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Abstract: It is well known that the major constraints to the efficiency of photovoltaic devices come
from the generation of heat. In this context, thermoelectric generators have been proposed as a viable
heat recovery solution, leading to an increase of the overall efficiency. Within this kind of hybrid
solution, the photovoltaic and thermoelectric parts can be either electrically separated or connected
in the same circuit. In the latter case, the presence of the thermoelectric generator in series to the
solar cell may lead to electrical losses. In this work, we analyze the effect of several parameters
on the output power of electrically hybridized thermoelectric-photovoltaic systems. Both electrical
measurements and simulations are used. The results show that while an electrical lossless condition
exists (as also reported in previous works), it does not necessarily lead to significant power gains
compared to the sole photovoltaic case. In addition, the strong temperature sensitivity of the lossless
condition makes electrical hybridization difficult to implement. Since solar irradiation varies over
time, such sensitivity would make the system work mostly in a suboptimal regime. Therefore,
this study provides clues on the actual applicability of electrically hybridized devices.
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1. Introduction

It is well known that the major constraints to photovoltaic (PV) efficiency, especially in
single-junction solar cells, come from the spontaneous generation of a considerable amount of heat
within the device. Therefore, thermal recovery strategies could be used to increase the overall solar
harvesting efficiency. In some cases, heat is recovered as such, through the co-generation of warm
water [1-3]. Other approaches focus instead on the conversion of heat into electricity with the
implementation of thermoelectric generators (TEGs) [4-7] through hybrid thermoelectric-photovoltaic
systems (HTEPV).

The latter solution has attracted much interest in the solar harvesting community, leading to
the publication of an increasing number of theoretical [8-12] and experimental works [13-16], and of
a book as well [17]. In general, HTEPV systems can be either optically or thermally coupled. In the
case of optically coupled devices (OC), a beam splitter is used to separate the light absorbed by the PV
(the ultra-violet and visible part of the spectrum) from that absorbed by the TEG (the infra-red portion).
In this case, the PV cell temperature is independent of that of the TEG. In thermally coupled (TC)
systems, instead, the PV and TEG parts are in thermal contact, and the PV cell temperature is normally
considered to be equal to that of the TEG hot side. At first glance, OC systems may be expected to
have higher efficiencies compared to TC ones, because the TEG temperature may be increased without
affecting the PV efficiency. However, we showed elsewhere [18,19] that OC systems are actually less
efficient in converting solar power into heat flowing through the TEG.
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Furthermore, irrespective of the thermal pairing strategy, the PV and TEG parts can be either
electrically separated or connected to the same output circuit. In the former case, the two stages
feed separate electric loads, so that the HTEPV output power is simply the sum of the PV and TEG
contributions. In the latter case, instead, since the PV and TEG parts are electrically connected to
the same circuit, the overall efficiency is not simply the sum of the two contributions since the series
resistance of the TEG is detrimental to the PV efficiency, leading to electrical losses.

In this view, non-electrically hybridized devices could be seen as preferable. However, since the
TEG efficiency is small, it is arguable whether a small thermoelectric power output may be of
any practical use when not connected to a larger PV output, forcing researchers to reconsider
electric hybridization.

In the literature, several works have focused on the electrical hybridization of HTEPV devices.
Specifically, Fisac et al. [20] and Park et al. [21] analyzed silicon solar cells. Fisac et al. reported
experimental and theoretical results of the hybridization of a silicon panel, showing a small increase of
the overall efficiency when operating at 55 °C. Unfortunately, the lack of details on the experimental
procedure and on the thermoelectric generators used in their work makes it difficult to generalize their
results. Park et al. considered instead a silicon solar cell hybridized with three different TEGs having
different internal resistances, contributing to an advancement of the understanding of the role of
electrical losses in HTEPV devices. However, in this case their conclusions cannot be extended beyond
the case of silicon PVs and to a specific set of TEGs. Similar remarks also apply to the interesting
papers by Li et al. [22] and by Verma et al. [23]. The former discussed the optimal load resistance
for the case of hybridized GaAs and silicon solar cells, and the latter proposed a maximum power
point tracking (MPPT) system. Finally, in a very recent paper, Xu et al. [16] proposed the electrical
hybridization of a perovskite solar cell using four to 10 TEGs, all connected in series to the PV stage,
and they reported a strangely small electrical loss despite the large number of TEGs in connected series
with the solar cell.

