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ABSTRACT: This study investigates the complex heat transfer dynamics in multilayer bifacial photovoltaic (bPV) solar
modules under spectrally resolved solar irradiation. A novel numerical model is developed to incorporate internal heat
generation resulting from optical absorption, grounded in the physical equations governing light-matter interactions
within the module’s multilayer structure. The model accounts for reflection and transmission at each interface between
adjacent layers, as well as absorption within individual layers, using the wavelength-dependent dielectric properties
of constituent materials. These properties are used to calculate the spectral reflectance, transmittance, and absorption
coeflicients, enabling precise quantification of internal heat sources from irradiance incidents on both the front and
rear surfaces of the module. The study further examines the influence of irradiance reflection on thermal behavior,
evaluates the thermal impact of various supporting materials placed beneath the module, and analyzes the role of
albedo in modifying heat distribution. By incorporating spectrally resolved heat generation across each layer often
simplified or omitted in conventional models, the proposed approach enhances physical accuracy. The transient heat
equation is solved using a one-dimensional finite difference (FD) method to produce detailed temperature profiles
under multiple operating scenarios, including Standard Test Conditions (STC), Bifacial Standard Test Conditions
(BSTC), Normal Operating Cell Temperature (NOCT), and Bifacial NOCT (BNOCT). The results offer valuable insights
into the interplay between optical and thermal phenomena in bifacial systems, informing the design and optimization
of more efficient photovoltaic technologies.

KEYWORDS: Bifacial photovoltaic (bPV); solar module; heat transfer; optical absorption; temperature profile; albedo;
finite difference method

1 Introduction

The growing demand for clean energy has led to significant advancements in photovoltaic PV technolo-
gies [1], including the development of bifacial photovoltaic bPV modules. These modules can absorb light
from both the front and rear surfaces, offering higher energy yields compared to conventional monofacial
modules [2-4]. The performance of bPV systems is strongly influenced by environmental and thermal
conditions, making thermal modeling an essential tool for optimizing their efficiency and deployment.

Several studies have investigated the thermal behavior of PV modules using both experimental and
numerical approaches. Many rely on simplified models that assume uniform heat generation and constant
material properties, which may not accurately capture real-world operating conditions [3,5-8]. More
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advanced work has focused on multilayer heat transfer analysis using finite difference and finite element
methods, asin [5,9-11], where internal heat generation and boundary heat exchange are considered. However,
these models often treat heat sources as uniform or empirical, without resolving how spectral absorption in
each layer contributes to temperature profiles.

Recent advances in PV simulation have emphasized the need to incorporate both optical and
thermal phenomena into the modeling framework. For instance, Abo-Zahhad et al. [12] developed a
three-dimensional transient model that considers spectral irradiance and local temperature distribution,
highlighting the impact of spatial and optical effects on thermal behavior. Similarly, other researchers have
combined optical-electrical-thermal simulations to investigate localized heating, degradation, and system
efficiency under real-world conditions [7,8,13].

This study introduces a novel approach that accounts for internal heat generation due to optical
absorption in bPV modules, incorporating the interaction between light and matter at each interface within
their multilayer structure. By solving the heat equation under dynamic conditions using a one-dimensional
finite difference (FD) method, we generate detailed temperature profiles for various operational scenarios,
offering a deeper understanding of the thermal behavior essential for optimizing module design. The research
also investigates the influence of albedo, quantified by a coefficient ranging from 0 to 1, on the performance of
bPV modules. Albedo plays a key role in determining the amount of reflected irradiance that bPV modules
receive from surrounding surfaces. By modeling environmental variations through the albedo coefficient, the
study examines its impact on key performance factors such as the maximum power point and efficiency. The
findings provide valuable insights for optimizing the design and operation of bPV systems under different
environmental conditions.

The results provide a deeper understanding of the thermal behavior of bPV modules and highlight the
importance of optical design, albedo selection, and thermal management for maximizing power output and
system reliability.

