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Energy Loss Analysis of Two-Terminal Tandem PV Systems
under Realistic Operating Conditions—Revealing the
Importance of Fill Factor Gains

Youri Blom,* Malte Ruben Vogt,* Carlos M. Ruiz Tobon, Rudi Santbergen,
Miro Zeman, and Olindo Isabella

1. Introduction

To design efficient PV systems, it is important to have an
overview of the different loss mechanisms and the ability to
quantify them.[1,2] Moreover, research in the energy loss analysis
has resulted in important insights for PV technology.[3]

This work presents a model for quantifying the different loss
mechanisms in a PV system with perovskite/crystalline silicon

PV modules with a level of detail back to
the properties at cell level. Similar studies
have already calculated the loss analysis for
crystalline solar cells.[1,3–8] However, no
literature has been found on a complete
energy loss analysis with a quantification
of different loss mechanisms for a tandem
cell. Also, the loss analysis is typically done
at cell level, whereas our model includes
losses at module and system level.
Furthermore, this study also includes the
energy loss analysis under outdoors
conditions, which are typically different
to standard test conditions.[9] Finally, solar
tracking is implemented to study its effects
on the loss distribution. In this study,
horizontal (azimuth), vertical (altitude),
and full tracking is simulated for the differ-
ent locations.

2. Experimental Section

This work is an extension of the PVMD
Toolbox.[10] The PVMD Toolbox can simulate the energy yield
of a PV system based on their fundamental material properties
and first-principle physics. First, a brief overview of the Toolbox
is given, followed by a detailed explanation of the energy loss
analysis model.

2.1. The PVMD Toolbox

The PVMD Toolbox consists of seven models that each simulate
a different aspect of the PV system. The models are simulated
sequentially, and each model uses the simulated data from
the previous models. These models range from simulations at
cell level to simulations at module level. A detailed description
of all models can be found in the work of Vogt et al.[10]

The first model is the optical model, which calculates the
reflectance, transmittance, and the absorption in each layer.
This is followed by the semiconductor model, which provides
the electrical characteristics of different cells. After this, two
models (the mounting condition model and the irradiance
model) calculate the absorbed irradiance at each moment in
time. A thermal model is then used to calculate the temperature
of each cell. The last two models are electrical models that
provide the electrical parameters of each module (fill factor,
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The tandem PV technology can potentially increase the efficiency of PV modules
over 30%. To design efficient modules, a quantification of the different losses is
important. Herein, a model for quantifying the energy loss mechanisms in PV
systems under real-world operating conditions with a level of detail back to the
components and their fundamental properties is presented. Totally, 17 losses are
defined and divided into four categories (fundamental, optical, electrical, and
system losses). As example, a system based on a> 29% two-terminal perov-
skite/silicon tandem cell is considered. The loss distribution at standard test
conditions is compared to four geographical locations. The results show that the
thermalization, reflection, and inverter losses increase by 1.2%, 1.1%, and 1.4%,
respectively, when operating outdoors. Additionally, it is quantified how fill factor
gains partly compensate the current mismatch losses. For example, a mismatch
of 7.0% in photocurrent leads to a power mismatch of 1.2%. Therefore, the power
mismatch should be used as indicator for mismatch losses instead of a current
mismatch. Finally, herein, it is shown that solar tracking increases not only the
in-plane irradiance but also the efficiency of the tandem module.

RESEARCH ARTICLE
www.solar-rrl.com

Sol. RRL 2023, 2200579 2200579 (1 of 11) © 2023 The Authors. Solar RRL published by Wiley-VCH GmbH

 2367198x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/solr.202200579 by T

u D
elft, W

iley O
nline L

ibrary on [22/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

mailto:Y.Blom@tudelft.nl
mailto:M.Vogt@tudelft.nl
https://doi.org/10.1002/solr.202200579
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://www.solar-rrl.com
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsolr.202200579&domain=pdf&date_stamp=2023-02-15


the maximum power point voltage and current, and the output
power) and the total AC energy yield.

