Influence of the operational point in the
photovoltaic converters performance
César Tablero-Crespo

Abstract

We evaluate the constrained efficiently of the coupling between a photovoltaic device and a
device supplying a constant voltage and/or current. The former can be used with an
electrochemical device to store solar to chemical energy. Single- and multi-gap semiconductors
are used to evaluate the photovoltaic devices. Unlike other approaches, no approximation is
made to fix the output voltage and/or current and the method is not limited to non-degenerate
semiconductors. The problem is solved globally with a generalized methodology that allows for
the analysis of any type of absorption coefficients and solar spectra.
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1. Introduction

the two characteristics equations simultaneously. Graphically,
this constraint identifies the operational point of the coupled
A photovoltaic device (PVD) absorbs photons from sunlight PVD-OD device as the point at which the current-voltage
transforming their energy into photo-voltage and photo-cur- properties of the PVD and of the OD intersect. This mode of
rent. The energy can be used directly or to supply other operation generally results in the PVD producing less than its
devices (OD), for example to convert this solar energy into maximum output and efficiency, i.e. there is a coupling loss
chemical energy. Batteries and fuel cells (FCs) are two (figure 1).
examples of solar energy storage devices converted to cheAlternatives to direct coupling are also possible. For
mical energy. Later these devices convert the stored chemical example, power electronics could convert the electrical output
energy into electrical energy. In order to carry out the con- of one or more solar cells to the required electrical input of the
version to fuels, the PVD directly coupled to the electro- electrochemistry cell. Practically, the choice of a coupling
chemical cell must provide the photo-voltage for the half-cell scheme would be dictated by matching the tolerable compotentials of the redox reaction (~1.23 eV for water splitting plexity, reliability, and cost of an application with the avail[1, 2]). This photo-voltage is the difference between the able coupling solutions. For example inverters have a 90%electrochemical potential of electrons and holes under illu- 98% efficiency conversion but inverter efficiency depends on
mination. Because of the losses due to anodic and cathodic the inverter load. The aforementioned efficiency conversion is
overvoltages, resistances, etc, the resulting photo-voltage the maximum efficiency peak. Below 10%—15% of power
V > 1.6-1.9 eV [2]. Therefore when the PVD is coupled the output, the efficiency is quite low whereas at high output
photo-voltage is constrained. Thus many PVDs with high power, the efficiency is steadily high. Therefore power elecsolar efficiencies are not able to provide sufficient voltage to tronics solutions are best suited for use at high output power,
split water into O2 and H2 gases, or to reduce CO2.
for example with solar modules, but not for solar cells with
The direct electrical connection between a PVD and OD low output power where the inverters are very inefficient.
is equivalent to constraining the currents and voltages of the
The efficiency r¡ with which PVD power is transferred to
PVD and OD to be identical (figure 1). If the PVD and the the OD is T] = J0V0/Pj„c where P¡nc is the irradiance of the
OD have the characteristics current-voltage Fpvo(J, V) = 0 incident (sun light) spectrum. As we have described, this
and FQD(J, V) = 0, the operational point (J0, V0) must satisfy efficiency is lower than the maximum efficiency r¡m of the

Figure 1. (a) Block diagram of the PVD-OD coupling, (b) The
current density-voltage (J-V) characteristic of the coupled PVD-OD
device where Fpy¡y(J, V) = 0 and FOD(J, V) = 0 are the characteristic of the PVD and OD without coupling. The point (J0, V0)
identifies the operational point, and (Jm, Vm) the maximum power
point of the PVD.

applied mainly to the conversion efficiencies for photo-electrochemical H 2 0 splitting for different overvoltages [3, 4]. In
these applications only single-gap semiconductors have been
evaluated. As well as using an equivalent circuit analysis, the
efficiency of a series-connected string of identical single-gap
solar cells coupled to an electrochemical process that produces storable fuels has been described previously [6].
Many single-junction solar cells do not generate enough
voltage to store the energy in a chemical fuel. To overcome
this limitation multi-junction configurations are used. If N
identical single-gap solar cells are wired in series, their voltages are approximately additive (yN ~ NVi), where the subindex indicates the number of solar cells. It avoids the voltage
problem: increasing the number of solar cells increases the
output voltage. However the current density of the entire
system will decrease as JN ~ J\ /N. Of course, the efficiency
is similar to the single-gap solar cell. Nevertheless, if the
voltage is constrained to the operational voltage V0, the only
way to increase the efficiency is to increase the current.
Therefore, this approach avoids the voltage problem but it
does not increase the energy storage efficiency.
From the previous discussion the energy storage efficiency can be enlarged by increasing the current J0. An option
presented in this work is to use multi-gap semiconductors
with intermediate bands (IBs) [7-9] between the valence band
(VB) and the conduction band (CB) of the host single-gap
semiconductor. With these multi-gap semiconductors the
photons of lower energy than the host semiconductor gap can
be exploited. These photons would not be absorbed by a
single-gap semiconductor. In this way the current and the
efficiency increases with respect to single-gap semiconductors
even though the voltage and current are restricted, as it will be
shown later.
The main contributions and novelties of this work, which
will be discussed below, are: (i) In addition to evaluating the
conventional single-gap semiconductor we also analyze multigap semiconductors; (ii) no approximations are made to fix the
output voltage and/or current; (iii) the emission current due to
the radiative recombination is considered, and the Fermi-Dirac
and Bose-Einstein statistics are not approximated by the
Maxwell-Boltzmann statistic, i.e. the treatment is not limited to
non-degenerate semiconductors. The problem is approached
using constrained non-lineal optimization algorithms.

