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ABSTRACT: The temperature of solar cells in photovoltaic modules has a major influence on module power. The
module setup, the material structure and the material properties of the module as well as the ambient conditions
influence this temperature. These parameters also influence the thermal behavior of the module during the lamination
process resulting in a temperature profile through the modules layers. We present a 1-dimensional dynamic model to
calculate both the temperature of a solar module in operation as well as during lamination. We analyze the effect of
module design (glass-backsheet, glass-glass, full and half cells) as well as bifaciality on the cell temperature during
operation. We simulate the lamination process and find the model to be in good agreement with validation
measurements. We find significant temperature differences between different module layers.
Keywords: Modelling, Thermal Performance, CTM, Simulation, Photovoltaic Module, Manufacturing, Temperature,
Lamination, Operation, Heat Exchange, Half Cell, Bifaciality, Glass-Glass, Albedo

1

INTRODUCTION

The temperature of crystalline solar cells is a relevant
factor influencing the power output of photovoltaic
modules [1]. Power losses of 0.2% to 0.5% per Kelvin
difference to 25 °C (standard testing conditions STC) are
typical and nominal module operating temperature
(NMOT) of approximately 45 °C can be found in module
datasheets. Therefore, power losses due to elevated
temperatures can be expected in module operation [2].
Secondly, elevated temperatures accelerate degradation
processes [3]. Thirdly, thermal behavior of the
photovoltaic module is relevant for module production
[4, 5]. Heat transfer within the module during lamination
affects actual temperatures in the laminate and therefore
the curing process of polymer encapsulants.
Novel cell and module concepts (bifacial cells, glassglass modules etc.) feature a different behavior regarding
electrical, optical and thermal aspects compared to
concepts which dominated the markets in the past. The
implementation of these new concepts has an influence
on the cell temperature, which impacts the power output
and yield [6–8].
It is therefore necessary to have a flexible thermal
model to evaluate the impact of changes in module
design on the operating temperature.
Different models to calculate the module temperature
have been presented earlier [9–14]. They mostly do not
have the capability to consider different module and
component designs (i.e. variation in layer thicknesses).
Recently, more advanced models have been proposed
that allow the consideration of novel module designs or
changes in components [15–17]. We use a similar
approach and present a model to calculate temperatures
within photovoltaic modules. We combine this model
with a set of already established other models (i.e. cell-tomodule analysis, optical and electrical modelling of PV
modules) [18–22] to allow for a holistic evaluation of
module designs [23].
The lamination temperature and process time are key
factors in module production. They influence module
reliability and costs. It is therefore interesting to optimize
this process step. Process targets may not always be fully
met due to imperfections in process control and machine
design (i.e. positioning of temperature sensors). Hence,
deviations between a desired and an actual temperature in
a laminate occur. A flexible thermal model is therefore

necessary to analyze the heat flows in PV modules and
their effects on the encapsulant curing (lamination).
We present such a model and show results regarding
the calculation of module temperatures.
In the following we introduce the thermal model and
the underlying fundamental equations of heat transfer.
Furthermore, we distinguish between the modelling of
module operation and lamination. For validation we
compare the calculated temperatures with the results of
various temperature measurements within the module and
on its surface.

2

THERMAL MODEL

We propose a one-dimensional, dynamic model
consisting of n layers Si. Each layer can be a fluid or a
solid of a defined material and thickness. A temperature
ϑj is assigned to each interface Fj bounding the layers. By
determining the heat flows inside and on the surfaces of
the module a thermal equilibrium can be found at each
interface. Solving the set of equations that result from the
thermal equilibrium leads to a one-dimensional
temperature distribution along the module interfaces.
We differentiate between heat generation qsource,
dissipation qsink, storage qs and heat transfers qab that
occur between the interfaces as well as between the
module and the environment q01 and qmoo.