Overall, it seems sensible to conclude that a more comprehensive investigation of the interplay
between the PV series resistance, the TEG resistance, and the optimal harvester working temperature
may be needed.

In this work, we try to cover this gap by analyzing the effect of the many parameters that come
into play, using both electrical measurements and simulations.

2. Materials and Methods

As already mentioned, OC and TC hybrid systems can be either electrically separated or connected
in the same circuit. In the first case the two parts are connected to different electric loads, thus the
HTEPV output power is simply the sum of the PV and TEG contributions:

Phtepv = va + Pteg 1)
where
Pyo = VS5 IS, FF,, b))
and )
Vie
Preg = g 3)
‘8 4 Ri,teg

with Vi3, I, and FF,, respectively denoting the open-circuit voltage, the short-circuit current, and the
filling factor of the solar cells. Vig and R; 1o; respectively represent the thermoelectric voltage and the
thermoelectric generator internal resistance.

In the second case, the presence of the TEG in electric series with the PV cell may lead to electrical
losses due to the increase of the PV series resistance. Thus, for the electrically hybridized HTEPV
device, the power output reads:

Pﬁiepv = PPU + Pfeg — Ploss (4)
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As shown by Park et al. [21], for a given R teg, @ Vieg exists (and thus a temperature difference at
the TEG sides) that allows the HTEPV device to work in an electrical lossless condition (i.e., for which
Pyyss is negligible). However, it must be pointed out that either for lower or higher values of Vi,
this lossless condition is no longer fulfilled. In addition, it is also clear that the interplay between
the PV series resistance and R; 4 sets the optimal Ve, needed, thus revealing the convenience of this
approach. A systematic analysis of such an interplay is still missing, however.

To properly investigate the electrically coupled system, we analyzed the influence of the TEG
addition by means of the simulator shown in Figure 1.

PV cell \V4

teg

Rs Ri, teg O

M

Rsh

Figure 1. Scheme of the simulator used in this work. Several types of photovoltaic (PV) cells were
connected in series with a voltage generator and a variable electrical resistance.

In this circuit, a real solar cell under illumination is placed in series with a voltage generator
and a variable electrical resistance. Changing both the generated voltage and the electrical resistance,
we recorded the variation of the solar cell current-voltage (IV) characteristics.

Using the simulator, we analyzed the electrical hybridization of four commercial silicon PV cells
having different values of R;. Setting Rjteq asa multiple of Rs, Vi, was changed until the electrical
lossless condition was reached:

Ploss =0 ®)
or equivalently:
Pii
epv
=1 6
B htepv ©

We will refer hereafter to the condition of Equation (6) as the electrical lossless condition.
Please note that the choice of setting R; 1.; as an integer multiple of R; is arbitrary and was made only
to easily catch the relation between the two resistances. In principle, R; s, may take any value.

In addition, the IV curves were fitted using the following equation [21], which is the single diode
equation for the solar cell accounting for the addition of the TEG in the same circuit:

V- Vteg + Ithepv (RS + Ri,teg) V- Vt‘fg + Ilif‘epv( Rs + Ri/tES)

@)

I = Iy — 1D, ex
htepv po po p nx Tcell Rsh

where 120, n, x, T and Ry, respectively represent the recombination current, the solar cell ideality
factor, the Boltzmann constant, the cell temperature, and the solar cell shunt resistance. In our approach,
the values of R; and Ry, were extrapolated with standard methods [24], leaving n and Igv as the only
unknown parameters to be fitted.

