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HIGHLIGHTS

o The efficiency gain due to hybridization of wide-gap PV was theoretically evaluated.
e The optimized working temperatures and thermoelectric generator layout were found.
e A hybrid device based on a perovskite solar cell and a Bi,Te; TEG was developed.

ARTICLE INFO ABSTRACT

Keywords: The decrease of solar cell efficiency with temperature is a known problem for photovoltaics (PV). Temperature

Hybrid ) sensitivity can lead to a considerable amount of energy losses over the lifetime of solar panels. In this perspective

igow"(ﬂ;alc ) Hybrid Thermoelectric-Photovoltaic (HTEPV) systems, which recover solar cell heat losses to produce an addi-
ermoelectric

tional power output, can be a suitable option. However only hybridization of wide-gap solar cells is convenient in
terms of efficiency gains and deserves investigation to evaluate HTEPV devices effectiveness. In this work we
report the modeling and the development of customized bismuth telluride thermoelectric generators, optimized
to be hybridized with amorphous silicon (aSi), Gallium Indium Phosphide (GaInP) or Perovskites solar cells. The
model results showed in all three cases efficiency gains with a maximum of +3.1% for Perovskites (from 16.4%
to 19.5%). These enhancements were then experimentally validated for the case of Perovskites solar cells, for
which maximum gains were found to occur at typical operating temperatures of conventional PVs. This exper-
imental evaluation demonstrated in an accurate fashion the real potential of thermoelectric hybridization of solar
cells.

1. Introduction

Silicon solar cells dominate the photovoltaic (PV) market. Their high
efficiencies, along with their relatively low cost, make them the most
valuable solution nowadays. However, it is well known that silicon solar
cells are extremely sensitive to temperature, and that they can lose up to
15 - 20% of their room temperature efficiency under normal operating
conditions [1,2]. Wide-gap solar cells have been proposed as valuable
alternative solutions, because to their smaller temperature sensitivity
[3]. However, the room temperature efficiencies of these candidate
materials are still lower than silicon-based devices, making them not
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competitive enough. The reasons for these lower performances is a
smaller readiness level of the materials and of the devices based on wide-
gap absorbers [4].

A suitable option to enhance the competitiveness of wide-gap solar
cells more rapidly is to implement heat recovery strategies. It is well
know that for single-junction solar cells the efficiency are limited by the
so-called Shockley-Quisser limit [5], and that most of the losses in solar
cells (up to 90%) are in the form of heat [6-10]. Among all the suitable
options in order to enhance PV efficiencies by heat recovery, the hy-
bridization with thermoelectric generators (TEGs), has gained an
increasing attention in recent years. In Hybrid Thermoelectric-
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Photovoltaic (HTEPV) systems, the TEG part can recover the solar cell
heat to produce an additional power output and enhance the overall
device output power and efficiency. HTEPV devices have been the object
of many studies and reviews, especially in the last years [11-13]. Within
this literature the opinion on the actual effectiveness of HTEPV devices
has been quite fluctuating. Actually along the years these systems have
been reported as both very convenient [14-17] and not suitable to in-
crease PV efficiency [18,19]. In the last couple of years most of the
works published on HTEPV systems have been dedicated to the study of
their transient behavior over time [20-22], to the effect of the TEG
geometrical parameters [23,24], and to hybrids with perovskites solar
cells [25,26]. In particular for perovskites, Zhou et al. [25] reported a
surprising 4.9% efficiency gain for a CH3NH3Pb(I.95Br 05)3 solar cell
with optimized energy gap, coupled with a commercial TEG. Strangely
enough the authors report a AT over the TEG sides of only 7.7 °C cor-
responding to the mentioned efficiency gain, making the interpretation
of this result quite difficult. A possible explanation can be related to the
different renormalization of the power densities over the respective
areas of the two parts of the hybrid device. Fu et al. [26] reported instead
the hybridization of a large area perovskite solar module with a
customized TEG based on bismuth telluride. In this case, the authors
showed a more sensible 1% efficiency gain reaching a total hybrid ef-
ficiency of 12.7%. The work is particularly interesting for the study of
the electrical hybridization of the two system parts, and for the analysis
of the efficiency stability over time.