Figure 1: Thermal model with interfaces F, layers S and
heat fluxes q
Each layer is characterized by a thickness and its
material properties, which are optical parameters (e.g.
transparency and emissivity for heat radiation), thermal
parameters (i.e. heat conductivity and heat capacity) and
mechanical parameters (i.e. mass density). It is possible
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to model a physical layer (e.g. a polymer sheet) by using
several virtual layers in the model.
The material properties are considered as temperature
or spectral dependent values. Thermal parameters and
mass density (that depend directly on the material
temperature) are interpolated to fit the mean layer
temperature. Furthermore, the layer temperature is used
to calculate a spectrum of heat radiation according to
Planck’s Law of black body radiation. Using this
spectrum, the optical quantities (that vary with the
wavelength) are adjusted to fit the mean layer
temperature.
Additional inputs are generated using complementary
models [18, 20, 22]. Of especial importance is the
absorbed light in each layer (optical model) which acts as
a heat source and the electrical power output of the solar
cell (electrical model) which is an effective heat sink.

(qsink), sources (qsource), transfers (qout, qin) and storage
(qs).
According to the first law of thermodynamics the
sum of these energy flows equals zero for each interface
(thermal equilibrium):
∑ 𝑞̇ 𝑗 = 𝑞̇ 𝑠𝑖𝑛𝑘 − 𝑞̇ 𝑠𝑜𝑢𝑟𝑐𝑒 + 𝑞̇ 𝑜𝑢𝑡 − 𝑞̇ 𝑖𝑛 +

𝑞𝑠
= 0 (2)
𝑑𝑡

Creating this energy balance for each interface leads
to a set of m equations based on the unknown layer
temperatures.
Electrical energy generation of the photovoltaic cells
is considered as a heat sink. Therefore, the module power
is calculated in the electrical model that is part of the
mentioned feedback loop. Additional heat sinks (e.g. PV
module cooling systems) can be added.
Heat transfer comprises of heat conduction, heat
radiation exchange and convection.
Heat conduction within (solid) layers can be
calculated using the following equation with the interface
temperatures ϑ, the layer thickness d and an intermediate
heat conductivity m [26]:
1

𝜆𝑚 = 2(𝜆(𝜗1 ) + 𝜆(𝜗2 ))
𝜆𝑚
𝑞̇ 𝑗→𝑗±1 =
∙ (𝜗𝑗 − 𝜗𝑗±1 )
𝑑
Figure 2: The thermal model and other relevant models
to calculate the module power
During calculation, feedback loops may occur since
interdependencies exist between power and heat
generation (Figure 2) [24].
Therefore, the model follows an iterative structure.
Based on an initial temperature distribution along the
module layers the temperature dependent quantities are
updated. This applies to the material properties as
mentioned above as well as to the electrical module
power and the Nusselt numbers for convective heat
transfer. With the updated values an energy balance is
created and solved to calculate the temperature
distribution in the module. Using these temperatures the
temperature dependent data is updated again leading to a
new temperature distribution.
In stationary calculations the model iterates until a
desired accuracy in terms of the difference between the
current and the previous temperature is reached. A
simple, empirical model is used to define an initial guess
for the first iteration based on the ambient temperature
ϑamb, the irradiance E and the wind speed vwind [25].
𝜗𝑚𝑜𝑑𝑢𝑙𝑒 = 𝜗𝑎𝑚𝑏 +

𝐸
30.02 + 6,28 ∙ 𝑣𝑤𝑖𝑛𝑑

(1)

However, the model also allows dynamic
calculations. In this case the initial temperature
distribution equals the start temperatures at the beginning
of the simulated time range. Iterations represent a time
step of a user-defined length. The model iterates until the
desired simulation time is reached.
In order to calculate the module temperatures each
interface is considered as a black box with incoming and
outgoing heat flows. We differentiate between heat sinks

(3)
(4)

Heat radiation exchange of two parallel surfaces of
equal size, the extent of which is significantly greater
than their distance can be calculated using [27]:
𝑞̇ 𝑗→𝑗±1 =

𝜎
4
∙ (𝑇𝑗4 − 𝑇𝑗±1
)
1
1
+
−1
𝜀𝑗 𝜀𝑗±−1

(5)