Interestingly enough, the simulator of Figure 1 does not consider the temperature sensitivity
of the solar cell, and therefore it better models the behavior of OC systems. In fact, as mentioned,
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in this case the temperature of the solar cell can be considered as independent of the TEG temperature,
and therefore was set equal to room temperature. Thus, the thermoelectric hybridization is here
always beneficial to the overall power output (if optical losses due to the splitting strategies are small).
Instead, for TC systems this is not necessarily true. Therefore, to generalize our analysis, the solar cell
temperature sensitivity was accounted for as follows.

Let us first define the thermoelectric power gain as:

p hte
Gy = =1 ®)
P P;()]Zi

where ng is the sole PV output power at room temperature. Thermoelectric hybridization is convenient
when G, is larger than 1. It should be stressed that electrical lossless conditions and power gain are
independent of each other. For example, for very temperature-sensitive solar cells, G, is actually
expected to be always smaller than 1. In this case, while the thermoelectric power output could be high
enough to obtain the electrical lossless condition (especially for TEGs with small internal resistances),
one would never obtain G, > 1.

Based on the very good agreement between the measured IV curves and those calculated by
Equation (7), we performed numerical simulations to compute G, values in the lossless condition for
the case of amorphous silicon (a-5i) and copper zinc tin sulfide (CZTS) solar cells. The reason behind
the choice of these materials is reported in previous publications [18,19]. The case of crystalline and
polycrystalline silicon is not examined in this work since the temperature sensitivity of silicon PV
efficiency is too high to enable an efficient hybridization [25], unavoidably leading to a value of G,
smaller than 1. For a-Si and CZTS solar cells, instead, pairing with thermoelectrics has been shown to
be promising because of their smaller temperature sensitivity.

Therefore, starting from state-of-the-art room temperature IV curves, and using parameters
reported in the literature for these two materials [26-29], we extrapolated Rs and Ry, values. Then we
used Equation (7) (with Viee = R; see = 0) to fit the IV curves to obtain Igv and n at room temperature.
The solar cell IV as a function of the temperature was finally computed by considering the temperature
dependency of the recombination current [30]:

E
1 =BT3 g 9
pv cell €XP (K Tcell> ( )

where B is a parameter independent of the temperature obtained from the Igv at room temperature,
and E is the material energy gap. All other parameters of Equation (7), including E, and 7,
were considered independent of temperature.

To validate this procedure, we first calculated the solar cell power output as a function of
temperature and then used the following equation to extrapolate the so-called efficiency temperature
coefficient ,B(;w, to be compared with the experimental values reported in the literature [31,32]
(see Table 1):

By (T) = PRy [ 14 B (T = To)| (10)

with T, = 300 K.

Finally, using Equation (7) (with Vieg and R; teq = (), we obtained Pﬁi epy 5 function of R; eq
and Vjy Specifically, for any fixed R; 1., value we moved Vjy by changing the solar cell temperature
between 300 and 500 K, assuming that:

Vteg = Nieg Sf@g(Tcell - Tﬂ) (11)

where 1., and Sy respectively denote the number of thermoelectric couples per unit area and the Seebeck
coefficient of one thermoelectric couple. In this work, we assume 715 Steg = 0.0065 V-K~'.em~2, which is
a typical value for commercially available TEGs. In Equation (9), we also implicitly assumed that the
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TEG hot side temperature was equal to T,,;; and that a thermal dissipation system at the TEG cold side
could maintain the cold side temperature at T,.

Table 1. Parameters for numerical simulations.

Solar Cell Py, (mW/cm?) fip, (%/K)  fip, calc. (%/K) Rg (Q-cm?)
Amorphous Silicon (a-Si) 101.89 [26] 0.150 [31] 0.146 5.50
Copper Zinc Tin Sulfide (CZTS) 89.84 [27] 0.170 [32] 0.174 4.01

3. Results

In this section we report the results of the analysis described above on the electrical hybridization
of silicon, a-Si, and CZTS solar cells.

