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A B S T R A C T

Photovoltaic-thermoelectric hybrid devices aim at harvesting the entire solar spectrum via both direct photo-
voltaic conversion and subsequent thermoelectric conversion of the heat generated in the solar cell. One
emerging strategy to improve their efficiency is to implement a photothermal interface between the photovoltaic
cell and the thermoelectric module. Modeling such a complex system (photovoltaic cell, photothermal interface
and thermoelectric generator) to design an optimal architecture is a challenging task, as it requires to take into
account a large number of parameters in a multi-layered system, as well as the coupling between optical, thermal
and electrical effects. To do so, we present here a multiphysics tool to predict the temperature distribution and
power output of hybrid devices integrating a photothermal interface. Our model shows a good quantitative
agreement with previous theoretical and experimental works from the literature using limited material param-
eters. We discuss the need for additional parameters for accurate modeling of experimental devices. We envision
that our multiphysics modeling tool will be key for the design of optimal photothermal interfaces for efficient
photovoltaic-thermoelectric hybrid devices.

1. Introduction

A decade ago, photovoltaic-thermoelectric hybrid devices emerged
as an innovating approach for solar energy harvesting. To make the most
out of solar energy, these hybrid devices combine a solar photovoltaic
cell (PVC) with a thermoelectric generator (TEG). Though there is a
growing number of experimental demonstrations of PVC-TEG devices
with significant gain in conversion efficiency compared to the solar cell
alone [1–5], there are still some limitations to the deployment of this
technology. One inherent issue is the mismatch between the optimal
temperatures of the PVC and the TEG components. Furthermore, the low
conversion efficiency of the current TEG devices hinders the benefit of
hybridization. As a matter of fact, a critical issue of PVC-TEG devices,
though often overlooked, is the physical interface between the solar cell
and the TEG. Several works focused on improving the thermal properties
of the PVC-TEG interface to reduce the thermal contact resistance
[6–11].

To go further, it was suggested to add an optical role to this interface,
by using a photothermal material. Such a photothermal interface (PTI)
would be able to selectively absorb the near infrared photons that are
not used by the solar cell and convert them into heat, thus increasing the

temperature at the hot side of the TEG. As the electrical power output of
the TEG directly correlates to the temperature difference between its hot
and cold side [12], this approach could lead to increase the conversion
efficiency of the PVC-TEG device.

A few experimental studies have reported the demonstration of PVC-
TEG devices integrating such interfaces combining tailored optical and
thermal properties. These studies investigated various designs of thin-
film interfaces, including a solar selective absorber made of cermet
layers [1], a thin acrylic film dyed with an exothermic reactive
aluminum-doped zinc oxide dye [7], a boron nitride layer with reduced
graphene oxide [10], carbon paste with or without boron nitride [11],
and a metal/ceramic multilayer [13]. Though the integration of a pho-
tothermal interface can be beneficial to the hybrid system, the presence
of the photothermal interface is also likely to increase the temperature of
the photovoltaic cell [10], potentially reducing its performances.

Indeed, it is not certain that the impact of a PTI will be positive on the
overall conversion efficiency of the PVC-TEG device. This depends
notably on the thermal resistance of the PTI and other components of the
system, as well as the heat extraction capacity on the cold side of the
TEG [14]. If the thermal resistance of the PTI is too high, it may reduce
the heat transfer from the PVC to the TEG, leading to an increase in
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temperature within the PVC and a reduction in temperature at the hot
contact of the TEG. When aiming to optimize the design of a PTI, a
balance must be struck between its optical and thermal properties. This
optimization also depends on the properties of the PVC and the TEG, as
well as the environment. Therefore, there are no clear guidelines to
design an optimal photothermal interface. We propose to fill this gap in
the literature by considering all these parameters in our model, in order
to guide the design of optimized PVC-PTI-TEG systems.

So far, there is only one published work addressing the performance
prediction of PVC-TEG hybrid devices integrating different thermal
interface materials, relying on a machine learning approach [11]. Using
an artificial neural network, Park et al. showed a correlation between
the output power of the PVC-TEG device and the thermal interface
material properties (absorptance, thermal conductivity and light-to-heat
conversion factor). However, such an approach requires large sets of
experimental data for the training phase (over a hundred in Ref. [11]),
which is not always doable. On the other hand, several works have
proposed analytical or semi-analytical models to predict the perfor-
mance of PVC-TEG hybrid devices [15–20]. In most of these models,
only the photovoltaic layer is considered as optically active, all other
layers being transparent. Zhou and coworkers have elaborated a mul-
tiphysics model to study different PVC-TEG devices with a nano-
structured front surface [21]. Their model accounts for the presence of
two optically active layers (the nanostructured front surface and the
photovoltaic active layer) and thus includes the spectral response of the
materials. Yet, in this model, only the photovoltaic active layer is able to
absorb light.

