoltaic Module Density (kg/m3) Specific Heat (J/(kg-K)) Thickness (mm) Heat Capacity (J/k)
Encapsulation glass 3000 500 5 10,725
Solar cell 2330 677 0.3 676.7
Laminated glass 3000 500 5 10,725
Total - - - 22,126.7
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310 ] —— E(;fea;iziel:k; rtlenr;]:\aenrsatZre,T\ky 1800
3007 1600 5
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230 400 &
220+ 500
2104 i
] -0
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— ——
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Date/day

Figure 3. Meteorological data of a typical year in Jinan (China).

2.5.3. Relationship between the Installation Tilt Angle and Power Generation

Figure 4 shows the solar radiation absorption of a vertical photovoltaic panel and
a panel with varying tilt angles. The photovoltaic module absorbs different amounts of
solar radiation at different tilt angles, which leads to changes in power generation. A
correct tilt angle allows for maximization of the amount of solar radiation received by
the module, which increases its power generation efficiency. Studies have shown that
the optimal tilt angle depends on the latitude of the area. This study was conducted in
Jinan, Shandong (36°40’ N latitude, 117°00’ E longitude). Table 3 presents the relationship
between different installation tilt angles of the photovoltaic panel and the proportion of
power generation loss.

Table 3. Relationship between the PV panel installation angle and power generation loss.

Installation Angle (°) Ratio of Lost Power Generation (%)

0 —13.26

10 —6.86

20 —2.53

30 —0.26
40 —0.38

50 —2.78

60 —7.25
70 —13.56
80 —21.73

90 —31.30




Buildings 2024, 14, 2632

10 of 21

[Ventilation s Ventilation
% “|spacing i ~Tspacing

4 6od | 99

0@\‘0\ L4 | N g
?\;\ ob'\)\e‘ : ‘ =
(a) (b)

Figure 4. PV panel installation angle: (a) vertical PV module; and (b) variation of the installation angle.

2.6. Validation of the Model

Since the experimental platform for this study has not yet been established, in this
section, the reliability of the developed model is verified by comparing its simulation results
with the experimental data presented in [43]. The latter were obtained from an experiment
conducted on 27 August 2017, at the Shanghai Solar Energy Research Center. Variations in
the inner glass temperature over time are shown in Figure 5. The meteorological data are
shown in Figure 5a, while variation in the photovoltaic panel surface temperature over time
is shown in Figure 5b. It can be seen that the numerical calculation results are consistent
with the experimental results presented in the reference [43].

The root mean square Error (RMSE), mean absolute error (MAE), mean absolute
percentage error (MAPE), and absolute value of the relative error at each time step (ERROR)
are used to evaluate the simulated data [49]:

1 n
RMSE = [~} (yi = pi)? (29)
i—1
1
MAE = -} i lyi = pil (30)
MAPE — 200% oy [T (31)
n = pi
ERROR = % 100% (32)
i

where 7 is the number of data points, p; is the actual observed value at the i-th data point,
and y; is the predicted value at the i-th data point (Table 4).

Table 4. Analysis of the errors of the data obtained by simulation.

Parameters (°C) ERROR (%) MAE MAPE (%) RMSE

Ty 0.37 1.12 0.36 1.38
T 0.33 1.00 0.32 1.23
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Figure 5. Validation analysis: (a) Fitting of the inner glass temperature; (b) Fitting of the photovoltaic
panel surface temperature.

3. Results and Analysis
3.1. Temperature of the Photovoltaic Glass Affected by the Solar Radiation

Considering the summer conditions as an example, and using the weather data from
Jinan on 1 August, the surface temperature of the photovoltaic panel and the temperature
of the backing glass were calculated to analyze the temperature variation patterns of
the photovoltaic module and the backing glass with solar radiation intensity and the
ground temperature. Figure 6 shows variation in the glass temperature function of time,
for different solar radiations. It can be seen that the temperatures of the photovoltaic
module and the backing glass significantly affect their performance. In addition, under
high temperature conditions, the performance of the photovoltaic module is significantly
decreased. The temperature of the photovoltaic module is affected by different factors, with
solar radiation intensity being the primary factor, as shown in Figure 6.

The variations in the temperatures of the photovoltaic module surface and the backing
glass are consistent with the variations of the solar radiation intensity, reaching a peak when
the latter is at its maximum value. On clear days exhibiting high solar radiation intensity,
the photovoltaic module absorbs more heat, which results in an increased temperature.
When the solar radiation intensity increases, the temperature of the photovoltaic module
also increases.