In the first subsection, we describe what was obtained with silicon solar cells by means of the
simulator reported in Figure 1, while the second subsection is dedicated to the simulations performed
on a-Si and CZTS solar cells.

3.1. Lossless Conditions

Figure 2 summarizes the effect of R; ;o and Vieg on the IV curve of a given solar cell (black line
in Figure 2), recorded with the simulator depicted in Figure 1. The plot shows that the effect of R; ;¢
is to decrease the solar cell filling factor (for moderate values of R; ¢) or to decrease If,‘;, (for high
values of R; ), consistent with what expected from the variation of the solar cell series resistance.
The open-circuit voltage changes instead when a Vi, is applied, giving:

Vﬁtcepv = V;?ZCI + Vteg (12)

This is in line with what was reported in previous electrical hybridization studies [9,16,20-23].
The behavior shown in Figure 2 also indicates that there is a minimum V¢ (and therefore a minimum
AT) capable of compensating the decrease of the PV filling factor, giving thus G, = 1. At higher
values of Ve, the hybridization gain with respect to the sole PV case increases, and thus G, > 1.
However, we stress that the minimum Vi, to obtain G, = 1 is generally different from the Vi, needed
for lossless conditions.
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Figure 2. Example of the effect of R; s, (red and blue triangles) and the combination of R; seq and Vieg
(red and blue circles) on the solar cell current-voltage (IV) curve of a solar cell (black squares). Dashed

lines are fits from Equation (7). In this example, R},t g < Riz,t e
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Figure 2 also compares the experimental measurements made with the simulator of Figure 1
(blue and red circles) to the simulations calculated using Equation (7), showing that the computed IV
curves fit the measurements very well. While the values for Iﬁlt epo o -
i epo AT€ less precise. The reason for this is that we
fit the solar cell with a simple single diode equation instead of a multiple diode equation. However,
the computed Pﬁi epo

Finally, Figure 3 reports the results of the measurements carried out using the simulator shown
in Figure 1. On the left side we report the effect of R; ., on four silicon solar cells, monitoring the
variation of Gy as a function of R;sg. As expected, we found that increasing R; ., causes G, to

decrease in all cases.

and are exact up to the third

significant digit, the values of the output power P;

always differs from the actual power output by less than 5%.
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Figure 3. (Left) Effect of R; ., on the solar cell power in the case of Vi, = 0. (Right) Viee needed for
a lossless condition.

Furthermore, we found that solar cells with a small value of R; better withstand high Rijteg
values. Thus, the smaller the solar cell series resistance, the smaller the Vi, needed to reach the
electrical lossless condition (equivalent to G, = 1, since in this case temperature sensitivity is not taken
into account). We also found that the Vj,g for lossless conditions increases linearly by increasing R; ;¢
with a fixed slope for small values of R; (black and red lines in Figure 3, right), while it displays
a non-linear behavior for larger Rs (blue and green lines).

3.2. Gp vs Lossless Conditions

In Table 1, we report the values of ng and ,B?,v found in the literature along with the values of ﬁ%v
calculated according to the procedure outlined in the previous section and the extrapolated solar cell
series resistances. The calculated and literature values of ‘B%v were found to be in good agreement.

Figure 4 reports the interplay between electrical losses and G, for the two materials considered
in this work. As expected, the electrical lossless condition (meaning a value equal to one on the
y axis) does not correspond to G, = 1, but spans a range of G, values depending on the Rixg/ R, ratio.
Increasing the ratio Riws/R; always leads to an increase of G]L7 at an electrical lossless condition, since
a higher R; 4, requires a higher V¢ (and consequently Pieg) to achieve electrical lossless conditions.
Moreover, for both materials the OC case reports higher G, values at electrical lossless conditions
because in this case there is no power loss due to the PV temperature sensitivity.
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Figure 4. Interplay between electrical losses and G, for amorphous silicon (a-5i) (Left) and copper zinc
tin sulfide (CZTS) (Right) solar cells. In both plots full and dashed lines refer to thermally coupled
(TC) and optically coupled (OC) systems, respectively, while colors refer to different Ritg/ R, ratios.
Simulations were run by sweeping T,,;; between 300 and 500 K in 5-K steps.