For standard test conditions (STC), the AM1.5 spectrum is
simulated at a normal angle of the solar cell. For outdoors
conditions, the DC yield is simulated for every hour of the
year individually. The air mass is calculated with the SMARTS
spectral irradiance model,[11] and the irradiance from each sky
element is calculated with the Perez weather model.[12] The
in-plane irradiance on the module is then calculated with the
Monte–Carlo ray tracing software LUX[10] that can include for
shading and albedo reflections. The solar cell temperature is
modeled by using the fluid dynamic model.[10,13]

2.2. The Loss Analysis Model

We extend the current version of the Toolbox with an energy loss
analysis model for PV systems. In this model, 17 different loss
mechanisms are defined such that the sum of all the losses and
the AC electricity equal the incoming in-plane irradiance. The 17
losses are divided over 4 different categories, as shown in
Figure 1. The losses are calculated per category from left to right,
starting with the fundamental losses. In the rest of this section,
the equations for every loss mechanism are defined and the
limitations of the model are discussed.

2.2.1. The Fundamental Losses

We consider fundamental losses as all losses considered for the
Shockley–Queisser (SQ) limit.[14] The equations of these funda-
mental losses are mostly derived from the work of Hirst et al.[15]

The considered fundamental losses are the thermalization, below
bandgap, emission, Carnot, and angle mismatch losses. For the
fundamental losses, the bandgap energies of perovskite (1.68 eV)
and silicon (1.12 eV) are used. Furthermore, an ideal solar cell is
considered, meaning it has a perfect external quantum efficiency
(EQE) and no nonradiative recombination. A perfect EQE is
defined as having a value of 1 up to the wavelength correspond-
ing with the bandgap energy.

The thermalization loss of a single photon is the difference
between its energy and the bandgap energy of the solar cell,[4]

which will be dissipated as heat. The total thermalization
losses (Pterm) can then be calculated with an integral over all

wavelengths, as shown in Equation (1). The integral should
be taken from over all wavelengths smaller than the wavelength
corresponding to the bandgap energy (λg), which is written as

Pterm ¼ Amod ⋅
Z

λg

0
ϕinðλÞ

h ⋅ c
λ

� Eg

� �
dλ (1)

where Amod is the area of the module, ϕinðλÞ is the photon flux for
a given wavelength, h and c are Plank’s constants and the speed
of light, respectively, and Eg is the bandgap energy.

The below bandgap losses are accounting for all photons that
cannot be absorbed due to insufficient energy.[4] This loss can be
calculated by integrating over all wavelengths larger than λg,
which is written as

Pbelow ¼ Amod ⋅
Z

∞

λg

IinðλÞdλ (2)

where IinðλÞ is the incoming irradiance for a given wavelength.
Like the sun, a solar cell also emits black body radiation. These

emitted photons are lost and are considered as radiative recom-
bination. The emission can be modeled with the generalized
Plank equation[4,15,16]

ϕemðλ,T , μ,ΩÞ ¼
2 ⋅ Ω ⋅ c

λ4
⋅

1

e
E�μ
kT�1

(3)

where ϕem is the emitted photon flux, T is the temperature, μ is
the chemical potential of the solar cell, and Ω is the solid angle.
Because each emitted photon accounts for a loss equal to the
bandgap energy, the emission losses can be written as

Pemission ¼ Amod ⋅
Z

λg

0
Eg ⋅ ϕemðλ,T cell, q ⋅ Vopt,ΩÞ dλ (4)

where T cell is the temperature of the cell calculated with the
fluid dynamic model, q is the charge of an electron, and Vopt

is the optimal voltage that maximizes the power for an ideal
solar cell.[15] Ω is the solid state of emission, which is 2π for
monofacial cells and 4π for bifacial cells.[17–19]

The optimal voltage discussed before is lower than Eg

q . This

voltage difference can be divided in the Carnot voltage loss
(VCarnot) and the angle mismatch voltage loss (Vangle). The
Carnot loss (PCarnot) and the angle mismatch loss (Pangle) can
be calculated with

Pcarnot ¼ V carnot ⋅ Imax (5)

Pangle ¼ Vangle ⋅ Imax (6)

where Imax is the maximum output current, and it is the differ-
ence between the incoming photon flux and the emitted photon
flux. A quantification of the fundamental losses of an ideal solar
cell under AM1.5g spectrum is shown in Figure 2. Note that the
presented upper limits differ from the SQ-limit[14] and the limit
calculated by De Vos,[20] since the AM1.5G spectrum is
considered instead of the plank spectrum. Our quantification
of the fundamental losses under black body radiation match
Shockley–Queisser and De Vos, the results are shown in the
Supporting Information.