To our knowledge, so far, none of the reported models includes an
optically and thermally active interface between the solar cell and the
TEG. Here we present a multiphysics modeling tool conceived to predict
the global output power of hybrid energy devices integrating a photo-
thermal interface.

Section 2 of the paper describes the multiphysics model we have
built for the PVC-TEG hybrid device, including a comparison of the
proposed model with the model from Zhou et al. [21]. Section 3 focuses
on the integration of a photothermal interface in the model, the validity
of the model being discussed through the comparison with a published
experimental study from Park et al. [10]. We show that the multiphysics
model presented in this work is a versatile tool and can be used in a
straightforward way to assist the design of an optimal photothermal
interface for a given PVC-TEG device. This work opens perspectives
towards the experimental demonstration of efficient PVC-TEG devices
with a fully synergistic hybridization.

2. Building a multiphysics model for the PVC-TEG hybrid device

A photovoltaic-thermoelectric device is a complex system in which
optical, thermal and electrical effects are strongly interconnected. As
illustrated in Fig. 1, this hybrid device relies on the use of two energy
conversion devices: the photovoltaic cell that converts solar energy into
electricity and the thermoelectric generator that converts thermal en-
ergy into electricity. In this work, we consider photovoltaic-
thermoelectric devices that are thermally coupled (direct thermal con-
tact) and electrically isolated (4-terminal configuration). In this section,
we present a multiphysics model built as a predictive tool of the per-
formances of the PVC-TEG device and taking into account the coupling
between optical, thermal and electrical effects. As shown in Fig. 2, the
hybrid device is divided into two sub-systems (the PVC and the TEG),
each described by its own multiphysics model, and thermally coupled
through a model of the thermal transport in the hybrid device. The final
outputs of the model are the electrical powers generated by the PVC and
the TEG. In the following subsections, we describe the physical models
used for the two sub-systems as well as the model used to describe the
thermal transport. We then validate quantitatively our model by com-
parison with an existing model from the literature.

2.1. Model of the photovoltaic cell

Our approach is to model the PVC with the fewest material param-
eters possible and to improve the optical model of the PVC, compared to
existing PVC-TEG models, by implementing a spectrally-dependent
response for all the layers. Thus, the electrical properties of the PVC,
and in particular their evolution as a function of temperature, are only
accounted for in the calculation of the conversion efficiency, as detailed
in the following. Refining the model would require to implement elec-
trical transport equations using additional material parameters such as
the doping values and carrier mobilities.

In the model, a PVC is represented by a stack of layers, defined by
their complex refractive indices and by their thicknesses, including the
active layer in which the photovoltaic conversion takes place. The open-
source code Moosh [22] is used to simulate the interaction between the
incident unpolarized solar illumination at normal incidence and the
PVC, considering reflection and absorption phenomena at each layer.
The thermal radiation, on the other hand, is taken into account in the
thermal model described in subsection 2.3.Moosh allows to calculate the
absorbed radiation power density playerabs (λ) in each layer of the PVC, as
well as the total radiation power densities transmitted pPVtrans(λ) and re-
flected pPVrefl(λ) by the PVC. For the sake of simplicity, and to reduce the
amount of input data required to run the model, we did not take into
account the impact of temperature on the optical properties of the ma-
terials, but rather used the refractive index values at ambient
temperature.

For all layers except the active layer, the absorbed radiation power
density playerabs is used to determine the generated heat power density qlayer

Fig. 1. Schematic of a thermally coupled photovoltaic-thermoelectric hybrid
device, combining a photovoltaic cell (PVC) and a thermoelectric generator
(TEG) in a 4-terminal configuration.

S. Hanauer et al.



Energy Conversion and Management: X 23 (2024) 100665

3

assuming that all optical absorption leads to heat generation (qlayer =

playerabs ).
As for the active layer of the photovoltaic cell, several physical

phenomena are at play in the conversion of the absorbed radiation
power density pPVabs:

• Photovoltaic conversion, generating the electrical power density
pPVout(T);

• Radiative recombination, i.e direct recombination of photogenerated
electron-hole pairs that can result in photon emission outside the
layer, generating the radiation power density prad(T);

• Thermalization, i.e non-radiative relaxation of photogenerated
electron-hole pairs with an energy above the band gap Eg of the
photovoltaic absorbing material, giving rise to a heat power density
qtherm(T);

• Non-radiative losses, including non-radiative recombination of ex-
citons and Joule heating, collectively generating the heat power
density qNRad(T).

As a consequence, the radiation power density absorbed in the PV
active layer pPVabs can be expressed as:

pPVabs = pPVout(T)+ prad(T)+ qtherm(T)+ qNRad(T) (1)

The heat power density generated in the active layer qPV(T) results
from the combination of thermalization and non-radiative losses: qPV(T)
= qtherm(T) + qNRad(T). As for radiative losses (prad), in the case of con-
ventional photovoltaic absorbers such as Si or GaAs, they represent a
negligible part of the incident solar power (≈ 0.1%) [23]. Thus, we as-
sume that all the radiation power that is absorbed in the active layer and
not converted into electricity generates heat, i.e:

qPV(T) = pPVabs − pPVout(T) (2)

It should be noted that both the output electrical power density pPVout of
the cell and the heat generated qPV in the active layer depend on the PVC
temperature T. This coupling adds complexity to the calculation of the
final temperature distribution in the system, increasing computing time.