PVD because the operational point (J0, V0), in general, is
different to the maximum power point (Jm, Vm). Therefore
JoV0 ^ JmVm and r¡ ^ r¡m. It produces a coupling loss
(figure 1).
Note that r\ already takes into account the coupling efficiency because it is obtained with the restriction of the V0 and/or
the J0 constant. For example if the OD is a electrochemical cell
the constant operational voltage will be the sum of the redox
potential, Vre¿ox, to carry out the fuel production and the voltage
losses, Viost, because of the electrode overpotentials and other
causes, i.e. V0 = Vre¿ox + Viost. The overall efficiency of the two
devices connected in series is r¡A = r¡ • r¡0D, where r¡0D is the
efficiency at the operating point of the OD connected to the
PVD. For example, for a fuel-cell, the power stored as chemical
energy is J0Vreí¡0X while the power supplied from the PVD is
2. Methodology
J0 V0. Therefore i]0D = Vredox/V0. Note that r\A is the theoretical
efficiency which can be reached with semiconductor-based
electrochemical devices for the conversion of solar light into 2.1. Characteristic J-V of single- and multi-gap solar cell
storable redox energy [3, 4]. Assuming that the losses are Vioss,
Single-gap semiconductors have two bands, the VB and the
the energy storage efficiency is r¡stor = J0 Vredox /Pinc, which can
CB, and only one gap. Photon absorption causes V —> C
be easily checked as r¡stor = r¡A = r¡ • r¡0D. Therefore the results
transitions. The photon absorption effectiveness depends on
obtained with the restriction of the V0 constant are immediately
the absorption coefficient a r c . Generalizing for a multi-gap
transferred to energy storage efficiency multiplying r¡ by r¡0D = semiconductor where several bands are possible we state this
Vredox / Vo-

Conversion maximum efficiencies when the energy is
stored in a chemical fuel have already been derived basing on
the theory developed by Bolton [5]. This theory has been

as A —> B transitions with the absorption coefficient aA$, in
which the total absorption coefficient is aj- = y \ y \ J^ABIn this generalization, single-gap semiconductors are then a
particular case with only two bands.

The photon absorption from A to B bands generates a
photocurrent JAg. Therefore the net current for the A band is
JA= ^2 JBA, with JAB = —JBA- Supposing a quantum effi-
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ciency equal to one, this photocurrent is the difference
between the absorbed and emitted photons [7-10] transformed to current: JAB = J$¡ — JA% where JAK¡¡ =
q I a(E, aT, w)(aAB/aT)^B\E)dE
(n = a, e for absorption and emission respectively). In this expression
a(E, aT, w) ~ 1 - e~"TW is the absorptivity, w the thickness of the absorbent material, q is the electron charge, and
$^B-) and &fB) are the incident and the emitted spectrum
photon flux density respectively for the A —> B transitions.
For the incident sunlight spectrum (^B) = $a) we have used
the AM1.5G [11] spectrum. For the emitted spectrum we
have used the conventional approach considering that the
device emits radiation as a black-body at T = 300 K
[7-10]. With this assumption ¥fB) =
(2ir/h3c2)E2(aAB/aT)
a
a b
E
T
52p52Q>p( PQ/ T) PQ( > > MGp)> wherebM(E, T, ^BA) =
[g(£-/W/*r — 1] _1 is the Bose-Einstein factor, k is the
Boltzmann constant, h the Planck constant, c the speed of light
in vacuum, and ¡iBA = ¡iB — ¡iA is the chemical potential
associated with the radiation emitted between the A and B
bands [7-10]). Note that the emission current, via the Boltzmann factors bBA = bBA(E, T, jiBA) = \é-E-Ht)lkT — Y\~l,
depends on the variables ¡iA of the multi-variable non-linear
problem.
For a two-terminal multi-gap semiconductor the current /
is taken from the VB (hole current Jv) and CB (electron
current —J¿)- Therefore J = Jv = —Jc. No current is
extracted from the IBs, i.e. Jj = 0 (I ^ V, C). The voltage V
between terminals is V = ¡ic — ¡iv, i.e. the difference
between the CB and VB chemical potentials. Therefore, to
obtain the J-V relationship it is necessary to solve simultaneously a multi-variable non-linear problem where the set of
equations are J = Jy = —Je, J¡ = 0 (I ^ V, C), which must
be solved as a function of the chemical potentials ¡iA.
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Figure 2. Maximum efficiency of a 2-band single-gap semiconductor
as an energy gap energy function for several output photo-voltage
\b(V) values using standard conditions (AM1.5G, 1 kWm~ ,
25 °C) and (a) without sunlight concentration (X — 1), and (b)
maximum concentration X — max — 46 200. The curve labeled as
'REF' corresponds to the overall maximum efficiency, i.e. without
restricting the current or voltage to afixedvalue.