These preliminary results on the thermoelectric hybridization with
perovskite solar cells, call for further analysis of the potential of HTEPV
systems with this kind of material, and in general with wide-gap solar
cells. This is the approach we follow in this work. In fact here we present
a theoretical and experimental study on HTEPV systems based on wide-
gap solar cells. Based on a detailed characterization of three kinds of
wide-gap cells, namely amorphous silicon (aSi), Gallium Indium Phos-
phide (GaInP) and Perovskites solar cells, we exploited a theoretical
model to predict the hybrid system behavior versus temperature. The
model results were then used to choose the best PV material for the
thermoelectric hybridization (namely the perovskite solar cell), and to
define the TEG design. An optimized bismuth telluride TEG was then
developed and characterized on the basis of previous studies on pure
Solar Thermoelectric Generators (STEGs) [27-29]. Finally, the HTEPV
devices were built and characterized as a function of temperature, op-
tical concentration, ambient pressure, and cold side cooling. This
experimental evaluation validated the theoretical model used in this
work and demonstrated the actual potential of HTEPV system based on
wide-gap solar cells.

Our approach is novel in many respects. First of all, in this work a
home-made TEG is developed to reach thermal matching conditions
making the system work at the optimal temperature. In fact, very rarely
commercial TEGs have a thermal resistance suitable for solar cells hy-
bridization, as pointed out in our previous work [30]. The optimized
layout was found based on a deep characterization of the solar cell to be
hybridized. Furthermore, we focused our efforts on a very specific
target, namely the demonstration of an effective HTEPV operating at
low optical concentrations and low temperatures. To this purpose only
wide-gap solar cells are suitable because they are less sensitive to tem-
perature. In this perspective, this work not only confutes the thesis that
only high optical concentrations are suitable for HTEPV systems [18],
but also identifies a class of already existing implementable materials.
Finally, the study on the effect of the vacuum level and of the cold side
temperature add a perspective on the applicability of this kind of HTEPV
systems in real-world scenarios. Therefore, the main objective of this
work is the development and the characterization of a HTEPV prototype
optimized to work at low optical concentration, demonstrating effi-
ciency gains compared to the sole PV case. The methodology adopted
starts from a deep characterization of the solar cell to be implemented,
and the use of a theoretical model to predict the optimized hybrid
design. Based on this model a home-made TEG, based on Bi2Te3, is
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constructed and paired with the solar cells for characterization.
2. System description and modeling

The hybrid system developed in this work consists of an optimized
TEG placed in thermal contact with the back of a wide-gap solar cells, as
depicted in Fig. 1. In this kind of devices the solar cell absorbs sunlight
and produces an electrical power which is collected at its front and back
contacts. Most of the not converted power becomes heat within the solar
cell and increases its temperature. The TEG (in this case composed by
only one couple made of a p-type and a n-type leg) absorbs part of this
heat and produces and additional electrical power by means of the
Seebeck effect. This kind of thermally coupled generators should not be
confused with another class of HTEPV systems, normally referred as
optically coupled devices [31,32]. In that case the TEG and PV parts are
in fact separated, and a spectrum splitting technology is implemented to
direct different parts of the solar spectrum towards them. In a previous
study we showed how the optically coupled approach is less convenient
than the thermally coupled one [33]. When the TEG is not in thermal
contact with the solar cell, it can only access the infrared (IR) part of the
solar spectrum, without being able to recover heat losses of the PV part.
Most of the heat losses are in fact happening in the UV-Vis section of the
spectrum where the solar cells absorb [9]. In other words, it is more
convenient, in terms of final efficiency gains, to keep the solar cell at the
same temperature of the TEG hot side, instead of keeping the cell cold
but loosing much of the recoverable heat. For this reason, the temper-
ature sensitivity of the PV part is a key parameter, and the kind of solar
cells to be hybridized must be chosen carefully. Temperature sensitive
materials, such as silicon, loose too much efficiency to make the hy-
bridization convenient. On the other hand, wide-gap solar cells are less
temperature sensitive so that their thermoelectric hybridization might
be convenient, as shown in our previous work [34]. The physical reason
behind this behavior relies on the fact that temperature sensitivity de-
pends on the electron-hole recombination rate. The wider the energy
gap, the smaller the recombination rate, and consequently the temper-
ature sensitivity. For a detailed discussion on this matter the reader may
refer to [35].

Another consideration deals with the electrical connection between
the PV and TEG parts. The case in which the two components are elec-
trically separated is the simpler. For this kind of systems the thermal flux
flowing through the device is the main parameter on which designing
the HTEPV components. For the case of electrical hybridization, instead,
also the internal resistance of the PV and TEG parts must be considered,
and a current matching optimization must be considered. Several works
have been devoted to electrically hybridized systems with the conclu-
sion that in general it is possible to match the two components without
having additional losses [16,36]. In this perspective, the case in which
the PV and TEG parts are separated is a simplification of the fully hy-
bridized case and it is the one implemented in this paper.