The output electrical power density of the cell pPVout is calculated using
a simple empirical model. The conversion efficiency of photovoltaic cells
is conventionally measured in Standard Test Conditions, under illumi-
nation by the AM1.5G solar spectrum at 1000 W.m− 2 and at a controlled

temperature Tref of 25 ◦C. However, as described previously, in normal
operating conditions, a photovoltaic cell heats up due to thermalization
of high-energy carriers and non-radiative losses, reaching up to around
60 ◦C [24,25]. In order to describe the impact of the temperature T on
conversion efficiency η of a PVC, we use a linear model, as presented in
detail in Ref.[26]:

η(T) = ηref + β(T − Tref ) (3)

where ηref is the reference conversion efficiency of the PVC, measured in
the Standard Test Conditions. β is the solar cell’s temperature coefficient
of efficiency, which characterizes the variation of conversion efficiency
with increasing temperature. Eq. (3) is used here to calculate the con-
version efficiency of the PVC at a given temperature T and can be
adjusted or replaced in the case of an illumination different from
AM1.5G.

The electrical power density generated by the PVC at temperature T
is then given by:

pPVout(T) = η(T)⋅
∫ λmax

λmin
psun(λ)dλ (4)

where psun(λ) is the spectral radiation power density of the AM1.5G solar
spectrum, and λmin and λmax are its lower and upper limits respectively.

The inputs and outputs of the model for the photovoltaic cell are
summarized in Table 1. In our model, the electrical power density pPVout is

Fig. 2. Principle of the proposed multiphysics model: the photovoltaic-thermoelectric device is modeled as two sub-systems (photovoltaic cell and thermoelectric
generator) thermally coupled through a model of the thermal transport in the hybrid device.

Table 1
Summary of the inputs and outputs of the model for the photovoltaic cell.

Category List of inputs/outputs

Inputs Composition of the stack (refractive indices, thicknesses)
Incident solar spectral radiation power density psun(λ) (W.m− 2.nm− 1)
Reference efficiency of the cell ηref
Reference temperature of the cell Tref (K)
Temperature coefficient of efficiency β (K− 1)
Temperature of the active layer T (K)

Outputs Electrical power density generated by the PV cell pPVout (W.m− 2)
Heat power density generated in each layer qlayer (W.m− 2)
Heat power density generated in the active layer qPV (W.m− 2)
Spectral radiation power density transmitted through the PV cell pPVtrans(λ)
(W.m− 2.nm− 1)
Spectral radiation power density reflected by the PV cell pPVrefl(λ) (W.m− 2.
nm− 1)

S. Hanauer et al.
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used to characterize the performances of the PVC but also to calculate
the heat power density generated in the active layer qPV using Eq. (2).

In the case of a PVC-TEG device with a photothermal interface (see
subsection 3.1), the radiation power density pPVtrans(λ) transmitted by the
PVC is used as the radiation power density incident on the photothermal
interface.

2.2. Model of the thermoelectric generator

The TEG consists of a stack of layers representing its usual compo-
nents: ceramic substrates, metallic contacts and thermoelectric layer, as
illustrated in Fig. 1. The active layer of the TEG, that we call the ther-
moelectric layer, is made of an array of N pairs of n- and p- doped
thermoelectric legs. All thermoelectric legs are assumed to have the
same properties: length Lleg, cross-section Aleg, thermal conductivity κleg,
electrical resistivity ρleg, Seebeck coefficient αleg. The density of pairs of
thermoelectric elements by unit surface d is given by the ratio N/STEG,
with STEG the total surface of the TEG. We use the parameters of TEGs
with finite surface as input, as these data are usually provided by
manufacturers. However, the outputs are calculated as electrical and
heat power densities in Eqs. (8)–(11) to describe TEGs with infinite
surface. The equations describing the physical behavior of a TEG pre-
sented in this section are taken from previous works [27,28].

The thermal conductivity of the thermoelectric layer κTE reads:

κTE = 2d⋅Aleg⋅κleg (5)

A TEG connected to a load resistance RL generates electric current
when a temperature difference is present between the hot side (at
temperature TH) and the cold side (at temperature TC) of the thermo-
electric elements. This current depends on the internal electric resis-
tance Rleg and Seebeck coefficient αleg of a single leg, according to:

I =
2N⋅αleg(TH − TC)

2N⋅Rleg + RL
(6)

with:

Rleg =
ρleg⋅Lleg
Aleg

(7)

We can then calculate the electrical output power density generated
by the TEG using:

pTEGout =
I2⋅RL

STEG
(8)

Note that the maximum power output is achieved when the load
resistance matches the internal resistance of the TEG (RL = 2N⋅Rleg),
which is the condition we set in the model.