The heat flow depends on the Planck constant  as
well as on the interfaces’ emissivities  and absolute
temperatures T.
In addition to heat transfers from interface F j to the
adjacent interfaces Fj-1 and Fj+1, thermal radiation to the
more distant interfaces is considered as long as all
irradiated layers in between are transparent. As radiation
passes through multiple layers of solids, the radiative flux
decreases due to absorption. This decline in flux is
implemented according to Beer-Lambert law using
attenuation coefficients μ [28].
𝑞̇ = 𝑞̇ 0 ∙ 𝑒 −𝜇∗𝑑

(6)

Heat storage represents the remaining term in the
thermal equilibrium (2). Assuming purely sensible heat
the stored energy depends on the mass density ρ, the
specific heat capacity cp and the temporal temperature
difference [29]:
𝑞𝑠 = 𝜌 ∙ 𝑐𝑝 ∙ (𝜗(𝑡 + 𝑑𝑡) − 𝜗(𝑡))

(7)

When simulating stationary systems no heat storage
is considered as the temporal temperature difference is
zero.
Equations (4) to (7) are used to calculate the heat
transfers within the photovoltaic module. However, to
ensure solvability the one-dimensional layer model
requires a boundary condition on each side. This

Presented at the 36th EU PV Solar Energy Conference and Exhibition, 9-13 September 2019, Marseille, France

boundary condition is formed by an interface of a known
temperature.
In case of module lamination the first interface
represents the laminator cover. Assuming an adiabatic
system the interface temperature is fixed to be the known
room temperature. The laminator hot plate is representing
the last interface accordingly. The hot plate temperature
is depending on the lamination process and therefore it is
a known input as well.
Modelling the module operation the boundary
conditions result from the environmental parameters
namely the ambient air and ground temperatures ϑair and
ϑg. We consider radiative and convective heat transfer
between the module surfaces and the environment.
The heat radiation exchange between a body and its
significantly greater environment simplifies to [30]:
4
4 )
𝑞̇ 𝑚𝑜𝑑→𝑎𝑚𝑏 = 𝜀𝑚𝑜𝑑 ∙ 𝜀𝑎𝑚𝑏 ∙ 𝜑 ∙ 𝜎 ∙ (𝑇𝑚𝑜𝑑
− 𝑇𝑎𝑚𝑏

(8)

Each module surface is represented by its emissivity
εmod and temperature Tmod that represent the values for
the front side or the backside, respectively. Regarding the
ambient parameters εamb and Tamb we differentiate
between the values for ground and sky. While ground
temperature and emissivity are usually known model
inputs we use the following approximations to calculate
the equivalent sky parameters [30, 31]:
1.5
𝑇𝑆𝑘𝑦 = 0.0552 ∙ 𝑇𝑎𝑖𝑟
𝜀𝑆𝑘𝑦 = 0.72 + 0.005 ∙ 𝜗𝑎𝑖𝑟

(9)
(10)

Other models are known to describe sky temperature
and emissivity and may be used as well [30, 32–34].
For each combination of heat transfer a view factor is
defined that takes into account the orientation of the
module plane towards the environmental plane. The view
factors depend on the module inclination to the horizontal
(γ) [30]:
1
∙ (1 + sin(90 − 𝛾))
2
1
𝜑𝑓𝑟𝑜𝑛𝑡→𝑔𝑟𝑜𝑢𝑛𝑑 = ∙ (1 − sin(90 − 𝛾))
2
1
𝜑𝑏𝑎𝑐𝑘→𝑠𝑘𝑦 = ∙ (1 − cos 𝛾)
2
1
𝜑𝑏𝑎𝑐𝑘→𝑔𝑟𝑜𝑢𝑛𝑑 = ∙ (1 + cos 𝛾)
2
𝜑𝑓𝑟𝑜𝑛𝑡→𝑠𝑘𝑦 =

(11)
(12)
(13)
(14)