Summarizing, in this work we developed a thermally coupled, elec-
trically separated, HTEPV device based on wide-gap solar cells. The
working mechanism can be outlined as follows. The solar cell absorbs
sunlight and converts it into electrical power. The unconverted part
mostly becomes heat in the cell. Part of this heat then flows through the
TEG, which is placed in thermal contact with the cell back at its hot plate
and is cooled down by a fluid dissipater at its cold plate. The TEG con-
verts part of the heat flowing through it into an additional electrical
output. The dimensions of the TEG legs are designed to increase as much
as possible the overall efficiency of the system. Finally, the hybrid device
is placed into an evacuated tube, in order to minimize the heat exchange
with the environment.

For such kind of systems the hybrid efficiency can be written as

Mhtepy = Mpy + MiegMor @

where 7, and 7,,, are respectively the temperature dependent PV and
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Fig. 1. The HTEPV system object of this work. (a) Scheme of the device, with the various parts composing the system. (b) Picture of the hybrid device placed in the
vacuum chamber, viewed from the top. The solar cell active area is 1 cm? as show by the red square (a metallic mask was used during characterization in order to
cover the remain part). (c) Side view of the optimized TEG. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

TEG efficiencies, and #,, the so-called opto-thermal efficiency.

The PV efficiency is normally reported to have a linear decrease as a
function of temperature [37]. In this work 17, is determined by a detailed
characterization of the wide-gap solar cells chosen. The TEG efficiency
(1) is instead calculated on the material thermoelectric properties as
follows [38]

T =T 1+ 2,1, — 1

- 2
Treg T, 142, T, + 1 @

with Ty and T, respectively the hot and cold temperatures of the TEG,
T, = 1%, and Z,, the thermoelectric figure of merit defined as

2
Zpw = (aP — (X,,) 5 3)
(Ve + i)

where @, p, and « are the Seebeck coefficient, the electrical resistivity,
and the thermal conductivity of the p and n thermoelectric materials. In
this work the TEG was developed starting from commercial bismuth
telluride (BioTe3) wafers, and the thermoelectric properties were given
by the producer. Once the TEG was built its electrical properties were
then characterized and compared with the producer’s data.

The opto-thermal component 7,,0f Eq. (1) is instead the efficiency
with which the HTEPV system converts the incoming power into heat
flowing through the thermoelectric part. Actually, not all the solar
power is converted into heat flowing through the TEG, as some of it is
reflected by the solar cell top surface, and part of the heat generated
within the solar cell is lost towards the environment. In the present work
we consider placing the HTEPV device encapsulated within an evacu-
ated environment. Thus, only radiative losses have to be taken into ac-
count. In this perspective the opto-thermal efficiency can be written as
[39]

o = (1= 1,) (1= Ry )] - 52 @

with R, and 7., respectively the solar cell optical reflectance and the
encapsulation optical transmittance, and with P;, and Q.. respectively
the solar input power and the sum of all the radiative heat losses. In Eq.
(4) the product of the terms in the square brackets is the efficiency with
which the solar cell converts the input solar power into heat. We assume

therefore that all the power not becoming electrical output within the
solar cell, excluding optical losses (namely Ry, and 7.,) becomes heat.
This assumption is justified on the basis of estimations of heat losses
available in solar cells [9].

The input power can be written instead as

Py = 7upGuss ®)

where y,,, G, and Ay are respectively the optical concentration, the
input solar power density, and the solar cell active area.

Heat losses (Qqq4) account for radiative losses between the solar cell
top surface and the environment, and between the TEG hot and cold
sides. Following the model of our previous study [39], it can be shown
that

Qrad = z‘gfﬂgAab: (T2 - T;‘) (6)

where ¢ is the Stefan-Boltzmann constant and & is an effective emit-
tance accounting for both sources of radiative loss. Eq. (6) is a simpli-
fication that can be made by taking some assumptions. Actually, the
radiative losses from the PV top surface should be written as

@y = ep0han (T, ~ T7) @

where g, is the top surface solar cell emittance, T), the PV temperature,
and T, the environment temperature; while the radiative loss across the
TEG is

Q);ng = eregG(Ateg _Are) (TZ - T?) (8)

where A is TEG area, A, is the area occupied by thermoelectric legs,
and ¢, is the effective TEG emittance accounting for radiative exchange
from the hot to the cold plates, and from the cold to the hot plates of the
TEG. It can be shown that [40]

1
Ereg = T 9

& &

with &, and ¢, respectively the emittances of the hot and cold TEG
plates.
Egs. (7) and (8) can be joined to give Eq. (6), if

1. the PV and TEG parts have the same areas (Agps = Aseg)
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2. the total TEG area is much bigger than the area occupied by ther-
moelectric legs (Aweg>>Ar)

3. the PV have the same temperature of the TEG hot side (T, = Tp)

4. the TEG cold side is at room temperature (T, = T,)