The current flowing through the operating TEG is also responsible for
heat generation inside the thermoelectric layer by Joule effect, which is
described by:

qTEJoule =
2I2⋅N⋅Rleg

STEG
(9)

Furthermore, because a TEG is also a Peltier module, Peltier effect
occurs at the top and bottom interfaces of the thermoelectric layer,
heating the cold side and cooling down the hot side. The heat power
density generated by Peltier effect at the hot and cold interfaces,
respectively designated as qHPeltier and qCPeltier can be calculated using

qHPeltier = − 2d⋅αleg⋅TH⋅I (10)

qCPeltier = 2d⋅αleg⋅TC⋅I (11)

The heat power densities calculated using Eqs. (9)–(11) are used in
the thermal transfer model described in the subsection 2.3, in order to
determine the temperature at each interface of the PVC-TEG device. The

inputs and outputs of the model for the thermoelectric generator are
summarized in Table 2.

2.3. Thermal model of the PVC-TEG device

The thermal transport in the PVC-TEG device is modeled by using a
one-dimensional model and assuming the steady-state. As depicted in
Fig. 3, the whole device is represented as a stack of n layers with infinite
surface, each layer i being characterized by its own thickness ei and
thermal conductivity κi. All the layers in the stack are in thermal contact
with the adjacent layers, allowing conductive thermal transfer. In this
model, the thermal contact resistances of the different interfaces are
neglected. The top and bottom layers are also in contact with the envi-
ronment, which is air at ambient temperature Tamb, resulting in
convective and radiative thermal transfer. Furthermore, the model ac-
counts for heat power densities that can be generated inside the layers or
at the interfaces, due to various physical phenomena that have been
described previously (thermalization in the PVC, Joule and Peltier ef-
fects in the TEG, …). The equations of thermal transport presented in
this section allow to calculate the temperature at each interface of the
system (Tk, k from 1 to n), knowing the properties of each layer i
(thickness ei, thermal conductivity κi, generated heat power density qi)
and the properties of the top and bottom interfaces (emissivity ∊top or
∊bottom, convective heat transfer coefficient htop or hbottom and Tamb).

Let us consider the general case of an inner interface k located be-
tween two layers (i − 1 and i) of the device. As shown in Fig. 3, the
temperature Tk of the interface k depends on the conduction from the
layers above (i − 1) and below (i), as well as on the heat power densities
generated in these layers (qi− 1 and qi) and eventually at the interface
itself (qintk ). Note that, in our model, the only source of interfacial heat
generation is the Peltier effect around the thermoelectric layer of the
TEG (Eqs. 10,11). Heat transfer by conduction is described using the
Fourier law: ϕcd

̅→
= − κth∇

→T. Assuming that the heat generated in each
layer is delivered at a point source in the middle of the layer, the general
heat balance equation for the interface k can be written as:

κi− 1
ei− 1

(Tk − Tk− 1)+
κi
ei
(Tk − Tk+1) = qintk +

qi− 1
2

+
qi
2

(12)

where κi− 1 and ei− 1 are the thermal conductivity and thickness of the
layer above the interface, while κi and ei are the thermal conductivity
and thickness of the layer below. Tk− 1 and Tk+1 are the temperatures of
the surrounding interfaces.

As for the outer interfaces of the device, heat transfer by convection
and radiation toward the environment should be taken into account.
Each interface is defined by its convective heat transfer coefficient (htop

Table 2
Summary of the inputs and outputs of the model for the thermoelectric
generator.

Category List of inputs/outputs

Inputs Absolute Seebeck coefficient of a single TE leg αleg (V.K− 1)
Thermal conductivity of a single TE leg κleg (W.m− 1.K− 1)
Electrical resistivity of a single TE leg ρleg (Ω.m)
Length of a single TE leg Lleg (m)
Cross-section of a single TE leg Aleg (m2)
Number of pairs of TE legs N
Total surface of the TEG STEG (m2)
Load resistance RL (Ω)
Temperature of the hot TH and cold TC contacts (K)

Outputs Electrical power density generated by the TEG pTEGout (W.m− 2)
Heat power density generated by Joule effect in the TE layer qTEJoule (W.
m− 2)
Heat power density generated at the hot qHPeltier side of the TE layer by
Peltier effect (W.m− 2)
Heat power density generated at the cold qCPeltier side of the TE layer by
Peltier effect (W.m− 2)

S. Hanauer et al.
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or hbottom, in W.m− 2.K− 1) and its total hemispherical emissivity (∊top or
∊bottom). The thermal power density exchanged by convection between
one of the outer interfaces and the environment is given by: ϕcv =

h(T − Tamb). The radiative thermal exchange is expressed using Ste-
fan–Boltzmann’s law: ϕrad = ∊⋅σ(T4 − T4amb), where σ is the Ste-
fan–Boltzmann constant. Emissivity is an intrinsic property of the
material composing the interface, and it is assumed that the top and
bottom layers are opaque in the range covered by the Planck function at
the temperatures considered. The convective heat transfer coefficient is
usually an experimental value depending on the geometry and position
of the interface, and on environmental conditions such as wind speed.