From Figure 4, one may also note that once the electrical lossless condition is reached, any further
increase of Vi, leads to electrical losses and to a drop of the P}, /P, ratio. Interestingly enough,
such a drop is less pronounced for higher Risg/ R, ratios. Specifically, while for Riwg/ R, = 0.5 a change
of 15-20 K of the working temperature is sufficient to lead to ~10% of power losses, for Riws/ R, =5,
the same change leads to a loss smaller than 2%.

Finally, we remark that G, only accounts for the ratio between the PV and the TEG power outputs
at a given temperature, and should not be confused with the efficiency gain, which is instead the ratio
between the PV and TEG efficiencies. Actually, it should be considered that in the calculations T,.;; was
set to range between 300 and 500 K, irrespective of the energy balance between the device temperature
and the energy coming from the Sun. Thus, in real situations the incoming solar power could not be
large enough to raise the cell temperature to values enabling the gains shown in Figure 4.

4. Discussion

From the results reported in Figures 3 and 4, it is clear that the electrical hybridization of PV and
TEG systems is a very delicate matter. The combination of an electrical lossesless condition and a Pggiy,
value higher than 1 can only be achieved for a restricted set of working conditions.

In general, it seems that a small PV series resistance along with Ris/ R, ratios of around 2.5 leads to
the best scenario. In fact, while a small R leads to a smaller PV electrical sensitivity, Rits/ Rs = 2.5 gives
power gains of around 1.2-1.4, representing an achievable aim for this kind of hybrid system [18,19].
It is clear that this combination of parameters is valid for the present case and would generally vary
when changing the 71, Steq value of the TEG (namely, changing the thermoelectric material). However,
the reported case represents the standard of commercially available TEGs.

Furthermore, the fact that the electrical lossless condition is very sensitive to the device
working temperature (namely, the lossless condition occurs only at an optimal Vteg) makes electrical
hybridization very difficult to implement. In a real-world application, where the solar radiation
(and therefore the device temperature) is variable over time, the sensitivity of lossless conditions to
Vieg (and thus to AT) would cause the system to operate in a non-lossless condition most of the time.

A possible solution could be the implementation of an electrical circuit able to monitor electrical
losses and to switch between electrical and non-electrical hybridization at convenient times.



Designs 2018, 2, 32 80f9

5. Conclusions

In this work, an analysis of the influence of various key parameters on the output power of
electrically coupled thermoelectric-photovoltaic generators was performed. By means of an apparatus
made of a solar cell, a voltage generator, and a variable resistance, the effect of the thermoelectric voltage
and its internal resistance were analyzed. Using this apparatus on four silicon solar cells, we showed
how a device with a smaller series resistance can better withstand the addition of thermoelectric
resistance in the same circuit. We also showed how, consequently, the voltage needed to reach the
electrical lossless condition is smaller for solar cells with a smaller series resistance.

Furthermore, using a modified diode equation comprising the effect of the thermoelectric addition
and the temperature sensitivity of the solar cell, we studied the relation between the lossless condition
and power gain compared to the sole photovoltaic case. Applying the simulations to the case of
amorphous silicon and copper zinc thin sulfide, both promising materials for beneficial thermoelectric
hybridization, we showed how electrical lossless conditions often do not correspond to significant
power gains, in contrast to the sole PV case. We also showed how lossless conditions are strongly
temperature-dependent and thus hardly implementable due to their sensitivity to temperature drops
in the TEG. This easily drives the system to operate in a non-optimal regime.
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