If all these assumptions are satisfied, it follows that Agps = Ag
=Ateg —Ate, and Tg‘, —T#=T{# -T#, and Egs. (7) and (8) can be joined. In
the present work all the above assumptions are taken, since they are well
satisfied by the experimental setting and the system characteristics.
Therefore, in the present case the effective device emittance is simply

__ Epvteueg

the average of the TEG and PV emittances (eeff =25 ) and radiative

losses are calculated by Eq. (6).
It also useful to introduce the so-called TEG filling factor as
_ A

Ateg

FF (10
Note that assumption 2 implies that the TEG filling factor is small. In
view of assumption 1, it follows then that FF = Ae

Adbs”

In Fig. 2 the typical behaviors of 1jepys My slieq> a0 17, as a function of
Ty, are reported. It can be seen in the graph that while the PV and opto-
thermal efficiencies decrease versus temperature, the TEG efficiency
increases. This sets an optimal temperature of operation for the HTEPV
system (Tope).

This is a key point for the engineering of the device. Actually, once
the PV efficiency versus temperature and its optical characteristics (R,
and ¢,,) are determined by characterization, and once also the TEG
material properties versus temperature are defined, it is possible to
predict the behavior of #,,, as a function of T, and determine Top.
Based on the optimal working temperature the TEG leg sizes can be
computed. In fact, the heat flowing through the TEG can be written as

2 el el
-1 PR R

O = (ap — ) Tul + -
R+ RY 2

(€8]

withl the TEG electrical current, R® and R¥ the p and n thermo-
electric materials thermal resistances, and R¢ and RY the p and n ther-
moelectric materials electrical resistances. The first, second, and third
addend of Eq. (11) are respectively the Peltier heat, the conduction heat
(Fourier’s law), and Joule’s heat.

The TEG leg sizes are represented into Eq. (11) by the following
relationships:

T T T T T T T 0.900
012 |- MNhtepv
| om-n —I-I-I-I-l-.-._._.‘.-
n '
0.10 27 40475
2 = Npy
oY
@008} Nteg
Ny Ses
oy .
- - 0850 _
20.06 [ > ]
e i
3004 | :
o 40825
0.02 |-
0.00 1 1 1 1 L 1 L 1 L 1 1 1 1 1 L 0.800
300 325 350 375 400 425 450 475 500

Th (K)

Fig. 2. Generic trends of fuegpy» Mpys/lieg> a0d 7, as a function of Th. .
Adapted from [39]
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where L,, L,, and A,, A, are respectively the p and n leg lengths, and
cross-sectional areas. For the sake of simplicity in this work we will
consider a TEG generator composed by only one p-n couple of thermo-
electric materials, with the same lengths (namely L, = L,= L). It follows
that A, = A, + Ay

Since the opto-thermal efficiency defines the efficiency with which
the HTEPV system converts the incoming power into heat flowing
through the TEG it follows that Q, con be also be written as

Qe = Pinll,, as

Therefore, once T, is defined, it is possible to computer,, from Eq.
(4), and then calculate the optimal leg dimensions using Egs. (11), (12),
(13), and (14) in order to keep the system working at optimal temper-
ature. In the calculation it has to be taken into account that when the p
and n legs have the same thickness an optimal ratio between the n and p
leg areas exists, and it is equal to

yr)pr _ "ﬂ anF (15)

Eq. (15) is valid not only for the HTEPV case, but it is a general
argument firstly proposed by Ioffe [41] applicable to TEG generators
when operating between two heat sinks.

Finally, it is useful to define the efficiency gain, hereafter named
Energetic Convenience Index (EnCI), due to thermoelectric hybridiza-
tion as

EnCl = 1y, — 11y, (16)

where ’i;?v is the PV efficiency at room temperature. Thus, EnCI enables a
quantitative comparison between HTEPV systems and the best PV sce-
nario, namely cooled solar cells.

In summary, we firstly carried out a detailed characterization of
three kind of wide-gap solar cells, in order to determine their efficiency
dependence over temperature and their optical characteristics (Ry,, and
&) Then the results of this characterization are inputted along with the
thermoelectric material properties in Eq. (1) in order to calculate the
HTEPYV efficiency behavior versus temperature and to find the optimal
working temperature T,,. Then using Eq. (14) the heat flowing through
the TEG at T, is calculated and using Egs. (11), (12), (13), and (15), the
thermoelectric leg areas A, and A, are found for a given value of the leg
thickness L. Finally using Eq. (10) the value of FF can be determined.