3.1. Device with a fixed voltage

The maximum efficiency obtained for a conventional singlegap semiconductor when the output voltage VQ is fixed to
several values is shown in figure 2. Obviously, the PVD can
only be operated with a semiconductor having a wide enough
gap in order to provide the necessary voltage. The same
applies to a storage cell. As it has been discussed previously
these
results are directly transferred to the energy storage
2.2. Multi-gap solar cell efficiency with restricted JorV
efficiency multiplying rj by r]0D = Vredox/V0.
The coupling PVD-OD involves restricting the voltage V
When the output voltage VQ is fixed the efficiency
and/or the current / to VQ or/and J0, where VQ and J0 are the increases with the photocurrent /. In principle, there exist
operational voltage and current respectively (figure 1). various possibilities to improve the efficiency. One such
Therefore mathematically the problem is to maximize the option is to increase the sunlight concentration to utilize two
PVD efficiency constricting the voltage and/or current to the threshold absorbers with different gaps in series, etc. Another
operational point, i.e. a constrained multi-variable non-linear option presented in this work is to use a multi-gap semioptimization problem. This methodology has been used pre- conductor [7-9] with intermediate (I) bands between the
viously in several author publications using the habitual step valence (V) and conduction (C) bands of the conventional
[12] and from first-principles absorption coefficients [13-16].
single-gap semiconductor. For a single-gap semiconductor
the current comes from the V —> C transitions. For a multigap semiconductor, in addition to the V —> C transitions,
there are V —> I —> C transitions generating extra current, and
3. Results and discussion
thus increasing the efficiency. Then photons with less energy
Using the methodology described in the previous section we than the V-C gap can be used to generate more photo-current
have evaluated the efficiencies of the PVD for several situa- and to increase the efficiency. It can be observed by comtions considering: (i) the output voltage constrained to Vfo (ii) paring the efficiencies in figures 2 and 3 for single- and
double-gap semiconductors respectively.
the output current restricted to JQ.
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Figure 3. The same legend as that in figure 2, but for a double-gap
(3-band) semiconductor.
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In order to contrast our results with previous results in the Figure 4. (a) Maximum efficiency r¡A into storable redox energy and
literature we have compared our results with the results (b) operating voltage of a 2-band single-gap semiconductor as an
obtained with Bolton's approach [5]. This method has been energy gap energy function for different voltage losses V¡os¡. The
assumed storage energy is qVre¿m — 1.23 eV. Standard conditions
used for photoelectron-chemical fuel conversion with differ(AM 1.5 G, 1 kWrrT 2 , 25 °C) without sunlight concentration
ent overvoltages [3, 4]. The main approximation in this (X — 1) have also been assumed. The curves with thick and thin
approach are: (i) a photochemical converter is considered to lines correspond to the results of this work and those obtained using
be an ideal chemical system obeying Boltzmann statistics. It the Bolton's approach [5] respectively. The dot curve labeled as
implied that the solar converter is non-degenerate; (ii) the 'REF' corresponds to the overall maximum efficiency, i.e. without
current generated from photon absorption is much greater restricting the current or voltage to a fixed value.
than the black-body induced emission current. According to
this approach, the energy storage efficiency to voltage Vredox is
with the method used in this work the operating voltage is
[4, 5] r¡f = U\ - e - ^ - W / H - ) • (qVred0X)/Pinc if V > V0,
restricted to V0 = Vredox + V¡ost.
and zero otherwise. In this expression V0 = Vredox + \¡oss is
Figure 5 is similar to figure 4(a), but for a double-gap (3the operating voltage and qVredox is the stored energy power.
band) semiconductor. Comparing the two figures, the storable
Figure 4 shows the energy storage efficiency r¡A for the
energy efficiencies with a double-gap semiconductor are larphoto-electrochemical H2O splitting as a function of gap for
ger than those with a single-gap semiconductor. The reason is
different losses V/osr. It has been assumed that storage energy is
that the former are able to generate more current for the same
QVredox = 1.23 eV (water splitting), and an «-type electrode
voltage.
combined with a metal counter electrode. The losses could be