In the case of the top interface (interface 1), the heat balance can thus
be written as:

κ1
e1
(T1 − T2)+ htop(T1 − Tamb)+∊top⋅σ(T41 − T4amb) =

q1
2

(13)

Likewise, the heat balance equation for the bottom interface (inter-
face n) is given by:

κn− 1
en− 1

(Tn− 1 − Tn)+ hbottom(Tn − Tamb)+ ∊bottom⋅σ(T4n − T4amb) =
qn− 1
2

(14)

In order to solve these heat transport equations (Eqs. (12)–(14)) and
calculate the temperature at each interface (Tk, k from 1 to n), it is
necessary to know the different heat power densities (qi and qintk )
generated in the device. It includes the heat power density generated in
the PVC (qlayer and qPV) and the heat power densities generated in the
TEG (qTEJoule) and at the top and bottom interfaces of the TEG (qHPeltier and
qCPeltier) as described in the subsections 2.1 and 2.2. Table 3 summarizes
the inputs and outputs of the thermal transport model used for the PVC-
TEG device.

2.4. Validation of the PVC-TEG model by comparison with literature

The purpose of this subsection is to quantitatively compare the re-
sults achieved with our multiphysics modeling tool on a PVC-TEG device
to the results of a model from the literature. It should be noted that,
while a few models of PVC-TEG devices were reported in the literature
[16,29,21], offering opportunities for comparison with our model, most
of these works do not provide the data required to reproduce their re-
sults. We chose the study published in 2018 by Zhou et al. [30], as most
of the input data is available in the paper. In that work, the authors
describe a multiphysics model of a PVC-TEG device made of a silicon
solar cell, a thermoelectric generator and a passive heat sink.

As illustrated in Fig. 4, Zhou et al. modeled two different architec-
tures for the PVC-TEG device:

• A structure called traditional (see Fig. 4A), in which the PV cell layers
are, from top to bottom: glass, EVA (ethylene vinyl acetate), PV
active layer, EVA and tedlar. A TEG made of ceramic, copper con-
tacts, thermoelectric elements, copper contacts and ceramic is placed
just below the PVC.

• A structure called optimized (see Fig. 4B), designed to enhance the
thermal contact between the PVC and the TEG. In this configuration,
the PV cell layers are, from top to bottom: glass, EVA and PVC active
layer. The top and bottom ceramic substrates of the TEG, having low
thermal conductivity, are replaced by silicone layers.

In order to investigate the two PVC-TEG architectures using our
modeling tool, we made some modifications with respect to the model
used by Zhou et al. In the work of Zhou et al., the solar cell is covered by
a nanostructured array encapsulated in an EVA layer, whose purpose is
to reduce reflection at the air-PVC interface, and whose radiative
properties are simulated using a Finite Difference Time Domain method.
In our case, this nanostructured antireflective layer is replaced by a
simple EVA layer with no optical reflection. Furthermore, it is assumed
by Zhou et al. that all the radiation power reaching the active layer of the
PVC is either converted into electricity or into heat, with no trans-
mission. We thereby modified Eq. (2) to convert the radiation trans-
mitted through the cell into heat within the active layer, as follows:

qPV = pPVabs + pPVtrans − pPVout(T) (15)

where pPVtrans is the radiation power density transmitted through the PVC,
calculated using Moosh software as described previously in subsection
2.1.

In addition, the model used in Ref. [30] for the PVC is more complex
than ours, and requires in particular the input of the doping character-
istics of the different layers to determine the output power of the PVC. As
described in subsection 2.1, our model uses a simple linear assumption
to calculate the output power density from the values of the reference
efficiency ηref and temperature coefficient of efficiency β. Using the data
from Ref. [30], we were able to determine that the PVC they used had an
efficiency of 11.55 % at 120 ◦C and a temperature coefficient of − 0.056

Fig. 3. Schematic of the one-dimensional thermal model of the PVC-TEG de-
vice. Each layer i is characterized by its thickness ei, its thermal conductivity κi
and the heat power density generated inside qi. Each interface k is represented
by its temperature Tk and the heat power density generated at the interface qintk .

Table 3
Summary of the inputs and outputs of the model for the thermal transport in the
PVC-TEG device.