2 Theoretical Foundations

This section presents the mathematical framework used to model heat transfer in multilayer bPV
modules. The model couples optical absorption with internal heat generation and applies a finite difference
method to solve the 1D transient heat equation. The structure, material properties, heat sources, and
boundary conditions are described in detail to provide a clear understanding of the energy flow within the
module under real-world irradiance.

2.1 Structural Composition of bPV Modules

Different technologies of bPV modules consist of various layer compositions. The PV panel examined
in this study has five layers as presented in Fig. 1. The module begins with a top glass layer, made of tempered
glass, which provides mechanical protection and allows sunlight to pass through to the internal components.
Beneath the glass is the top encapsulant layer, composed of Ethylene-Vinyl Acetate (EVA), which securely
laminates the bPV cells and protects them from mechanical stress. At the core of the module are the PV
cells, which are responsible for converting sunlight into electrical energy. These cells are encapsulated by
a bottom EVA layer, similar to the top encapsulant, to ensure uniform protection and structural integrity.
Finally, the module is enclosed by a bottom glass layer, which, in bifacial designs, is transparent to allow
sunlight to enter from both rear and front sides [14]. In this study, the panel is tilted at a specific angle to
optimize its performance.
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Figure 1: Structural composition of PV modules

2.2 Materials, Optical Absorptions, Internal Heat Sources, and Heat Transfer Dynamics
2.2.1 Heat Equation

The core equation describing spatiotemporal behavior of heat transfer in a single spatial dimension x
and over time ¢, within a multilayered enclosed domain featuring internal heat generation, is expressed as
the following one-dimensional heat conduction [15,16]:

P65 5= 2 (e P20 ) s g () W
here p (x) refers to position-dependent density, C, (x) represents the position-dependent specific heat
capacity, T (x,t) is the position and time-dependent temperature, « (x) denotes the position-dependent
thermal conductivity, and Q (x) is the energy absorbed per unit of volume and time at a given position.
Within passive layers, Q (x) is due to the conversion of absorbed light to heat. Within active layers, Q (x) is
due to the conversion of the amount of light that is not converted to electricity.

2.2.2 Internal Heat Generation

In bPV modules, internal heat generation within passive layers arises from the absorption of incoming
light impinging on the front face as well as albedo impacting the rear face. When light enters through the front
face, the absorption path varies across the layers of the module, from top glass to bottom glass, as each layer
interacts with the incoming radiation differently. Similarly, when light is reflected on the rear face, absorption
and subsequent heat generation follow a reversed path, starting from the bottom glass and progressing to
the top [3]. Understanding heat generation in both scenarios is crucial for accurately modeling the thermal
behavior of each layer in the bPV module. The following equations describe the heat transfer mechanisms
and internal heat sources for each layer in the module under both front- and rear-illumination conditions.
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Within each layer, a; (1) represents the material absorption coefficient, e; is the thickness of layer
i, Irs (1) and denotes global spectral solar irradiance impinging front side and reflected on the rear
side, respectively, T; (1) is the transmittance of the interface between layers i and i + 1 [13], #,py is the
bPV efficiency.

2.2.3 Thermal Diffusion Modes Involved in the Heat Equation

Heat generated inside the module is dissipated through three primary modes: conduction within
the layers, convection to ambient air, and radiation to the sky and ground. Each mode is described
mathematically below.

Thermal Conduction Mode

Thermal conduction is the mechanism by which heat spreads due to a temperature gradient occurring
either within a single material or at the interface between two adjacent materials, without involving
movement of matter [8,13].

Geond = —K (x)SOT (x)/ox 7)

here q.ony represents heat flux at position x, « (x) denotes thermal conductivity at x and S refers to front
surface area.