In both single- and multi-gap solar cells the efficiencies
considered as losses due to overpotentials and/or other causes.
decrease
with increasing V/osr. The efficiencies for V/osr > 0 are
The conversion efficiency (figure 4(a)), when the operating
always
less
than or equal to those for V/osr = 0. The maximum
voltage is V0 = Vredox + V[ost (and the stored energy qVredox), is
theoretical
efficiencies
obtained with Bolton's approach are
slightly larger near the maxima than that obtained with Bolton's
^
2
7
%
and
^
4
2
%
for
V/osr = 0 with single- and doubleapproach. The main difference is that with Bolton's approach
junction
semiconductors.
With the methodology used in this
the separation of the pseudo-Fermi energies of the photovoltaic
converter is larger than or equal to VQ (figure 4(b)), whereas with work the absolute maximums of storable energy efficiencies
the methodology used in this work this separation is equal to the are ^ 3 0 . 5 % and ^ 4 7 . 4 % for V/osr = 0 with single- and douoperating voltage VQ. In summary, the operating voltage with ble-gap semiconductor. The efficiency of the double-gap is
Bolton's approach is restricted to VQ ^ Vreí¡ox + \¡ost, whereas greater than the double-junction semiconductors.
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Figure 5. Same legend as that in figure 4(a), but for a double-gap (3band) semiconductor.
Of course, these values are large compared with the
maximum theoretical efficiencies of solar cells (dot curve
labeled as 'REF' in figures 4 and 5). When all possible losses
are considered (reflection, quantum-yield, absorption, collec0.5
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tion, etc) the maximum realizable efficiency r¡real is the product
lVeV,
of the energy storage efficiency r¡A and the efficiency from the
rest of the system including the possible losses r¡other, i.e. Figure 6. Same legend as that in figure 2, but for several output
3
Vred = Wether- T h e efficiency Vreal has been estimated to be photocurrent J0(mA.cm~ /X) values and a 2-band semiconductor.
about 10% for a single-gap and 16% for a double-junction
system [17]. It corresponds to r¡other ~ 0.31-0.35. As it has
Rfil45
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been previously mentioned multi-junction devices could supply
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46%). However, as rjother is very low, the efficiency gain Ar]real
•4 i • • V
i\
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only 0.3% larger than the double-junction device.
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3.3. Device with a fixed current
Unlike the case where the photo-voltage is fixed to V0, when
the photo-current is fixed to J0 the PVD can only be operated
with a semiconductor having a small enough gap in order to
provide the necessary photo-current. For this reason when the
gap increases the efficiency tends to zero abruptly since the
semiconductor is not able to supply the necessary current J0.
For high J0, the range of gap values narrows towards lower
values. Although this happens for all semiconductors, the
narrowing of values is less accentuated for multi-gap semiconductors since they are able to supply more current than
single-gap semiconductors. It can be observed by comparing
figures 6 and 7 for single- and double-gap semiconductors
respectively.
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Figure 7. Same legend as that in figure 3, but for several output
photocurrent Jo(mA.cm~3/X) values and a 3-band semiconductor.

4. Conclusions
We have carried out a detailed analysis of the constrained
maximum light to electric power conversion efficiencies
when a PVD is used for generating a fixed voltage and/or

current supplied to other devices. As absorbent materials of
solar radiation we have considered the usual single-gap
semiconductors and multi-gap semiconductors with intermediate bands between the usual valence and conduction
bands. Both are evaluated. The radiative emission is considered and no approximations are made regarding the magnitude of the radiative emission with respect to the absorption.
Our study is therefore not limited to non-degenerate semiconductors, i.e. the Fermi-Dirac and the Bose-Einstein statistics are not replaced by the Maxwell-Boltzmann statistics.
Although all semiconductors can be used, multi-gap
semiconductors supply more current than conventional
semiconductors and can be used with greater efficiency when
coupled to electrochemical cells to store solar energy as
chemical energy. Also, for this reason, they can supply a more
constant current than single-gap semiconductors.
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