Temperature is a significant factor affecting the efficiency of photovoltaic power gener-
ation, and photovoltaic double-skin glass curtain walls exhibit a pronounced temperature
dependence. As temperatures rise, the efficiency of power generation typically decreases.
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To overcome this limitation, we can optimize the curtain wall structure to reduce the operat-
ing temperature of the photovoltaic glass, thereby enhancing its power generation efficiency.
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Figure 6. Variation of the glass temperature function of time, for different solar radiations.
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3.2. Impact of the Tilt Angle on Photovoltaic Power Generation

Temperature/K

When the tilt angle increases, the annual power generation first increases and then
decreases. Figure 7 shows impact of the tilt angle on power generation. It can be seen from
Figure 7a that the optimal tilt angle for the Jinan area is almost 40°, with the annual power
generation reaching 185 kW. In addition, a tilt angle of 90° exhibits the greatest loss of
power generation. More precisely, it results in an annual power generation of only 150 kW,
which presents a 24% loss compared with the optimal tilt angle.
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Figure 7. Impact of the tilt angle on power generation: (a) variation in the total annual power
generation function of the tilt angle; and (b) variation in the monthly power generation function of
the tilt angle.

Figure 7b shows the variation in the monthly power generation at different tilt angles.
At the same tilt angle, the monthly power generation first increases and then decreases, with
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the highest power generation occurring in May. At different tilt angles in the same month,
when the tilt angle increases, the power generation first increases and then decreases, and
the maximum power generation occurs at a tilt angle of 40°. When the tilt angle is equal to
90°, the minimum power generation in May is 18.989 kW. When the tilt angle is equal to
40°, the maximum power generation in May is 23.570 kW. Moreover, the power generation
reaches its lowest value (of 6.705 kW) in December. In the same month, when the tilt angle
increases, the power generation first increases and then decreases, and the maximum power
generation is reached at a tilt angle of 40°.

Jinan experiences hot weather in July and August, and the main factor affecting power
generation capacity is temperature. As shown in Figure 7, the variation in inclination also
has an effect on power generation capacity, but the effect is less than that of temperature.
By meticulously adjusting the installation angle of the photovoltaic panels in alignment
with local geographical factors such as azimuth and solar altitude angles, we can pinpoint
the optimal tilt angle to maximize photovoltaic power generation performance.

3.3. Impact of the Ventilation Spacing on the Photovoltaic Power Generation Efficiency

Considering the summer conditions as an example, the changes in the power gen-
eration efficiency under different ventilation spacings were studied. Figure 8 illustrates
changes in the power generation and surface temperature of the photovoltaic panels over
time at different spacings. It can be observed that, when the ventilation spacing increases,
the surface temperature of the photovoltaic panels tends to decrease. The power generation
of the photovoltaic panels increases.

It can be seen from Figure 8 that, when the ventilation spacing is in the range of 0-0.4 m,
the surface temperature of the photovoltaic panels decreases. When the spacing is equal to
0.012 m, the surface temperature of the photovoltaic panels is approximately 300.43 K at
night and can reach 317.2 K during the day. For a spacing of 0.4 m, with the best convective
heat transfer effect, the surface temperature of the photovoltaic panels is almost 299.4 K at
night, and it can reach up to 316.7 K during the day.

It can also be observed from Figure 8 that the thermal ventilation spacing mainly
affects heat transfer through convection. For Re < 107, the airflow in the ventilation channel
is laminar, while for Re > 107, it is turbulent. When the ventilation spacing increases, the
convective heat transfer is gradually improved, which results in a decrease of the surface
temperature of the photovoltaic module. The surface temperature of the photovoltaic
module directly affects photovoltaic power generation efficiency. Within the thermal
ventilation spacing range of 0.1-0.4 m, the power generation efficiency gradually increases
with the increase of the spacing. When the ventilation spacing becomes greater than 0.4 m,
the power generation efficiency starts to decrease. When the ventilation spacing is equal
to 0.012 m, the power generation efficiency reaches its lowest value (61.6%). In addition,
when the ventilation spacing is equal to 0.4 m, the power generation efficiency reaches its
highest value (62%), denoting an increase of 0.4%.

Figure 9 shows the changes to the power generation and its efficiency on 1 August
and the function of the spacing. For a spacing of 0.4 m, the maximum power generation
was 4.5 kW/m?, and its efficiency was 61.8%.