In addition to the radiative energy flow heat is
transferred from the module surfaces through convection.
Heat convection at interfaces with contact to fluids can be
calculated using the Nusselt Number Nu, a characteristic
length L and the heat conductivity 𝜆 [26]:
𝑁𝑢𝑚𝑖𝑥 ∙ 𝜆𝑓𝑙𝑢𝑖𝑑
∙ (𝑇𝑗 − 𝑇𝑓𝑙𝑢𝑖𝑑 )
𝐿
ℎ 𝑓ü𝑟 𝛾𝐸 > 0
𝐿 = {𝐴
⁄𝑈 𝑓ü𝑟 𝛾𝐸 = 0

𝑞̇ 𝑗→𝑓𝑙𝑢𝑖𝑑 =

(15)
(16)

The characteristic length L is the height h of the
module for non-horizontal operation and the ratio of
module area A and circumference U for horizontal
mounting [27].
Free and forced convection as well as turbulent and
laminar flow can be distinguished and influence the
Nusselt number. Free convection is fluid movement after

density and buoyancy changes due to temperature effects.
Forced convection describes the influence of wind.
𝑁𝑢𝑓𝑟𝑒𝑒 = 𝑓(𝑃𝑟, 𝑅𝑎)
𝑁𝑢𝑓𝑜𝑟𝑐𝑒𝑑 = 𝑓(𝑃𝑟, 𝑅𝑒)

(17)
(18)

Prandtl (Pr) and Rayleigh (Ra) numbers vary with the
fluid properties and the body geometry.
𝑐𝑝 ∙ 𝜂 𝜐
=
𝜆
𝑎
Ra = Gr ∙ Pr
𝑔′ ∙ 𝛽 ∙ 𝐿3 ∙ (𝑇2 − 𝑇1 )
𝐺𝑟 =
𝜈
Pr =

(19)
(20)
(21)

cP – specific heat capactity,  - dynamic viscosity,  heat conductivity, υ - kinematic viscosity, a - thermal
diffusity, g’ – vertical component of the gravitational
acceleration,  - coefficient of isobaric volume
expansion, L - characteristic length
Convection within a photovoltaic module is
theoretically possible in gas-filled modules [35, 36].
However, due to the typically low thickness of fluid
module layers in such designs, conductive transfer
according to (4) is assumed for the heat flow. To assess,
if a layer is a thin and conductive heat transfer can be
assumed, we use the criteria Ra < 1707 [30, 37, 38].
Convection does not take place in solid materials.
Therefore, this consideration is only relevant for special
gas-filled modules and is not used below.
Forced convection on the outside of modules is
calculated using the Reynolds number Re which is a
function of the flow speed (e.g. the wind speed).
Free and forced convection occur at the same time in
operation and a mixed Nusselt number has to be used
considering both. On the module front the ‘+’ has to be
used and on the module rear the ‘-‘ [27].
3

3
3
𝑁𝑢𝑚𝑖𝑥 = √𝑁𝑢𝑓𝑜𝑟𝑐𝑒𝑑
± 𝑁𝑢𝑓𝑟𝑒𝑒

(22)

with 0.1 < Pr < 100
The compensation of free and natural convection on
the module rear side is valid as long as 𝑁𝑢𝑓𝑟𝑒𝑒 < 0.8 ∙
𝑁𝑢𝑓𝑜𝑟𝑐𝑒𝑑 . If the Nusselt number of free convection is
larger, Nufree has to be used instead of Numix.
The Nusselt number of free convection from a plane
to the air underneath the plane (e.g. the heat transfer from
the module back side) is calculated using the inclination γ
[27]:
6

𝑁𝑢𝑓𝑟𝑒𝑒,𝑙𝑎𝑚𝑖𝑛𝑎𝑟 = (0.825 + 0.387∙ √𝐾)
0.492 9/16
)
]
𝑃𝑟
with 0.1 < Ra < 1012 and Pr > 0.001
𝐾 = 𝑅𝑎 ∙ cos 𝛾 ∙ [1 + (

2

−16/9

(23)