Thermal Convection Mode

Heat convection in bPV modules refers to heat transfer between the module front and rear surfaces
on the one hand and the surrounding air on the other hand [8]. This process depends on the temperature
difference (TSW face = Tamb) between one surface and the air in front of it, wind direction, wind speed,
module shape, and roughness of front and rear module surfaces. Convection can occur through natural
or forced processes as wind enhances heat dissipation. Since analyzing convection through analytical
approaches is a complex task due to system boundary challenges, a convective heat transfer coefficient h¢,p,
is used to estimate the convection process. This coefficient depends on various factors such as wind speed and
surface characteristics [8,17], and it is used to calculate heat flux density as shown in the following equation.

qcConv = hcony (TSurface - Tamb) (8)
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Convection can occur under either natural or forced conditions. The overall convection coefficient is
expressed as [6]:

hcony = hConv,forced + hConv,free 9)

where hcony, free and Bcony, forced are respectively convection under natural and forced conditions. The free
convective heat transfer coefficient is expressed as follows [5]:

KAirNufree

hConv,free = (10)

Lpy

where x4;, is the air thermal conductivity. Lpy is the module length. Nuy,,. is the Nusselt number for
free convection. This dimensionless parameter relates convection and conduction processes across module
boundaries. It can be determined using the following formula [15]:

0.15 x /R, for R, > 8 x 10°

Nufree = 1
Ufree { 0.54 x /R, for 2.6 x10* < R, < 8 x 10° (1)

R, is the Rayleigh number. This dimensionless parameter defines thermal buoyancy forces’ strength in
comparison to viscous and thermal diffusion forces. It is expressed as [18]:
R, = GrPr (12)

where G, is the Grashof number, which is a dimensionless parameter quantifying the air buoyancy forces to
air viscous forces ratio [16]:

_ gL%VﬁAir (TSurface - Tamb)
) viir

G, (13)

g is air gravitational acceleration on Earth. v4;, is the air kinematic viscosity. 4, is air volumetric
thermal expansion coeflicient.

P, is the Prandtl number, which is a dimensionless number defined as rate of momentum transfer to
the rate of heat transfer within air ratio [16]:

Co airlin:
Pr _ P, AirMAir (14)
KAir
Cp,air is air specific heat capacity and p ;. is air dynamic viscosity [18].
The forced convection coefficient is obtained using the following formula [5]:
KairNu d
hConv,forced = A Jorced (15)

Lpy

Nuforcea is the Nusselt number for forced convection. It is expressed as [19]:

Nutforced = 0.86 x \/R, x /P, (16)

R, is the Reynolds number for air flow over a bPV module, which is expressed as [16]:

L
PV (17)

Nuforced =
VAir
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w stands for the wind speed.
Thermal Radiation Mode

Heat transfer via radiation occurs between the bPV module front surface and the sky on one hand and
between the bPV module rear surface and the ground on the other hand. This process is modeled using the
Stefan-Boltzmann law, consistent with prior applications in PV thermal studies [3,20]:

qRad, Sky(Ground) = hrad,Sky(Ground) (TSurface - TSky(Ground)) (18)

hrad, Sky(Ground) is the radiative heat transfer coefficient. It may be written as:

o (TSurface + TSky(Ground)) (Tszurface + Tszky(Ground))

u face

hrad, Sky(Ground) =

ESurface FFG(BG)HSky(Ground)

o is Stefan Stefan-Boltzmann constant. &g, 4., is the surface emissivity of the bPV module. Tgouna is
equal to the ambient temperature Tg,p. Tsky is the sky temperature [5]:

)0.25

Tsk, = (0.756 T}, (20)

FrG(BG)sky(Ground) are view factors of radiative transfer between front glass (FG) or back glass (BG)
on one hand and sky or ground on the other hand [16]:

1
Frgesky = 2 (1+ cos (Buodute))

1
FFGHGround = 5 (1 — COs (ﬁModule)) (21)
1
FpGesky = 2 (1+ cos (7 = Bumodute))

1
FBGHGround = z (1 — COSs (T[ - ﬁModule)) (22)

Boduie is the bPV module tilt angle.