Category List of inputs/outputs

Inputs Thermal conductivity of each layer κi (W.m− 1.K− 1)
Thickness of each layer ei (m)
Heat power density generated in each layer qi (W.m− 2)
Heat power density generated at each interface qintk (W.m− 2)
Emissivity of the top (∊top) and bottom (∊bottom) interfaces
Convective heat transfer coefficient at the top (htop) and bottom (hbottom)
interfaces (W.m− 2.K− 1)
Ambient temperature Tamb (K)

Outputs Temperature at each interface of the system Tk (K)

S. Hanauer et al.
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%/◦C, and we could thus deduce the output power density of the PVC
pPVout(T) at any temperature T using Eq. (4).

As for the TEG, no modifications were made to the model used by
Zhou et al. as it is the same as ours. Most inputs of the PVC-TEG device,
such as the values of the thickness and thermal conductivity of the
different layers, and the parameters of the TEG, are taken directly from
their publication. The ambient temperature is set at 300 K, and the
incident solar radiation power density is the AM1.5G solar spectrum
with a concentration ratio of 10. However, the emissivity and convec-
tion coefficients are not provided in the paper. In our model, ∊top = 0.85
(for glass), ∊bottom = 0.1 (for aluminum heatsink) are taken from the
literature [31], and htop, hbottom values are adjusted within consistent
ranges (1–10 W.m− 2.K− 1 for htop; 50–200 W.m− 2.K− 1 for hbottom). hbottom
is used tomodel the properties of the heat sink of the model of Zhou et al.
All the parameters used for the calculations presented in Figs. 4C-D are
supplied in the Supporting information in Table S1 and Fig. S1
(permittivity of the different materials).

Fig. 4 displays the temperature distribution along the two PVC-TEG
devices (traditional and optimized), calculated using our modeling tool,
compared to the results of Zhou et al. For both structures, our model
shows a good agreement with the calculations from Zhou et al. The main
difference is a lower temperature gradient through the thermoelectric
layer in our case, probably due to a mismatch in the thermal conduc-
tivity of the TE layer (all other thermal conductivities being equal to
those of Zhou et al.). A difference of htop and hbottom between this work et

Zhou’s could also partially explain the discrepancies, as well as could an
underestimation of the heat generated in the PV cell.

Furthermore, we have calculated the output power densities of the
PVC and TEG resulting from these temperature distributions as pre-
sented in Table 4. For both structures, the output power density of the
PV cell is in agreement with the results from Zhou et al., which is
consistent with the similar temperature values obtained in both cases for
the PVC. The output power density of the TEG calculated with our model
is lower than the value of Zhou et al. in both traditional and optimized
structures, due to the lower temperature difference through the ther-
moelectric layer. For instance, in the case of the traditional structure,
Zhou et al. calculated a difference of 25.1◦C, whereas ours is only 21.9
◦C. Yet, overall, the results of our PVC-TEG model are in good quanti-
tative agreement with Ref. [30] (less than 5 % of relative error on the

Fig. 4. (A,B) Traditional and Optimized PVC-TEG architectures proposed by Zhou et al. [30]. (C,D) Comparison of the temperature distribution obtained by Zhou
et al. (plain line) and calculated using the multiphysics model presented in this work (dashed line).

Table 4
Comparison of the output power densities of the PVC-TEG device calculated by
our model and that of Zhou et al., for the traditional and optimized structures.

Output power density (W.m− 2) PVC TEG PVC-TEG device

Traditional structure
Zhou et al. 1051.6 112.0 1163.6
This work 1043.5 71.2 1114.7
Optimized structure
Zhou et al. 1154.5 114.5 1269.0
This work 1166.4 73.2 1239.6
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value of the output power density of the PVC-TEG device).

3. Integrating a photothermal interface

3.1. Model of the photothermal interface

In this section, we present the model used for the photothermal
interface. Similarly to the PVC, the photothermal interface is repre-
sented by a stack of layers, one of which being photothermally active.
The model is meant to simulate any kind of multilayered photothermal
interface. For example, Fig. 5 shows a PTI made of a photothermal layer
on top of a multilayered substrate, covered by an encapsulating mate-
rial. The PTI is then optically and thermally coupled with the PVC and
TEG as described in subsection 3.2.

The PTI is only defined by the structure of the stack (thermal con-
ductivity and thickness of the different layers) and its spectral absorp-
tance A(λ). The absorptance spectrum can be determined through
various methods, experimental or computational, depending on the
user’s preferences and available tools, and is used to calculate the ra-
diation power density pPTIabs absorbed by the PTI under an incident spec-
tral radiation power density pinc(λ):

pPTIabs =

∫ λmax

λmin
A(λ)⋅pinc(λ)dλ (16)

where λmin and λmax are the lower and upper limits of the incident
spectrum.

In the case of a complete PVC-PTI-TEG system, pinc(λ) is the spectral
radiation power density transmitted by the PV cell (pPVtrans(λ)), as calcu-
lated in subsection 2.1.

The next step is to calculate the heat power density qPTI generated by
the photothermal interface, assuming that the absorbed radiation power
density is fully converted into heat: qPTI=pPTIabs . In the thermal model (see
subsection 2.3), the heat power density qPTI is set to be generated at the
center of the photothermally active layer, as shown in Fig. 5.