For the module front side (23) can only be used for
laminar flow. The critical Rayleigh number Racrit
describes the transition from laminar to turbulent flow.
1,82
For 𝑅𝑎 > 𝑅𝑎𝑐 = 108,9−0,00178∗𝛾
the Nusselt number
for turbulent flow is used [27]:
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(24)

In addition to the heat transferred through free
convection forced convection occurs due to wind. The
respective Nusselt numbers are calculated using (25) to
(27) [27].
2
2
𝑁𝑢𝑓𝑜𝑟𝑐𝑒𝑑 = √𝑁𝑢𝑓𝑜𝑟𝑐𝑒𝑑,𝑙𝑎𝑚.
+ 𝑁𝑢𝑓𝑜𝑟𝑐𝑒𝑑,𝑡𝑢𝑟𝑏.

(25)

7

with 10 < Re < 10 and 0.6 < Pr < 2000
3
𝑁𝑢𝑓𝑜𝑟𝑐𝑒𝑑,𝑙𝑎𝑚. = 0.664 ∙ √𝑅𝑒 ∙ √𝑃𝑟
(26)
with Re < 106
𝑁𝑢𝑓𝑜𝑟𝑐𝑒𝑑,𝑡𝑢𝑟𝑏.

0,037 ∙ 𝑅𝑒 0,8 ∙ 𝑃𝑟
=
1 + 2.443 ∗ 𝑅𝑒 −0,1 ∙ (𝑃𝑟 2/3 − 1) (27)

with 10 < Re < 107 and 0.6 < Pr < 2000
During heat transfer between two bodies, described
by the correlations described above, temperature changes
temporally and spatially resolved. If a body absorbs heat
without changing chemically or undergoing a phase
transition, we can describe the relation between
temperature change and heat storage using [29]:
𝑄 = 𝑚 ∗ 𝑐𝑝 ∗ (𝜗(𝑡 + 𝑑𝑡) − 𝜗(𝑡))

(28)

We calculate a specific heat density by dividing with
the area (m – density of the body):
𝑞 = 𝜌𝑚 ∗ 𝑑 ∗ 𝑐𝑝 ∗ (𝜗(𝑡 + 𝑑𝑡) − 𝜗(𝑡))

(29)

Important inputs for the modelling of the module
operation temperature are heat sources from the
absorption of light and electrical heating from resistive
losses. At the same time the electrical power output of the
module acts as a heat sink. We combine the thermal
model with the models used in SmartCalc.CTM to
calculate heat sources and sinks [18, 19, 21, 22, 39].
Heat sinks and sources are attributable to module
layers but the thermal model is based on heat exchange
between interfaces. We therefore distribute heat sinks and
sources equally from layers to their adjacent interfaces.

3

MODULE OPERATION

We calculate the cell temperature of modules of
different design and evaluate the differences in
temperature with respect to the module output power. We
compare a module with full and with halved solar cells as
well as modules with a white polymer backsheet and a
transparent glass rear cover. We perform additional
calculations considering bifaciality and rear side
irradiance (albedo). Bifaciality of the solar cell is set to
90% of the front side IMPP without assuming additional
effects on the solar cell. If applicable, an albedo of
A = 0.2 is used for calculations. The rear side irradiance
is assumed to be totally diffuse while front side irradiance
is direct and perpendicular.
Material parameters and module design are based on
commercially available products. We choose the glassglass setup to have two 2 mm thick glasses, while the

glass-foil-design has a 3 mm front glass. Ambient
temperature is set to 25 °C, wind speed to 1 m/s and
module inclination to 45°. All submodels have been
integrated into a global model (SmartCalc.CTM version
1.2.1) as shown in Figure 2.
Temperature calculation results are shown in Table 1.
Table 1: Cell temperatures [°C] of different modules at
different irradiances. HC = half cell, FC = full cell, BS =
glass-backsheet module setup, GG = glass-glass module
setup, mono = monofacial, bifa = bifacial, A = albedo.
irradiance [W/m²]