2.3 One-Dimensional Finite Difference Solution of the Heat Equation
To solve the heat equation numerically, the spatial domain is discretized across five distinct layers. A
finite difference scheme is applied using an implicit formulation to ensure stability and accuracy over time.

Eq. (1) is a one-dimensional second-order time-dependent partial differential equation defined in a
non-homogeneous medium, which is a superposition of five homogeneous media (m =1 to 5). In each
medium, Eq. (1) is discretized on Mm points of a uniform spatial mesh. In each point i of the grid such as1 <
i < M,,, 0T (x,t)/dt is approximated by first-order forward difference and 0> T (x, t)/9x? is approximated
by second-order central difference [5].

Discretizing Eq. (1) in a grid such as 1 < i < M,, leads to the following recurrence relation:

“BmTi-1j1 + (A =2m) Ti,je1 = B Tis1,jor = Tij + At firn (x4 ) (23)
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where f (xi,t) = Qu (x)/(pmCp,m) defined as a ratio of internal heat source to the product of density
multiplied by specific heat capacity for each medium.

The thermophysical parameter f8,, is expressed as f,, = k,, At/ (mep,mAxfn) additionally Ax,, =
em/ (M, +1) is the distance separating two consecutive grid points in layer m, and At is the lapse of time
between two consecutive grid points in time.

Applying the stencil given in Eq. (23) to all nodes of the grid leads to a system of M equations with M
unknowns T; ;1 (1< i < M) which may be written in matrix form:

A A, 0 0 (e B,

Ar1 Azy Ass .. 0 T3,j+1 B,

: - : : = : (24)
0 o Apeam-2 AM-im-er AMom Ty-1,j+1 By

0 0 A1 Amm Ty, jn By

On the front surface (m = 1), a mixed boundary condition is applied:

(To,j01— To,ju1)

D) (Ax) = hconv (Tl,j+1 - Tamb) + hmd,Sky (Tl,j+1 - TSky) + hmd,Ground (Tl,j+1 - TGround) (25)
1

K1

which leads to the equation given by substituting this expression into the stencil given in Eq. (1). This enables
the elements of matrix A and vector B corresponding to the upper surface to be identified, as presented
in Table 1.

Table 1: Elements for matrix A and vector B correspond to the upper surface between the air and the top glass

23,Ax
A 1+2f; + '8; > (Mrad,rs + hrad.rG + hconn,us)
1
A -2p4
2 1AX1
B, T1>j + At x fl (0’ t) + ﬁK (Tambhconv + TSkyhmd,FS + TGroundhmd,FG)
1

2(Ax),

K1

TO,j+1 == (hrad,Sky + hmd,Ground + hconv) Tl,j+1 + T2,j+1

. 2(Ax),

X (hrad,SkyTSky + hmd,Ground TGround + hconv Tamb) (26)
1

On the rear surface (m = 5), a similar boundary condition is applied to obtain Ty,1,;41 allowing the
elements in Table 2 to be determined.
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Table 2: Elements for matrix A and vector B correspond to the lower interface between the glass bottom and air

2B5Ax
AM,M 1+ ZﬂS + ﬁi > (hrad,RS + hrad,BG + hConv,BS)
5
Ap1m —2Ps5
2ﬁ5AX5

By, TM)j-f-Atst(O,t)‘f‘

© (Tambhconv + TSkyhrad,BS + TGroundhmd,BG)
5

For the internal nodes across all module layers, applying the stencil from Eq. (23) yields the matrix
elements summarized in Table 3 below:

Table 3: Elements for matrix A and vector B inside each layer

Ao —Bm
Ai,i 1+ 2/3,,1
Aiin —Bm

B,' Ti,j-f-AtXfm (X,’,t)

Concerning the nodes at four internal interfaces between two neighboring materials, the discretization
of the heat equation leads to the following stencil:

Axy + AX i

—BmAxm Tio1,jm + ( + BmAxy + ﬁm+1Axm+1) Tij1 — ﬁm+1Axm+1Ti+1,j+1

Ax;“ Fret (20 t)) 27)

Axy + Ax i Axp,
= %Tﬂj + At(T'fm (X,’, t) +

The corresponding matrix A and vector B elements are gathered in Table 4.