Figure 1. The 17 different losses that are considered. The losses are
calculated from left to right.
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In addition to the five fundamental losses, a term called
“nonideality effect” is added to account for a nonideal solar cell
not matching the assumption used earlier. This includes that the
emission losses are overestimated because the actual output volt-
age is typically smaller than the optimal voltage. It also accounts
for absorption of photons with lower energy than the bandgap
energy, as described by Urbach’s rule.[21,22] Lastly, it accounts
for an underestimation of the thermalization losses, which is
only included for tandem modules. A more detailed description
of the nonideality effect can be found in the supporting
information.

2.2.2. The Optical Losses

The optical losses account for all photons (with a higher energy
than the bandgap energy) that are not absorbed by the absorber
material. The optical losses include cell spacing, metal shading,
reflection/transmission, and parasitic absorption losses.

Both the cell spacing losses (Pcell�spacing) and metal shading
losses (Pmetal) can be considered as nonactive area losses. The
cell spacing losses occur, since the areas of the solar cell do
not completely fill the module area, and it can be calculated as

Pcell�spacing ¼ ðPin � PfundÞ ⋅ 1� Ncells ⋅ Acell

Amod

� �
(7)

where Pin is the total incoming power, Pfund is the sum of the
fundamental losses, Ncells is the number of cells, and Acell is
the area of a single cell.

The metal shading losses are calculated in a similar way as

Pmetal ¼ ðPin � PfundÞ ⋅
Ncells ⋅ Acell

Amod
⋅ SF (8)

where SF is the shading factor that indicates what fraction of the
solar cells is effectively covered by metal contacts.

The losses due to reflection and transmission (Pref ,trans) are
calculated based on the results of the optical model of the
Toolbox, since this provides the reflectance and transmittance
of every wavelength. It can be calculated with

Pref ,trans¼Aeff ⋅
Z

λg

0
ðϕinðλÞ�ϕemðλÞÞ⋅ðRðλÞþTðλÞÞ⋅q⋅Voptdλ (9)

where Aeff is the effective area of the module, defined as the total
cell area minus the nonactive area. RðλÞ and TðλÞ are, respec-
tively, the reflection and transmittance for a certain wavelength.
The term q ⋅ Vopt is used instead of the bandgap energy because
the Carnot and angle mismatch voltage are already subtracted
from these photons.

The parasitic absorption losses (Ppar,abs) account for absorption
by all materials in the module except for the cell absorbers,
e.g., silicon and perovskite. The reflectance and transmittance
in Equation (9) are replaced with the parasitic absorptance
(αpar), written as

Ppar,abs ¼ Aeff ⋅
Z

λg

0
ðϕinðλÞ � ϕemðλÞÞ ⋅ αparðλÞ ⋅ q ⋅ Voptdλ (10)

where the parasitic absorptance can be written as

αpar ¼ 1� RðλÞ � TðλÞ � ASiðλÞ � ApvkðλÞ (11)

where AsiðλÞ and ApvkðλÞ are the absorption in the silicon and
perovskite layers, respectively.

2.2.3. The Electrical Losses

After the optical losses, the electrical losses are calculated, which
consist of resistive losses and recombination losses. The electri-
cal characterization of the top and bottom cells is done using our
advanced semiconductor analysis (ASA) software.[23] IV curves of
top and bottom cells are simulated for various operating
conditions (i.e., different temperatures (�15–95 °C) and different
irradiances (50–1500Wm�2) such that all real-world conditions
are included by solving the Poisson equation and continuity
equations in one dimension. To accelerate the computation, a
one-diode equivalent circuit model[4,24–26] of the solar cell is fitted
to match all the IV curves accurately.[10] This provides a calibrated
lumped-element model (CLEM) with temperature- and
illumination-dependent parameters.[10] The parameters included

Figure 2. The fundamental losses and upper limit of a single junction Si (1.12 eV) solar cell and double junction perovskite (1.68 eV)/Si (1.12 eV)
solar cell.
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in this model are the photogenerated current (Iph), the diode ide-
ality factor (n), saturation current (I0), series resistance (Rs), and
shunt resistance (Rsh). The temperature and irradiance depen-
dencies of all the parameters can be found in the supporting
information. IV-curves of the top and bottom cells are combined
to obtain the IV curve of the tandem cell by creating a series
connection. The electrical losses are calculated based on the tem-
perature- and irradiance-dependent values of the five parameters.

The series resistance losses (Pseries) and the shunt resistance
losses (Pshunt) are, respectively, calculated with the following
equations

Pseries ¼ I2mpp ⋅ Rs (12)

Pshunt ¼
ðVmpp þ Impp ⋅ RsÞ2

Rsh
(13)

In these equations, Vmpp is the maximum power point voltage,
and Impp is the maximum power point current.