3.4. Impact of the Seasonal Change on the Power Generation Efficiency

Jinan is located in a cold region with distinct seasons. More precisely, spring is from
March to May, summer is from June to August, autumn is from September to November,
and winter is from December to February of the following year. The season affects the sur-
face temperature of the photovoltaic panels, which affects the power generation efficiency
of the photovoltaic modules. Studies have shown that at standard temperature (25 °C), the
power generation efficiency of the photovoltaic panels reaches its highest value, and for
every 1 °C temperature increase, the output power of the photovoltaic panels decreases by
0.35%. Figure 10 depicts the seasonal variation in power generation efficiency.
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Figure 8. Variation of the generation efficiency and temperature function of time, for spacing values
of: (a) The change of Pyt and T, with spacing of 0.012 m over time; (b) The change of Py, and
T, with spacing of 0.1 m over time; (c) The change of P,,; and T, with spacing of 0.2 m over time;
(d) The change of Pyt and T, with spacing of 0.3 m over time; (e) The change of Py, and Ty, with
spacing of 0.4 m over time; (f) The change of P,y and T, with spacing of 0.5 m over time.

Figure 10a presents a box plot showing the maximum photovoltaic power generation
efficiency for each season. Jinan has three months in each season. Fifteen days are ran-
domly selected from each month to obtain the maximum photovoltaic power generation
efficiency for that day. This results in 15 efficiency values for each month and 45 values for
each season.

Figure 10b shows the variation in the power generation function of the month. It
can be seen that May exhibits the highest power generation, reaching 19 kW. In addition,
the maximum photovoltaic power generation efficiency in spring can reach 0.75, and the
lowest is 0.5. Thus, the median value is approximately 0.69, for a power generation range
of 0.62-0.72. In summer, the maximum efficiency can reach 0.8, while the lowest is 0.1,
and thus the median value is almost 0.5 for a power generation range of 0.29-0.59. In
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1.0

autumn, the maximum efficiency can reach 0.82, while the lowest is 0.49, and thus the
median value is almost 0.68, for the power generation range of 0.5-0.71. In winter, the
maximum efficiency can reach 0.68, while the lowest is 0.1, and this the median value is
almost 0.45.
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Figure 9. Variation in power generation and its efficiency function in the ventilation spacing.
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Figure 10. Seasonal variation: (a) Power generation efficiency function of the seasons; and (b) Varia-
tion in the power generation function of the months.

In summary, the overall power generation efficiency and the power generation perfor-
mance of the photovoltaic panels in spring and autumn are higher than those in summer
and winter.

3.5. Impact of the Photovoltaic Glass Transmittance on the Power Generation Efficiency

Transmittance denotes refers to the percentage of light allowed to pass through a ma-
terial. The transmittance of glass is affected by its thickness and color. The thickness of the
glass affects its strength and thermal stability. However, an excessive thickness can reduce
its transmittance. The color of the glass is also an important factor that should be taken into
consideration. Tinted glass can provide aesthetically pleasing visual effects and improve
the glare resistance. However, it usually reduces the transmittance. Figure 11 illustrates
variations in light transmittance. Figure 11a depicts changes in surface temperature of the
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photovoltaic panel over time, whereas Figure 11b describes the relationship between power
generation efficiency and temperature over the same period.

0.70
—=— T, B
o T B 0.65F oy, /
A T 3 \ —h— 7
[ a N 0.60}F s F o
;..\ /- \\ r// \. o5s f/ %
S sl T M o /
/.( AN . ! \ 2osof ¢ \ ' f
¢ \ |/ s / /
b Py 7";’ A\ -/" Fota Soask o
4 L] \
P \ //" ey / 1 g 040k
JJ W AN\ = ’ g
e " « \ L} / X \\ 5
,'/ s KAAA«‘\ LAy, * ia X\ . 3 0351
/e A \
1 / B A e \i 030}
A ra
el 025}
s
020}
1 1 1 1 1 1 1 1 0.15 1 1 1 1 1 1
9 10 11 12 13 14 15 16 17 10 11 12 13 14 15
hour/h hour/h
(@) (b)

Figure 11. Variations in light transmittance: (a) The change in surface temperature of the photovoltaic
panel over time; and (b) The relationship between power generation efficiency and temperature over
the same period.