Table 4: Elements of matrix A and vector B for internal interfaces between two neighboring layers (m) and (m + 1)

A _,BmAxm
Ai,i (Axm + Axm+1) /2 + ﬁmAxm + ﬁmHAme
Ai,i+1 _ﬁmHAme
Axy + A A A
B; wTi,j*‘At(%fm (xit) + x2m+1fm+1 (xi’t))

The matrix resulting from this approach was solved using the FD method. The resulting linear system
in Eq. (24) is solved iteratively at each time step to obtain the temperature profile across the module depth.

2.4 Electricity Generation in Bifacial PV Modules

The power at maximum power point (MPP) P,,,, of abPV module may be estimated by using equivalent
irradiance G., and module temperature as in the following equation [21]:

eq

Pmpp (TMadule’ Geq) = @

Pupp.stc(1= B (Trodute — Tstc) (28)
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where is the power at MPP under Standard Test Conditions (STC), G, is the equivalent irradiance received
by the bifacial module, and Gsr¢ = 1000 W /m? is the reference irradiance under STC. The term 3 stands
for power temperature coefficient accounting for variations in power value due to temperature changes,
while Throqu1e and Tsre = 25°C are respectively module temperature and STC reference temperature. The
equivalent irradiance for a bifacial module is given by [22]:

Geq = GFS + (PGRS (29)

ISC,rear PMPP,rear (30)

¢ = min ,
ISC,front PMPP,front

where ¢ is the bifaciality factor representing the efficiency of the rear side in comparison to the front side.
Grs is the front-side in-plane irradiance, and Ggs is the rear-side in-plane irradiance. In our study, the
proportionality factor is the albedo coefficient, which depends on the reflectivity of the ground surface
beneath the bifacial PV module. ¢ is lying between 0 and 1.

2.5 Impact of Albedo on Maximum Power and Efficiency of Bifacial PV Modules

The efficiency of a bifacial photovoltaic module is significantly influenced by the albedo coefficient [3].
The total incident power P;, impinging on the bPV module is given by:
Piy = (Gps + Grs) Apv (31)

where Apy is the active area of a bPV module. The efficiency # of a bPV module may be expressed as:

Pmpp
= — 32
17 Pin ( )

3 Results and Discussion

In this work, we focus on a bPV module with a Silicon active layer. Table 5 gathers geometrical and
physical properties of layers forming the bPV module. Table 6 provides PV metrics and some specifications
of the bPV module investigated.

Table 5: Thermal and physical properties for materials within the bPV module [13]

Top glass & bottom Top EVA & bottom  Silicon layer

glass layers EVA layers
Thickness (m) 2x1073 0.5x 1073 0.3 x1073
Thermal 1.8 0.35 146
conductivity
(W-m™"-K")
Density (kg-m™) 3000 960 2330
Specific heat 500 290 677
capacity

(J-K"-kg™)
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Table 6: PV metrics and geometrical parameters of the bPV module investigated [3]

bPV module front side bPV module rear side
Isc (STC) 9.79 A 7.83 A
Pypp (STC) 305 W 228 W
Module number of cells (6 x 10)
Solar cell area 156.75 mm x 156.75 mm

3.1 Internal Heat Generation in bPV Layers under Incident Irradiation in the Direction of Front and Rear
Faces

To evaluate the thermal behavior within the bPV module, the spatial distribution of internally gen-
erated heat was determined using expressions in Eqs. (2)-(6) that integrate optical, electrical, and thermal
properties of each layer. The proposed model introduces several key improvements over existing thermal
modeling approaches. It accounts for spectrally resolved heat generation in each individual layer, unlike
many studies that assume constant generation in the active layer or neglect heat generation in passive layers
entirely [6]. This level of detail enhances both the physical accuracy and the practical relevance of the
simulation, particularly for analyzing the thermal behavior of bifacial PV modules. The analysis considers
reflection, transmission at interfaces between adjacent materials, and absorption within each layer. The
graphs in Fig. 2 illustrate the variation of heat generation in each layer as a function of thickness under two
scenarios: when incident light enters from its front face and when light reflected by the environment behind
the PV module enters from its rear face for different albedo conditions.