3. Results and discussion
3.1. Solar cell description

In this work the solar cells chosen to be hybridized are based on aSi,
InGaP, and Perovskite. aSi and InGaP solar cells were acquired respec-
tively from the Italian National Energy Agency (ENEA) [42] and from
the National Renewable Energy Laboratory (NREL) [43]. Perovskite
solar cells (PSCs) with a direct (n-i-p) mesoporous structure, were
instead developed at the University of Rome Tor Vergata.

The structure of mesoporous PSCs used in this work is displayed in
Fig. 3(a). A compact-TiOy, acting as a blocking layer for hole injection
into the FTO electrode was deposited via spray pyrolysis on a glass/FTO
(Fluorinated Tin Oxide). The mesoporous-TiO, layer, deposited via spin
coating and sintered at 480 °C, acts instead as scaffold layer for the
perovskite growth. Both the compact-TiO, and the mesoporous TiO,
form the Electron Transport Layer (ETL). A triple cation perovskite
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(a) PSC STRUCTURE (b)

GOLD

HTM (spiroMeOTAD)

LOAD PVK (triple cation)

Mesoporous-TiO;

Compact-TiO,

(Cso.05FAp.sMAy 15Pb(Ig 85Bro.15)3) absorber, with an energy gap around
1.65 eV (see extrapolation of this value in the supplementary informa-
tion and similar results in [44]) was deposited via spin coating over the
mesoporous-TiO, layer, using Chlorobenzene as antisolvent, with one
step deposition technique [45]. Right after its deposition, perovskite was
annealed at 100 °C, and a SpiroMeOTAD Hole Transport Material (HTM)
was deposited via spin coating over it. Then, an Au back electrode was
deposited by thermal deposition (i.e. vacuum evaporation at 10°® bar).
In this work, the glass substrate was 25 x 25 mm? and the FTO was
etched (1 mm in width, see right) by means of a Nd:YVOy4, A = 1064 nm
raster scanning laser, in order to separate the anode and the cathode.

The active area for the measurements of electrical parameters (PCE,
Jsc, FF and Vo) was 1 cm?. To protect the PSC from degradation due to
oxygen and moisture [46], an encapsulation strategy similar to that
reported by Matteocci et al. [47] has been used.

3.2. Measurements and characterizations

As reported in the previous section, the characterization needed to
predict the HTEPV performances consists in the measurement of solar
cells reflectance, emittances, and temperature sensitivity. Solar cell
UV-vis reflectance was characterized between 250 and 2500 nm with a
Jasco 570 spectrophotometer equipped with an integrating sphere.
Emittance was instead estimated by infrared reflectance as

_ BB, T)[1 — R(4) —7(2)]dA

[ BB(,T)da a7

e(T)

with BB(A, T) the calculated spectral power density of a black body at

(a) 100
—asi
—Perovskite
§75 —GalnP
H
50
4]
]
[®]
2
%25
4
0
0 1000 2000
Wavelength (nm)

PSC TOP VIEW
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Fig. 3. Structure of the perovskite cells
developed in this work. (a) Structure of our
mesoporous PSC. From bottom to top:
conductive glass substrate (2.2 mm) covered
with a FTO layer (around 700 nm), compact
TiO; layer (around 50 nm), mesoporous TiO,
layer (around 200 nm), perovskite layer
(around 500 nm), spiroMeOTAD layer (300
nm), gold layer (around 100 nm). (b) Top
view of the PSC. A layer of UV-curable resin
covers the area surrounding the alumina
sheet that in turn covers the gold layer in
correspondence of the active area of the PSC
(located between the laser etching and the

LASER ETCHING

LAYER OF UV-curable
RESIN (transparent)

silver printed on the anode).

given temperature T and wavelength 4, while (1) and R(4) the measured
transmittance and reflectance at the given wavelength. It has to be noted
that for all the solar cells considered in this work 7(1) = 0, since UV-Vis
and IR transmittances were found to be null. Furthermore, in Eq. (17), R
depends only on 4 since the reflectance was taken at room temperature.
Thus, in this evaluation we assumed a temperature independent
reflectance. Fig. 4 shows emittance values for the three solar cells
considered. Infrared reflectance was taken between 400 and 4000 cm !
with a Thermo Fisher FTIR 6700 equipped with an integrating sphere.

Regarding current-voltage (J-V) characteristics of solar cells and of
the hybrid device, the characterization was performed in a vacuum
chamber equipped with a window and placed under an ABA, ABET
Technologies solar simulator. For the solar cells, they were attached
with thermally conductive paste on a controllable heather, and their
temperature monitored with K type thermocouples and a Keithley 2700
multimeter. J-V curves were recorded between 25 and 80 °C with steps
of ~10 °C by a Keithley 2440 source meter controlled with a LabView
program. Only for the case of perovskites, forward, reverse, and stabi-
lized I-V curves have been recorded, since considerable differences were
found among the three cases (details in SI). The characterization was
performed for all three cells between 1 and 5 Suns to determine the
effect of optical concentration on the temperature sensitivity. The solar
simulator incoming power was always measured and adjusted with a
certified refence silicon solar cell, and a 1 cm? stainless-steel mask was
implemented to accurately evaluate the incoming power density.