It can be seen from Figure 11 that glass transmittance affects the surface temperature
and power generation efficiency of the photovoltaic modules. Considering summer as
an example, the power generation efficiency was studied from 9:00 AM to 4:00 PM. Note
that Tpn1, Tmz, and T3 represent the surface temperatures of the photovoltaic module
with transmittance values of 80, 60, and 20%, respectively. The higher the transmittance,
the higher the surface temperature of the photovoltaic module. In addition, ny, 12, and
13 represent the power generation efficiencies with transmittance values of 80, 60, and
40%, respectively. When the transmittance is equal to 40%, the power generation efficiency
reaches its maximum value (of 63%) at 1:00 PM, and the average power generation efficiency
is 35.3%. When the transmittance is equal to 80%, the maximum power generation efficiency
is 60%, and the average power generation efficiency is 34.6%. For photovoltaic curtain
walls, the lower the transmittance, the more solar radiation is used for the conversion of
electricity in the photovoltaic module, and the higher the power generation efficiency.

4. Discussion

BIPV involves the combination of photovoltaic modules with building envelopes.
However, it has not been widely adopted due to many challenges such as the large-scale
planning, high costs, and optimization performance affected by environmental variables.
To promote the use of photovoltaic double-glazed curtain walls, this paper studied the
factors affecting photovoltaic power generation efficiency, leading to satisfactory results.
However, this study has some limitations, summarized as follows:

During the analysis of the impact of radiation on photovoltaic power generation
efficiency, the refinement of solar radiation data was not sufficient. Mathematical models
were developed to estimate the radiation data on tilted surfaces, with the most common
being the isotropic model, which is suitable for cloudy skies and skies with diffuse solar
radiation intensity [50]. The solar radiation intensity significantly affects photovoltaic
power generation efficiency. The analysis of the impact of the tilt angle on the photovoltaic
power generation demonstrated that this angle is one of the most important parameters in
solar systems, ensuring the capture of maximum solar radiation. Therefore, determining
the optimal tilt angle can maximize the absorption of solar radiation, which increases
power generation efficiency [51]. In this study, the selection of the optimal tilt angle was
not precise enough, which is due to the significant angle changes. This paper also showed
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that the ventilation spacing of photovoltaic double-glazed windows significantly affects
the energy consumption of the building [9].

The angles selected for our simulation were static, aligning with standard installa-
tion practices and chosen to determine the optimal angle for peak efficiency given the
architectural constraints of the building. The building model used in this study did not
feature the capability to adjust the angle in real-time. Looking ahead, we recognize the
importance of exploring structures equipped with adjustable photovoltaic panel angles.
Such an approach could provide valuable insights into optimizing solar energy harvesting
throughout different seasons. We are committed to incorporating these scenarios into our
future research efforts, thereby enhancing the practical relevance of our findings.

The relationship between building height and spacing changes should also be con-
sidered in future work. Because the height of the building affects the wind speed of the
ventilation interval, and in turn the heat dissipation effect within the interval is affected.
Due to insufficient consideration of this aspect, more work needs to be done in the future to
obtain a clearer and more accurate conclusion. The impact of spacing on power generation
efficiency under natural ventilation conditions was also studied, with a summer’s day
used as an example. However, the sample size was small, and thus these results cannot
be generalized.

Transmittance significantly affects the thermal, electrical, and daylighting effects of the
semi-transparent photovoltaic curtain walls. Transmittance is affected by many factors, such
as the glass material and thickness, and this study used amorphous silicon photovoltaic
glass, which presents a particular case. Moreover, applying semi-transparent photovoltaic
curtain walls with different transmittance values under different window-to-wall ratios
has different impacts on the overall energy efficiency [52]. Furthermore, the analysis of
the power generation efficiency, while considering the combination of transmittance with
various factors, is not comprehensive enough.

Adjusting the installation angle of PV panels influences cross-ventilation, primarily
due to changes in airflow dynamics, pressure variations, and integration with building
design. The angling of PV panels modifies the conventional airflow trajectory, thereby
affecting the building’s ventilation efficiency. Tilted panels may obstruct air movement,
potentially reducing airflow through openings, such as windows or ventilation slots. There-
fore, the angle and placement of PV panels must be thoughtfully integrated into architec-
tural designs to prevent adverse effects on the ventilation system. Further research should
focus on designing experiments to explore how adjusting the tilt angle of PV panels can
either minimize these negative impacts or enhance ventilation positively.

In our forthcoming research, we aim to explore the integration of PV systems with
grid infrastructure, recognizing its critical role in enhancing the energy autonomy of
buildings. Additionally, it is necessary to consider system uncertainty under climate
change [53,54]. We believe that examining the grid-connected capabilities of such systems
will yield valuable insights for the design and implementation of sustainable building
practices. We acknowledge that this paper primarily relies on simulation studies and
lacks experimental validation, which undoubtedly constrains the depth and scope of our
findings. To address this, we will establish an experimental platform to gather more precise
and practical data, thereby enhancing the reliability and applicational value of our research.
Future studies will address these limitations, and further optimization will be conducted to
increase the accuracy of our results.