It is observed that the front glass layer exhibits higher heat generation due to direct exposure to incident
radiation, while the bottom glass layer absorbs significantly less due to reduced transmitted irradiance. EVA
layer also demonstrates a variation in heat generation; the top EVA layer generates more heat than the bottom
EVA layer due to its proximity to direct irradiance and increased absorption of scattered light. In contrast,
the bottom EVA layer receives lower irradiance because of absorption and reflection in the PV cell.

The PV cell exhibits the highest internal heat generation as it directly absorbs and converts solar energy
into electrical power, with the remaining energy dissipated as heat. Additionally, it is noticeable that as the
albedo coeflicient increases, the internal heat generation on the rear side also increases. This is attributed
to enhanced reflection from the ground or surrounding surfaces, leading to greater rear-side irradiance and
subsequently increased heat accumulation.

Furthermore, the heat generation pattern is significantly influenced by the conductivity and thickness
of each layer, which govern heat dissipation and accumulation throughout the module.

To evaluate the performance of the 1-D finite difference approach integrating internal heating due to
incoming and reflected irradiance, various validation tests corresponding to different operating conditions
have been conducted. Each test is explained in detail in the following sub-sections.

3.2 STC Validation

Standard Test Conditions (STC) correspond to an irradiance of 1000 W/m?, a back-surface temperature
of 25°C, and an AM1.5G air mass. These conditions usually serve as a benchmark for evaluating the thermal
behaviour of PV modules.

The right-hand graph in Fig. 3 illustrates temperature evolution at different interfaces between two
neighbouring materials of the bPV module over time. It is observed that interfaces on both sides of the Si
layer maintain the highest temperature values, which is due to the high absorption coefficient of Si, while
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external layers maintain lower temperature values. Additionally, temperature is seen to stabilize rapidly
within the first minute, which indicates that the bPV module reaches thermodynamic equilibrium. Rapid
stabilization is favoured by thermal diffusion, where heat is gradually spread through conduction across
layers until equilibrium is reached, with convective and radiative losses balancing the system. The observed
trends align well with expected thermal behaviours, where the temperature gradient is primarily governed
by the thermal conductivity.
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Figure 2: Internal heat sources generated by irradiance impinging on the Front Surface (FS) and reflected irradiance
impacting Rear Surface (RS) for albedo values lying between 0 and 1, and for different layers: top Glass, top EVA, Si,
bottom EVA, and bottom Glass

The left-hand graph in Fig. 3 illustrates the temperature profile through a multi-layered structure at
different instants following application of irradiance. Initially, temperature distribution exhibits a rapid
increase due to absorption of solar radiation, followed by a gradual stabilization as heat diffusion through
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the layers becomes predominant. The thermal response at various times following ignition (6, 12, 27, 150 s)
highlights the evolution of heat transfers due to conduction, convection, and radiation, confirming the
capability of the FD approach to capture accurately transient thermal phenomena.
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Figure 3: Temperature profiles at different times after application of irradiance (left) and evolution of temperature at
different junctions between neighboring materials vs. time under STC conditions

3.3 BSTC Validation

Bifacial standard test conditions (BSTC) are characterized by a rear irradiance of 135 W/m?, which
corresponds to a 1-m ground clearance for a bPV module, consistent with the environmental specifications
outlined in IEC 60904-3 [23,24].