The results of the temperature sensitivity characterization performed
on the solar cells at 1 sun are reported in Fig. 5. As the graph displays,
while GaInP shows the expected linear decrease versus temperature,

L 1

0.8

o
o

Emittance
o
=Y

—2aSi

0.2 — Perovskite
——GalnP
0
300 350 400
Cell temperature (K)

Fig. 4. Optical characterization of the solar cells considered in this work. (a) UV-vis reflectance spectra of the three cells considered. (b) Emittances calculated on IR

reflectance spectra of the three cells considered.
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Fig. 5. Measured efficiency versus temperature at 1 Sun, normalized at their
value at room temperature.

both aSi and perovskites exhibit a nonlinear behavior. Especially for the
latter the efficiency shows an interesting increase, reaching a maximum
in the temperature range 45 — 55 °C, followed by a strong decrease. This
behavior is consistent with what reported in literature [48], and
coherent with a tetragonal-to-cubic phase transition reported for MAPI
perovskites [49-51]. Also regarding the cases of aSi [52] and GalnP
[43], results are in line with literature data. For perovskites, Fig. 5 re-
ports only the case of stabilized efficiencies, which are more reliable
than the reverse and forward sweeps [53]. A detailed summary of the
characterization on the perovskite and the other solar cells implemented
in this work are reported in the Supplementary Information (SI). Finally,
the temperature sensitivity of the three solar cells were fitted by poly-
nomials (full lines in Fig. 5).

3.3. Thermoelectric material
The HTEPV system developed in this work is intended for low optical

concentration levels. The reasons for this choice are several. First, low
concentration implies optimal operation temperature typically under
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400 K. Limited working temperatures are beneficial in terms of materials
stability (especially for the solar cell), allow the use of only one ther-
moelectric material for the TEG part (avoiding the difficulties related to
stacked or segmented TEGs), and keep the system in a temperature
regime where other hybrid PV/thermal technologies are difficult to be
implemented.

Secondly, at low concentration levels the system is more scalable,
with limited occupational areas for the optics, with in addition the
interesting possibility to avoid daily tracking (e.g. using Compound
Parabolic Concentrators - CPCs). Finally, also regarding the dissipation
at the TEG cold side, small concentration implies small heat flux to be
dissipated and thus simplifying the system.

For temperatures between 300 and 400 K the most efficient and
reliable thermoelectric material is bismuth telluride. For this reason,
wafers of both p and n type BisTes, 1 mm thick, coated with titanium
were acquired. Producer’s data regarding the wafers thermoelectric
properties are reported in the SI.

3.4. Predicted efficiency gains

Fig. 6 summarizes the results of the model based on the PV charac-
terization described in the previous section. The graphs compare the
efficiencies of the PV (dashed lines) and the HTEPV (full lines) as a
function of temperature and optical concentration for the three PV
materials considered in this paper. As anticipated, for all three cases,
thermoelectric hybridization leads to efficiencies higher than the effi-
ciency of the sole PV case at room temperature. These gains show
partially similar trends among materials. In all cases, the higher the
optical concentration, the higher the gain. This behavior is due to a
double beneficial effect of concentration, which on one hand increases
the PV efficiency and mitigates the PV temperature sensitivity, and on
the other hand reduces the effect of radiative thermal losses. The first
effect is due to a higher carrier generation/recombination ratio, which
increases the PV efficiency and decreases its temperature sensitivity. The
second effect is instead due to a higher opto-thermal efficiency. In fact,
the increase of optical concentration increases the value of P;, in Eq. (4),
leaving instead Q,qq unaltered.

For the cases of GaInP and aSi the optimal temperature increases
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with the concentration. This implies that also the optimal TEG device
(and thus the optimized output power) changes with the irradiation
level. At concentration 5 x the optical temperature falls in the range 370
— 400 K. For perovskite, instead, the optimal temperature is stable
around 340 - 350 K and is independent of the optical concentration. The
main reason for this dissimilarity is given by the strong decrease of the
perovskite PV efficiency for temperature higher than 340 K.

Fig. 6 summarizes all efficiency gains (EnClI, as defined by Eq. (16)).
In addition, for the case of perovskite, a further gain, defined as the
difference between the maximum HTEPV efficiency and the maximum
PV efficiency is reported, since in this case the PV efficiency at room
temperature is not the PV best case scenario.