The inputs and outputs of the PTI model are summarized in Table 5.

3.2. Coupling of the PVC, PTI and TEG components

In order to simulate the physical behavior of a complete PVC-PTI-
TEG system under illumination, it is necessary to carefully specify the
coupling conditions of the three inter-dependent sub-systems.

The PVC, PTI and TEG are assumed to be in perfect thermal contact,
allowing heat exchange between the subsystems. Thus, when it comes to
thermal transfer, the top layer of the PTI is placed directly below the
bottom layer of the PVC, while the bottom layer of the PTI is placed
directly above the top layer of the TEG. In both cases, the interface
thermal resistance is neglected and the heat transfer is assumed to be
fully conductive. The equations of thermal transport described in sub-
section 2.3 can then be used to calculate the heat flux among the com-
plete PVC-PTI-TEG system.

As for the solar radiation transfer, we only consider transmission
from the PVC to the PTI, by assuming that the light transmitted through
the PVC is the incident spectral radiation power density in the PTI
model. Thus, in our coupled setting, no optical power is emitted from the
PTI toward the PVC nor the TEG. Rather, all the optical power that is
reaching the PTI and is not absorbed (i.e. the reflected and eventually
transmitted power) is supposed to vanish from the system. This
approximation is valid as long as the PTI has a high absorption coeffi-
cient, which is usually the case.

Fig. 6 presents the different steps involved in the calculation of the
output power density of the PVC and the TEG in a PVC-PTI-TEG system.
At the beginning of the process, the whole system is set at ambient
temperature. The first step of the process consists in determining the
absorptance of the PTI, as described in subsection 3.1. Then, based on
the incident solar spectral radiation power density and the properties of
the PVC, photonic simulations using Moosh software are conducted to
compute the radiation power density absorbed in each layer of the cell,
as well as the radiation power density transmitted through the cell. The
latter is then used to calculate the radiation power density absorbed by
the PTI based on its spectral absorptance. The heat generated in the PVC,
PTI and TEG can finally be calculated using the models presented
respectively in subsections 2.1, 3.1 and 2.2.

The system of equations coupling the temperature at each interface
to the heat generated in each layer (Eq. (2), Eqs. (9)–(14)) is solved using
MatLab. The new set of temperatures is then used to actualize the heat
power densities generated within the stack. Through an iterative pro-
cess, the solver converges towards a set of positive solutions, which are
used to calculate the electrical power density generated by the PVC and
the TEG using respectively Eq. (4) and Eq. (8).

3.3. Validation of the PVC-PTI-TEG model by comparison with literature

Our multiphysics model showed that it is consistent with previously
published PVC-TEG models. The next challenge consists in confirming
its capabilities to predict the behavior of a real operating PVC-TEG de-
vice integrating a photothermal interface. In this section, we compare
the simulation results of our multiphysics model with the experimental
findings reported by Park et al. in their article published in 2020 [10].
They investigated the impact of different interfaces on the performance
of a photovoltaic-thermoelectric device. Three distinct PVC-TEG devices
were fabricated, wherein the PVC and the thermoelectric generator are
identical, differing only by the nature of the interface between them. The
interfaces studied were 1 mm thick and composed of either air, boron
nitride (BN), or boron nitride loaded with reduced graphene oxide (BN-

Fig. 5. Schematic of a photothermal interface as modeled in the multiphysics
tool. The photothermally active layer is placed on a multilayer substrate and
covered by an encapsulating material. The incident spectral radiation power
density is the one transmitted by the PVC.

Table 5
Summary of the inputs and outputs of the model for the photothermal interface.

Category List of inputs/outputs

Inputs Refractive indices of the materials
Structure (order of the layers in the stack)
Thickness elayer of each layer (m)
Thermal conductivity κlayer of each layer (W.m− 1.K− 1)
Spectral absorptance A(λ) of the PTI
Incident spectral radiation power density pinc(λ) (W.m− 2.nm− 1)

Outputs Heat power density generated in the photothermal interface qPTI (W.
m− 2)
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rGO). Temperature distribution within the system under solar illumi-
nation was measured using four thermocouples placed respectively: (1)
above and (2) below the PVC, and (3) above and (4) below the TEG.

The experimental temperature distribution data provided an excel-
lent basis for comparison with our simulation results. Our objective was
to model the experimental systems described by Park et al. using our
multiphysics model and compare simulation results with experimental
results to assess the model’s reliability. However, some necessary input
data for our model were not explicitly provided in the referenced article.
Therefore, we proceeded step by step, starting with simulating the op-
tical behavior of the PV cell alone.