The right side of Fig. 4 illustrates temperature evolution at different interfaces of a bifacial PV module
under BSTC. The key difference between STC and BSTC is the additional irradiance received by the rear
side, which leads to an overall increase in the module’s temperature, particularly affecting the rear interfaces.
As previously discussed, heat conduction through the layers plays a crucial role in distributing thermal
energy. However, in this case, bidirectional exposure results in a more uniform temperature gradient across
the bPV module. On the other hand, lhs graph of Fig. 4 illustrates temperature distribution across the
module at different times after application of irradiance under BSTC conditions. Initially, the temperature
rise is concentrated near the front surface. As time progresses, heat gradually propagates through the layers,
increasing temperature across the module. By t = 150 s, the system reaches a near-steady state, with a more
pronounced temperature gradient. The results highlight the thermal response of the module, where heat
conduction plays a key role in distributing energy across its thickness.

3.4 NOCT Validation

Nominal Operating Cell Temperature (NOCT) corresponds to the following conditions: an incident
irradiance of 800 W/m?, an ambient temperature of 20°C, a wind speed of 1 m/s, and a PV module mounted
at a 45° tilt angle with open circuit.

Fig. 5 presents temperature evolution over time at different interfaces between neighbouring materials
in the bPV module. The PV cell layer exhibits the highest temperature, while the front glass remains cooler
than the back surface. This is attributed to the fact that the front glass is further away from the active layer
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and its a higher thermal conductivity, which enhances heat dissipation compared to the back sheet material.
The temperature profile stabilizes quickly, indicating efficient heat transfer within the layers. The graphs (a),
(b) and (c) of Fig. 6 illustrate the temperature profile through a multi-layered structure at different instants:
10 s (Fig. 6a), 35s (Fig. 6b), and 60 s (Fig. 6¢). A rapid increase in temperature is observed initially, followed
by a stabilization phase as thermal equilibrium is reached. The PV cell layer (c-Si) consistently maintains the
highest temperature, confirming its role as the primary heat-absorbing layer. In addition, the temperature
difference between the front and back surfaces indicates a variation in heat dissipation.
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Figure 4: Temperature profiles at different times after application of irradiance (left) and evolution of temperature at

different junctions between neighboring materials vs. time under BSTC conditions
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Figure 5: Evolution of the temperature of the module interface under NOCT conditions

The maximum cell temperature observed in the simulation reached approximately 45°C, demonstrating
strong consistency with the stabilized NOCT value reported in PV module datasheets.
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Figure 6: The temperature profiles throughout the multilayered structure within a bPV module at different times under
NOCT

These results provide insight into the thermal behaviour of the bPV module under NOCT conditions,
validating the model’s ability to capture transient and steady-state temperature distributions.

3.5 BNOCT Validation

Bifacial Nominal Operating Cell Temperature (BNOCT) is evaluated under the conditions, including
an incident irradiance of 800 W/m? on the front side, an ambient temperature of 20°C, a wind speed of 1 m/s,
and additional rear-side irradiance determined by the albedo coefficient (¢).

Fig. 7 presents temperature profiles within the multilayered structure of a bifacial PV module for various
albedo coeflicients ¢. As the albedo coefficient increases, the active layer temperature of the bPV module
rises, indicating a significant impact of rear-side irradiance on the thermal behavior of the bPV module. The
front glass layer remains cooler compared to the back surface, as heat is dissipated more effectively through
its higher thermal conductivity.
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Figure 7: Temperature profiles within the multilayered structure of a bPV module for various albedo coefficients
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These results highlight the influence of the environment on the thermal response of bifacial PV
modules, emphasizing the necessity of considering rear-side contributions in thermal modeling and
performance evaluation.

3.6 Impact of Albedo Coefficient on Power Output and Temperature Profiles of the bPV Module

Fig. 8 depicts the temperature profiles across the multilayered structure of a bPV module under different
albedo coefficients, revealing their impact on the module’s thermal behavior and power output. As the albedo
coeflicient increases, more sunlight is reflected onto the rear side of the module, leading to a rise in equivalent
irradiance. This boosts the power generation potential but also raises the module’s temperature.