200

FC, BS, mono, A=0

29.8 37.2 44.5 51.7 58.9

66.1

HC, BS, mono, A=0

29.8 37.3 44.6 51.8 58.9

66.1

FC, GG, mono, A=0

29.3 36.2 42.9 49.7 56.4

63.0

HC, GG, mono, A=0

29.3 36.1 42.9 49.5 56.1

62.7

FC, BS, bifa, A=0

29.8 37.2 44.5 51.7 58.9

66.1

HC, BS, bifa, A=0

29.8 37.2 44.5 51.8 58.9

66.0

FC, GG, bifa, A=0

29.3 36.2 42.9 49.7 56.4

63.0

HC, GG, bifa, A=0

29.3 36.1 42.9 49.5 56.1

62.7

FC, BS, mono, A=0.2

30.2 38.0 45.6 53.2 60.8

68.3

HC, BS, mono, A=0.2

30.2 38.0 45.7 53.3 60.8

68.3

FC, GG, mono, A=0.2

30.8 39.1 47.3 55.4 63.4

71.4

HC, GG, mono, A=0.2

30.8 39.1 47.3 55.3 63.2

71.1

FC, BS, bifa, A=0.2

30.2 38.0 45.6 53.2 60.8

68.3

HC, BS, bifa, A=0.2

30.2 38.0 45.7 53.3 60.8

68.2

FC, GG, bifa, A=0.2

30.5 38.6 46.5 54.4 62.2

70.0

HC, GG, bifa, A=0.2

30.5 38.5 46.4 54.2 61.9

69.6

400

600

800 1000 1200

As expected, we find the cell temperatures do be
dependent on irradiance and module setup. We use the
full cell (FC), glass-backsheet (BS) monofacial (mono)
module with no albedo (A=0) as a reference. We
compare half-cell (HC), glass-glass (GG) and bifacial
(bifa) modules with that reference and calculate the glassglass module to be significantly cooler than the reference
when no albedo is assumed (Figure 3).

temperature difference [K]

𝑁𝑢𝑓𝑟𝑒𝑒,𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡 = 0.56 ∙ 4√𝑅𝑎𝑐 ∗ cos 𝛾 + 0.13
3
∙ (√𝑅𝑎 − 3√𝑅𝑎𝑐 )

6
5
4
3
2
1
0
-1
-2
-3
-4
0

200

400 600 800 1000 1200
irradiance [W/m²]

FC, GG, mono, A=0

FC, GG, mono, A=0.2

FC, GG, bifa, A=0.2
Figure 3: Difference in cell temperature of different
glass-glass modules to the reference module (FC, BS,
mono, A=0)
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interface temperature [°C]

60
59
58
57
56
55
54

module interface
HC, BS, mono, A=0

HC, GG, mono, A=0

FC, BS, mono, A=0

FC, GG, mono, A=0

Figure 4: Layer temperatures in different module setups.
With additional rear side irradiance (A=0.2), the
glass-glass module becomes warmer than the reference
due to an increase in absorbed light. With a transparent
rear glass, additional light is entering the module which
causes heating. The white backsheet has a higher
reflectivity thus reducing the temperature compared to
the glass-glass module for albedo conditions. Compared
to the reference, the additional heating from the
absorption of albedo in the backsheet leads to higher
temperatures (Table 1).

1
temperature difference [K]