Table 1 clearly shows how perovskite gives the highest values of EnCI
at all optical concentrations. This evidence, is further strengthened by an
analysis of the economic viability of PSC-TE solar harvesters. As
extensively discussed in a previous publication [54], hybridization of
perovskite solar cells with TEGs at the current technology stage (ZT ~ 1)
displays remarkable margins of profitability for domestic solar har-
vesting (rooftop solar panels). In short, we could show how, differently
from what happens with more standard PV technologies (e.g. poly-
crystalline silicon), the additional capital cost of a TEG stage is largely
overcompensated by the extra amount of electric power, both in non-
concentrated cells and for typical concentrations (5 suns) achievable
with low-cost optical systems such as compound parabolic collectors.
This, joined with the fact that perovskite has the higher final efficiency
(as shown in Fig. 6) led to the choice of this material for the practical
demonstration of solar cell hybridization.

3.5. Optimized TEG development

As mentioned above, in this work the hybrid system was imple-
mented and fully validated for the case of perovskite. There are multiple
reasons for this choice. Firstly, perovskite leads to the highest values of
EnCI and of the final efficiency. Secondly, the model predicts an optimal
temperature around 340 K. This temperature is well within the range of
temperatures normally experienced by solar panels and does not imply
the need of difficult thermal management strategies. Thus, in this case
the HTEPV device is directly comparable and compatible with actual
solar cells. In addition the fact that the optimal temperature is essen-
tially insensible to the variation of the irradiation level, also implies that
the optimized TEG design is independent of this parameter. This is a very
important evidence supporting the choice of perovskite solar cells, as it
implies that the hybrid device will always work near its optimal tem-
perature, independently of the change of the irradiation level over the
day.

Using the model described in Sect. 2 the TEG filling factor and
consequently the p and n leg areas were calculated. Table 2 reports the
values of the filling factor for optical concentrations of 1, 2 and 5. As
shown, filling factors are very small, justifying assumption 2 made in
Sect. 2.

Table 1

Values of EnCI for the three materials considered at 1x, 2x, and 5 x optical
concentrations. Temperatures between rounds brackets report the temperature
at which the maximum EnCI occurs.

Yopt = 1 Yopt = 2 Yopt = 5
aSi 0.26% 0.53% 1.11%
(322.23 (339.42 (370.02
K) K) K)
GalnP 0.68% 1.07% 1.64%
(346.47 (370.86 (408.29
K) K) K)
Perovskite 2.64% 2.90% 3.05%
(337.43 (340.59 (343.13
K) K) K)
Perovskite (gain with respect to the best 1.12% 1.30% 1.44%

PV efficiency)
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Table 2
Optimized TEG filling factor at different values of optical concentration.
Yopt = 1 Yopt = 2 Yopt = 5
Filling factor (A /Aas) 0.88 x 102 1.95 x 102 4.85 x 102

Based on the model results, BisTes wafers were then cut and soldered
on copper plates (additional details in SI). Finally, the TEGs so obtained
were characterized, measuring their internal resistance and their ther-
moelectric voltage. Fig. 7 left reports the I-V curve for the determination
of the TEG internal resistance, while Fig. 7 right shows its thermoelectric
response. For the sake of clarity Fig. 7 reports only the case of the TEG
optimized to work at no optical concentration. The characterization
performed showed that while Seebeck voltages were consistent with
manufacturer’s specifications, TEG internal resistance is slightly higher
than the calculated value (0.018 Q for the case reported in Fig. 7 left).
This suboptimal result is presumably due to the existence of a contact
resistance at the leg/plate interface, which in turn leads to a final HTEPV
output power smaller than its calculated value.

3.6. HTEPV characterization

Once the TEG was characterized, the perovskite solar cell was ther-
mally coupled to the TEG hot plate to form the HTEPV device. In
particular, the TEG cold side was attached with thermal grease to the
vacuum chamber bottom and its temperature controlled with a K type
thermocouple. The chamber bottom temperature was controlled with a
dissipation liquid circuit, fed with a chiller with adjustable temperature.
In case of active cooling the temperature of the base was always kept at
25 °C. This simulates a stable ambient temperature of 25 °C, in the
approximation that the water temperature equals that of the environ-
ment. In the real case scenario, however, the temperature of water
fluctuates over time, moving the TEG cold temperature and in turns its
output power. The solar cell was placed in thermal contact to the TEG
top electrode by means of a layer of thermal grease. The grease was used
to allow good thermal contact between the two components but also to
allow the insertion of a thermocouple to measure the temperature at
TEG/solar cell interface. Also in this case, J-V curves were recorded by a
Keithley 2440 source meter controlled with a LabView program. The
results reported in what follows were tested to be reproducible over
several trials. Error bars shows the standard deviation of these measures.