According to the information provided by Park et al., the PV cell
consists of a 232 μm thick layer of crystalline silicon surrounded by two
76 nm thick anti-reflective layers made of silicon nitride (SiNx:H). We
incorporated these parameters into our model using the refractive
indices of SiNx:H and intrinsic crystalline silicon. Upon simulating the
PV cell’s optical behavior under solar illumination, we observed a sig-
nificant deviation in absorptance spectra for wavelengths exceeding
800 nm, as can be seen in Fig. 7. This deviation was attributed to the fact
that intrinsic silicon does not absorb photons with energies below the

bandgap, whereas doped silicon, typically used in PV cells, exhibits free
charge carriers resulting in sub-bandgap absorption [32,33].

To overcome this limitation, we modified the refractive index used
for silicon by incorporating the effect of free carriers using the empirical
formula proposed by Green [34,35]. By selecting a doping concentration
n of 3.3×1020 cm− 3 and p of 1×1016 cm− 3, the simulated absorptance
spectrum closely matched the experimental data (see blue and black
lines in Fig. 7), underscoring the importance of the doping concentration
for accurately simulating the PVC behavior.

Once the optical properties of the PVC had been adjusted, the
remaining inputs were set. We used the same TEG properties as in the
previous section due to their similarity to those described in Park’s
article [10]. The interface layer thickness (1 mm) and thermal conduc-
tivity of BN and BN-rGO (65 W/m⋅K) were sourced from Park’s paper.
For the calculation of the optical power absorbed by the photothermal
interface (air or BN-rGO), the absorptance of the PTI is determined from
the experimental data reported by Park et al. Although not explicitly
stated in the article, we assumed passive heat dissipation at the bottom
of the device with a convection coefficient of 20 W.m− 2.K− 1, and a top
surface convective coefficient of 5 W.m− 2.K− 1.

Subsequently, as displayed in Fig. 8, we compared the calculated
temperature distribution under solar illumination with experimental
results for systems without an interface (air, A) and with a BN-rGO
interface (B). While simulation data closely matched experimental ob-
servations for the system without an interface (see Fig. 8A), significant
discrepancies were noted for the system with the BN-rGO interface. To
address this, we introduced a new parameter into our simulations: the
interface thermal resistance, which can strongly impact the temperature
distribution and output power of a PVC-TEG device [36].

Previous simulations assumed perfect thermal contact between each
layer, which is not the case in real-world devices. To take into account
the effect of interface thermal resistance Rth

int , the model of thermal
transport was modified by adding, at each interface within the PVC-PTI-
TEG system, a layer with a thickness eint of 1 nm and a thermal con-
ductivity of κint , defined as:

κint =
eint
Rth
int

(17)

As can be seen in red and circle markers in Fig. 8, the addition of a
thermal resistance of 3 × 10− 3 m2.K.W− 1 at each interface significantly

Fig. 6. Principle of the multiphysics tool allowing to calculate the electrical power density generated by a PVC-PTI-TEG device based on the properties of
its components.

Fig. 7. Absorptance of a c-Si PVC measured by Park et al. [10] (black line), and
calculated usingMoosh for intrinsic c-Si (green line, square markers) and doped
Si (blue line). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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improved the agreement between simulations and experimental data,
especially in the case of BN-rGO interface.

These results highlight the initial limitations of ourmultiphysics tool,
which did not take into account the doping concentration of the PVC
active layer or the interface thermal resistance. Both parameters
strongly impact the model’s prediction, and should thus be precisely
known when simulating a real device. However, the versatility of our
tool was also evidenced, as it can be easily modified to overcome these
limitations.

4. Conclusion

In this study, a novel modeling tool has been proposed to predict the
performances of PVC-TEG hybrid devices. This multi-physics tool allows
to calculate the temperature distribution within the device under solar
illumination, as well as its electrical output power, based on the
coupling between optical, electrical and thermal effects. Notably, the
multi-physics model takes into account the spectral dependence of op-
tical properties for all layers constituting the photovoltaic cell, allowing
a more detailed calculation and spatial positioning of the heat power
sources. Another novelty of the model proposed is to implement a
photothermal interface, as the use of such interfaces between the solar
cell and the thermoelectric generator is a rising strategy to exploit the
near infrared photons and boost the output power of the thermoelectric
component.

The results obtained with the multi-physics tool are in agreement
with a previous model from the literature, and were also validated
against experimental data, after refining the model with some additional
parameters. In particular, the model is sensitive to the doping of the
photovoltaic active layer, as well as the interface thermal resistances.

The multi-physics model presented in this study is a versatile tool for
calculating the output power of PVC-TEG hybrid devices, with or
without a photothermal interface, under various environmental condi-
tions. It may, in particular, be utilized to guide the design of an optimal
photothermal interface for a specific PVC-TEG couple, in order to ach-
ieve the highest global output power for the hybrid device.
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Fig. 8. Temperature distributions within a PVC-TEG device (A) without interface and (B) with a BN-rGO photothermal interface. The black lines and square markers
represent the temperature experimentally measured by Park et al. [10]. The dashed lines show the results obtained by the multiphysics model with intrinsic c-Si and
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