19,5 300
—a— Efficacity
19,0 F —=—Pmpp - 290
- 280
185}
S 1270 _
£ 1801 260 =
-1 Q
g g
£ 17,5 o
=17, { 250
17,0 b - 240
1 230
16,5 -
1 1 1 1 1 1 1 1 1 1 1 220

0,0 0,1 0,2 0,3 0,4 0,5
Albedo coefficient ¢

Figure 8: The bPV module power output at MPP and temperature profiles within the multilayered structure of a bPV
module for various albedo coefficients as a function of albedo coeflicients ¢

The results show that the temperature of the bPV module increases with higher albedo values due to
enhanced rear-side irradiance. While it is well established that elevated temperatures tend to reduce the
electrical efficiency of PV cells, the overall power output of the module still increases. This is attributed to
the additional energy received from ground-reflected light, which compensates for the thermal losses. For
example, as the albedo coeflicient increases from 0 to 0.5, the module’s electrical efficiency decreases from
approximately 19.1% to 16.5%, while the maximum power output simultaneously increases from about 225
to 295 W. Therefore, despite the slight decline in efficiency, higher albedo levels result in a net gain in power
output, demonstrating the beneficial impact of albedo on bifacial PV performance.

While higher temperatures negatively impact the electrical efficiency of PV modules primarily by
reducing open-circuit voltage and fill factor, the overall power output continues to increase with rising
albedo. This is because the additional irradiance reflected onto the rear side of the module more than
compensates for the efficiency loss. These results highlight the complex trade-off between thermal losses
and optical gains in bifacial systems. Therefore, optimizing thermal management becomes important not to
prevent power loss, but to further improve module longevity and performance stability while still benefiting
from albedo-enhanced irradiance.
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4 Conclusion

This study presents a detailed thermal analysis of multilayer bifacial photovoltaic (bPV) modules under
spectral solar illumination. A one-dimensional finite difference model was developed that uniquely integrates
wavelength-dependent internal heat generation across each material layer, rather than assuming a uniform
or constant heat source. This fine-level spectral treatment offers deeper insight into how light is absorbed and
converted to heat within the multilayer structure, enhancing the physical accuracy of the thermal simulation.

The model successfully reproduces temperature profiles under various standard conditions (STC, BSTC,
NOCT, and BNOCT), and demonstrates the significant role of albedo in influencing rear-side irradiance,
thermal response, and power output. These results emphasize the importance of both material-level optical
design and environmental ground conditions in optimizing bPV system performance.

Despite certain limitations, the modeling approach adopted in this study remains practical and appro-
priate for the objectives pursued. Heat transfer was modeled in one dimension, assuming homogeneity along
the module surface. While this may not fully capture local effects such as shading or dust accumulation,
it offers a computationally efficient way to study vertical heat transfer and internal spectral absorption.
Although more detailed three-dimensional models have been developed in other studies to account for lateral
thermal gradients and localized phenomena, the 1D approach remains a widely accepted first step, especially
in early-stage thermal analysis. In addition, thermal and optical properties were considered temperature-
invariant. This simplification is reasonable for the operating range examined, although it may introduce some
limitations when extending the model to more extreme conditions.

The model serves as a valuable tool for early-stage design and optimization of bifacial PV systems,
particularly in high-albedo environments. Future work will focus on extending the model to two or
three dimensions, incorporating temperature-dependent material properties, and validating results through
experimental techniques such as infrared thermography and in-situ sensor measurements. These enhance-
ments will further improve the model’s predictive power and real-world applicability.
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Thodule Module temperature and STC

Tsrc =25°C Reference temperature

¢ Bifaciality factor

Grs Front-side in-plane irradiance

GRrs Rear-side in-plane irradiance

0] Albedo coefficient

Pi, Total incident power
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