The effective thermal resistance of glass is higher
than the backsheet even though it has a higher thermal
conductivity. Its thickness compensates the advantage
and module glass is a more effective thermal barrier.
Therefore, we would expect that the glass-glass module
has a higher temperature. However, we observe the
opposite as shown in Figure 3.
We find this effect to be related to the energy
absorbed in the module. Firstly, glass allows light to pass
through the module in the cell spacing areas of the
module without being absorbed and without acting as a
heat source. Secondly, since there is a reduction in
internal reflection, also the other layers have a lower
absorption. The heating after internal reflection is
especially relevant when looking at the solar cell which is
a strong absorber of light. White backsheets that reflects
light onto the solar cell and has a significant impact on
module power [39]. Assuming a cell efficiency of 20%
and a low reflectivity of the solar cell, we can roughly
estimate that for every Wp in backsheet gains, almost
4 Wp have to be considered as a heat source. We
conclude that an increase in module efficiency based on
optical cell-to-module gains may lead to an increase in
module power and an increase in temperature at the same
time due to thermalization in the solar cell.
We see the effect of the higher effective thermal
resistance of glass when analyzing layer temperatures in
detail (Figure 4). The higher thermal resistance of the
glass leads to a higher temperature drop in the rear glass
(0.6 K) than in the backsheet (0.3 K). Nonetheless, we
calculate the glass-glass module to be significantly cooler
than the glass-foil module when no albedo is present due
to the effects described above.

0
-1
-2
-3
-4
0

200

400 600 800 1000 1200
irradiance [W/m²]

HC, BS, mono, A=0

HC, BS, bifa, A=0

HC, GG, mono, A=0

FC, GG, mono, A=0

Figure 5: Difference in cell temperature of different
glass-glass modules to the reference module (FC, BS,
mono, A=0).
We compare full cell and half cell designs and find
half cell modules to be at a similar temperature as their
respective full cell module equivalent (Figure 5).
Different effects occur that influence the temperature:
Firstly, the half cell module converts more light into
electrical power thus increasing a heat sink. Secondly,
effects from heating through electrical losses are reduced
for half cells. Lower currents lead to lower electrical
losses [40] which are a heat source. Thirdly, as discussed
above, internal reflection within the module, subsequent
absorption and imperfect power generation in the solar
cell causes heating. Half cells usually feature more cell
spacing area and thus additional heating after internal
reflection is more relevant.
Due to the rear glass, internal reflection gains are
small for both cell concepts and heat sources from
internal reflection are reduced. The advantage of half
cells regarding module power is lower due to missing
reflection power gains but half cells still have a higher
power output since the electrical losses are lower. We
consequently find the glass-glass half cell module to be
cooler than the full cell equivalent.
When considering bifaciality, all effects described
above occur as well: currents are increased due to higher
irradiance leading to higher electrical losses. At the same
time also more electrical power is generated (limited by
the cell efficiency) which acts as a heat sink.
Our calculations show similar temperatures of monoand bifacial cells if no albedo is present (Figure 5). We
find a small increase in module power for modules with
bifacial cells even if an opaque backsheet is used due to
additional internal reflection gains (Figure 6) [20, 39].
This increase in power (< 0.2%) acts as a heat sink. At
the same time, thermalization losses after internal
reflection will increase for bifacial cells. Both effects are
small and therefore module temperatures are similar.
If albedo is considered, bifaciality of solar cells
reduces the module temperature for transparent rear
covers due to additional power generation compared the
monofacial cells (Table 1).
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Figure 6: Cover coupling gains in monofacial modules
with bifacial cells
We assume a front irradiance of 1000 W/m² and no
albedo. We calculate the total energy absorbed by the
reference module to be 892 W/m² while the rest is
reflected at front glass, solar cell and inactive module
area. Heat generation resulting from the imperfect energy
conversion of the absorbed light in the solar cell is the
main heat source during module operation.
We perform a variation of the wind speed between 0
and 5 m/s, which impacts the module temperature but not
the energy absorption. The electrical power output
changes with cell temperature in each scenario and is
calculated to be between 164 and 182 W/m². Therefore
between 710 and 728 W/m² have to be dissipated via
convection or radiation. We analyze the energy transfer at
the outer module interfaces and find the front to be
responsible for 52 to 57% of the energy dissipation
(without electrical power and reflection). Comparing
radiative and convective heat transfer we unsurprisingly
find convection to be dominant for higher wind speeds
(Figure 7).
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Figure 7: Energy flux from radiation and convection at
the module front and rear side for different wind speeds,
1000 W/m², 45° module inclination, 25 °C ambient
temperature