Fig. 8(a)reports the influence of the active cooling on the build-up of
a temperature difference at the TEG sides, in the case of no optical
concentration. As expected, active cooling facilitates a more rapid in-
crease of AT over time and allows to reach a higher final temperature
(333.53 K). This temperature is anyway slightly lower than the optimal
temperature predicted by the model (334.64 K). The reason behind this
discrepancy is probably due to the non-optimal thermal contact between
the solar cell and the TEG hot plate. Actually, the model does not ac-
count for the thermal resistances of the alumina plate at the solar cell
bottom and the thermal grease. Luckily, the predicted HTEPV efficiency
(showed in Fig. 6) presents a region around the optimal temperature
where the efficiency does not change significantly. This is a further
strong point of HTEPV device based on perovskites. From Fig. 8(a) it
might also seem that the passive and active cooling cases are not very
different. However it should be considered that for the case of passive
cooling the bottom of the vacuum chamber (consisting in a metallic
plate with a large heat capacity due to its volume) acted as heat sink.

Fig. 8(b) reports instead the dependency of maximum AT versus the
chamber pressure. It shows that the maximum AT is optimal for a range
of pressure between 10° and 10 mBar but drops significantly for
higher pressures. At ambient pressure the maximum AT is nearly half of
that at 10 mBar. Consequently, in this case the TEG contribution is a
quarter of that at best case.

Finally, the output power of the TEG coupled with the perovskite
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solar cell under illumination at max AT was measured by a J-V char-
acteristic. In Fig. 9 left the JV curve (black line) along with the power
output, hereafter P, (blue line) are reported. As expected the J-V
characteristic is linear with an open circuit voltage (Voc) equal to the
product between the TEG Seebeck coefficient and AT. Regarding the
output power, the maximum TEG power, hereafter Pge* (which is the
minimum of the blue line in Fig. 9(a), since by convention the output
power of a power generator is negative) occurs at a V,./2 corresponding
to a load resistance equal to the TEG internal resistance.

From the ratio Pgg* /P, it is then possible to calculate the TEG effi-
ciency and consequently the value of the hybrid efficiency () and of
EnCI Fig. 9(b) reports these results for three different value of optical
concentrations compared with the model predictions, showing that the
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measured values of #,,, and EnCI follow quite accurately the predicted
trend, although computations slightly overestimated them. This differ-
ence probably originates from a small mismatch of the TEG internal
resistance, due to non-optimal electrical contacts between the legs and
the copper plates.

Nevertheless, the comparison between the experimental character-
ization and the calculated data shows that our model is accurate.

4. Conclusions
In this work we demonstrated that the thermoelectric hybridization

of wide-gap solar cells can lead to final efficiencies higher than the sole
PV case. In particular the cases of aSi, GaInP and triple-cation perovskite
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Fig. 9. Electrical characterization of the hybrid device under illumination. (a) TEG IV curve (black line) and the output power (blue line) under illumination at
maximum AT for the case of HTEPV system based on perovskite at 1 Sun. (b) Measured 7, at three different optical concentrations (black points) compared with
model prediction (blue line). Measured EnCI at three different optical concentrations (red points) compared with model prediction (red 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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were taken into account, and firstly analyzed in the framework of a
computational model able to predict the final hybrid efficiency. The
input data for the model were obtained by means of a detailed charac-
terization of the given solar cells at different optical concentrations,
predicting efficiency gains always positive, ranging between 0.2 and
3.1%. The case of perovskites was found of particular interest since
showed efficiency gains higher than 2% at all the optical concentrations
considered (1, 2, and 5) with maximum efficiency gains happening at
moderate temperatures (around 340 K), nearly independent of the
irradiation level. For these reasons and in view of the economic profit-
ability of hybrid harvesters pairing TEGs and PSC cells, the case of
perovskite was chosen for the development of a hybrid device prototype.
To this purpose bismuth telluride wafers were acquired and cut in pieces
accordingly to the sizes calculated with the model, able to make the
system to work at optimal temperature. The thermoelectric legs were
then soldered and the HTEPV system developed. The characterization of
the system under solar illumination showed gains at optimal tempera-
ture very similar to those predicted, validating the model described and
its results. The characterization also showed the influence of the pres-
sure in which the system works, and the effect of active cooling at the
TEG cold side. A final maximum efficiency gain of 3.05%, at tempera-
tures normally experienced by solar cells, was thus experimentally
demonstrated for the case of perovskite, showing the actual potential of
hybrid thermoelectric — photovoltaic systems.
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