5. Conclusions

In this study, we conducted simulations and thermal performance evaluations of
a ventilated double-layer photovoltaic glass curtain wall system, yielding the following
insights. The surface temperature of the photovoltaic panels is significantly influenced
by ground temperature and solar radiation levels. An increase in ground temperature
corresponds to a rise in the panel’s surface temperature. Additionally, the intensity of
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area, m?2

solar radiation has a direct impact on the module’s temperature, reaching its peak under
maximum solar exposure.

The tilt angle of the photovoltaic panels plays a role in determining their surface
temperature and, consequently, their power generation efficiency. With vertical placement,
the average efficiency is 39.41%. As the tilt angle decreases, the efficiency progressively
improves. Thermal ventilation spacing primarily influences convective heat transfer. An
increase in spacing enhances convective cooling, leading to a reduction in the photovoltaic
module’s surface temperature. Power generation efficiency increases with ventilation
spacing within the range of 0.1~0.4 m, but efficiency begins to decline when spacing
exceeds 0.4 m.

Seasonal variations impact the efficiency of photovoltaic panels. During spring and
autumn, moderate temperatures can bring the panel closer to its optimal operating tem-
perature. In summer, efficiency drops as temperatures rise beyond the optimal range. In
winter, cooler temperatures can slightly boost efficiency, but the lower sun angles and
shorter daylight hours can adversely affect overall power generation. The transmittance of
the photovoltaic glass governs the amount of light that passes through. Lower transmit-
tance means more solar radiation is converted into electrical energy within the module,
potentially leading to higher power generation efficiency.

By analyzing key factors like tilt angle, ventilation spacing, and glass transmittance,
researchers have optimized design strategies for photovoltaic double-skin glass curtain
walls, thereby enhancing their performance. This study identifies critical elements for
maximizing power generation efficiency, enabling the fine-tuning of parameters to improve
building energy efficiency. The investigation holds profound significance for promoting and
applying these curtain walls in architecture, driving innovation and supporting sustainable
development goals.
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Nomenclature

temperature fluctuation range

solar radiation absorption coefficient of photovoltaic module
absorption coefficient of inner glass to solar radiation
coefficient of gas expansion, m?/s

inner glass specific heat, ] / (kg-K)

component specific heat capacity, ] / (kg-K)
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A component thickness, mm

E solar radiation energy, W/m?

Neonv,am convection heat transfer coefficient between outdoor air and surface air of photovoltaic panel, W/ (m?2-K)
hy i sky radiant heat transfer coefficient of sky and photovoltaic panel surface, W /(m?-K)
By m,gro radiative heat transfer coefficient between sky and ground, W/ (m2-K)

hym,g radiant heat transfer coefficient between photovoltaic panel and inner glass, W /(m?-K)
heonv,m,g convective heat transfer coefficient between photovoltaic panel and inner glass, W/ (m? -K)
heonv,g,room  convective heat transfer coefficient between inner glass and interior, W/ (m?-K)
hy g, ro0m radiant heat transfer coefficient between component and sky, W/ (m2.K)

hy room,g radiant heat transfer coefficient between inner glass and interior, W/ (m?2-K)
heonv,m,g convective heat transfer coefficient between inner glass and photovoltaic panel, W/ (m?-K)
Pyt output power, W

Ra Rayleigh number

T, environment temperature, K

Tsky sky effective temperature, K

Tm photovoltaic module surface temperature, K

Tg inner glass temperature, K

Tgm surface temperature, K

Troom indoor temperature, K

tero average annual temperature of soil surface, °C

Tap dew point temperature, K

Xin-sky the radiation Angle coefficient of photovoltaic module to the sky

Xin-gro the radiation Angle coefficient of photovoltaic module to the ground

y depth from the surface of the soil, m

Greek Symbols

Esky sky emissivity

Ky absorption coefficient of photovoltaic module

ag inner glass absorption coefficient

Tm transmittance

A fan coil supply air

() absorbed radiation, W

v kinematic viscosity

Om density

Subscripts

a outdoor air

g inner glass

m photovoltaic module

sky sky

gro ground

Abbreviation

BIPV building integrated photovoltaics

VPV IGU vacuum photovoltaic insulating glass unit
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