MODULE LAMINATION

We apply the thermal model to simulate the
lamination process of a photovoltaic module in a
membrane laminator. The lamination setup is shown in
Figure 8.
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The cavities are not permanent. During the
lamination process a “pressing” phase is applied where
cavity 1 is created between the laminator lid and the
membrane. During the same time laminator cavity 2 is
closed and a direct contact between membrane and front
glass is established.
A lamination experiment is performed using
thermocouple temperature sensors in different module
layers to validate the model (Figure 9). We use a highly
flexible laboratory laminator that has active cooling
capabilities. We use the temperature profile as an input
and apply the dynamic model considering heat storage
for this application. We find differences between the
actual equipment temperature profile and the measured
data. Modelling the equipment itself is not part of this
study. We therefore use the measured laminator
temperature as an input for module layer temperature
simulation.

70
cell temperature [°C]

energy flux [W]

1000

Figure 8: Stack setup for the simulation of the lamination
process
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Figure 9: Measured and simulated temperatures in a
module stack / at different module interfaces during
lamination
Results of simulation and measurement are in good
agreement. We calculate a mean error of 2 K for the
relevant polymer layers. We find the model to be able to
calculate the actual temperatures within the laminate
during manufacturing using material parameters, a
module stack and lamination process parameters.
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Figure 10: Simulated temperatures at different module
interfaces
We analyze the temperature in different module
layers and find them to be different from each other
(Figure 10). At 900 seconds process time (“cure” / “hold”
process step) a difference of 2.5 K can be observed
between the glass-encapsulant and the backsheetencapsulant interface. The mean difference between both
layers is 1.3 K. It is known that the curing reaction is
strongly dependent on the encapsulant temperature.
Therefore differences between module layers may lead to
different degrees in crosslinking. Even more critical is the
difference between the desired process temperature (as
programmed in the laminator control) and the actual
temperature reached within the module stack.
We therefore conclude from our simulation results
that a detailed analysis of the lamination process is
necessary for every module setup to find an optimal
process for the complete module stack.

5

SUMMARY

We present a thermal model to calculate layer
temperatures in PV modules. The model is one
dimensional and considers environmental parameters as
well as material and geometrical data of the individual
layers in a PV module. Both static and dynamic
calculations are possible due to implementation of heat
storage terms.
We integrate the thermal model into a simulation
environment containing optical and electrical models
(“SmartCalc.CTM”). Doing so, we are able to calculate
the module layer temperatures at realistic operation
conditions (ambient temperature, wind speed etc.) for
different module setups considering cell-to-module
power gains and losses. The optical and geometrical
models are used to calculate heat sources (i.e. absorption
in layers) as well as heat sinks (i.e. electrical power
generation).
We compare different module designs (full cell / half
cell, glass-glass / glass-backsheet, monofacial / bifacial)
regarding their temperature at different operation
conditions. We perform a variation of irradiance (2001200 W/m; with / without additional albedo) and
calculate the cell temperature for each setup.

We calculate glass-glass modules to be cooler than
the glass-backsheet design when no albedo is considered
since the transparent rear glass reduces absorption of
light within the module. If albedo is considered, light
entering through transparent rear covers and subsequent
absorption in the module will result in higher module
temperatures.
We identify backsheet gains and related absorption in
the solar cell to be a highly relevant factor in the heating
of modules.
For bifacial module designs (i.e. glass-glass),
bifaciality of solar cells reduces the operating
temperature compared to monofacial cells. The use of
bifacial solar cells in modules with opaque rear covers
does not significantly impact module temperature.
We find half cell modules to be not generally cooler
than comparable full cell module designs. While the
temperature of half cells is lower than for full cells in
glass-glass modules, for white backsheets no such
general advantage has been calculated.
We apply the thermal model to a lamination process
to calculate the respective layer temperatures during
lamination (mean error = 2 K). We calculate a mean
temperature difference between the EVA and the
backsheet to be 1.3 K to during the process. Since the
crosslinking processes in the encapsulants are
temperature sensitive, a detailed analysis of layer
temperatures is advised.
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