Besides radiative recombination, it is possible for electrons
and holes to recombine without emitting a photon. This is
known as nonradiative recombination.[4,7] This nonradiative
recombination results in a voltage loss (VNRRV) and a current loss
(INRRV). The voltage loss is the difference between the optimal
voltage and the voltage over the current source in the five-
parameter model. The nonradiative recombination voltage loss
(PNRRV) can be written as

PNRRV ¼ ðVopt � Vmpp � V seriesÞ ⋅ Iph (14)

where V series is the voltage over the series resistance.
The current loss can be modeled as the current flowing into

the diode. The nonradiative recombination current loss (PNRRI)
can be calculated as

PNRRI ¼ ðIph � Impp � IshuntÞ ⋅ ðVmpp þ V seriesÞ (15)

where Ishunt is the current flowing into the shunt resistance.

2.2.4. The System Losses

The last category is the system losses. The considered losses are
the interconnection, mismatch, cable, and inverter losses. The
interconnection losses (Pint) occur since the interconnection
between the cells typically has some resistance. The ohmic losses
of the interconnection can be written as

Pint ¼ I2mod ⋅ Rint (16)

where Imod is the output current of the module, and Rint is the
resistance of the interconnection.

Mismatch losses are caused by differences in the maximum
power point conditions among the cells. Because the cells are
coupled, the operating conditions of an individual cell might dif-
fer from its maximum power point conditions. The mismatch
losses (Pmism) are calculated as the difference between the
sum of the individual maximum power points and the actual out-
put power

Pmism ¼
XNcells

i¼1

ðPmpp,iÞ � Imod ⋅ ðVmod þ Imod ⋅ RintÞ (17)

In this equation, Pmpp is the maximum power point power of
an individual cell i, and Vmod is the voltage of the module. The
voltage over the interconnection has to be added to the module
voltage, since this is the voltage over all the cells. Mismatch losses
are especially important for two-terminal tandem modules, since
the top and bottom cells need to be current matched.

When the DC electricity is converted into AC electricity, cables
are installed, which typically introduce losses. The cable losses
(Pcable) are calculated as

Pcable ¼ Pin,cable ⋅ ð1� ηcableÞ (18)

where Pin,cable is the electricity flowing into the cables, and ηcable
is the efficiency of the cables that is provided by the inverter
model of the Toolbox.

The last considered loss is the inverter loss. The inverter losses
(Pinverter) are calculated by taking the differences between the
incoming electricity (PDC�in) and the final AC electricity (PAC),
written as

Pinverter ¼ PDC�in � PAC (19)

2.3. Validation of the Model

For every model, validation is an important aspect. The first type
of validation is performed by comparing the fundamental losses
with upper limits from literature, as the upper limit can be
obtained by removing the fundamental losses. In the supporting
information, it can be seen that the upper limits of the single
junction and double junction solar cell are 30.0% and 42.0%.
These values match the well-known upper limits from
literature.[14,20]

Additionally, the PVMD Toolbox has been validated in a
previous study.[10] In this study, it was shown that the simulated
performance of c-Si modules nearly always falls within the 95%
confidence interval. To analyze the effect of uncertainty in the
input on the loss distribution, a sensitivity analysis is performed
for the simulation of Amsterdam, which is shown in the support-
ing information. This shows that an uncertainty of 10% of the
input (which is larger than the actual uncertainty), there is only
an uncertainty of 0.1% in the loss distributions.

2.4. The Limitations of the Model

The described model includes several assumptions. First, the
model assumes that there is no temperature dependence on
the bandgap energies, when calculating the fundamental losses.
In reality, however, the bandgap energy for both perovskite and
silicon is dependent on the temperature.[27,28] For the electrical
simulation, a temperature dependency is included for the
bandgap energy.

Another effect that is not included in the model is photon recy-
cling. In photon recycling, photons emitted by the top cell could
be absorbed by the bottom cell,[29] reducing the emission losses.
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This is not included in the model, as it would be challenging to
implement with the workflow of the PVMD Toolbox as it would
require an iterative process of optical and electrical simulations.
Moreover, the emission losses, which would potentially trigger
this process, are below 3% in all simulations.

Finally, it should be noted that the five-parameter model does
not include effects such as hysteresis or the double diode effect.
The former would require that the system knows its previous
steps on the hysteresis curve and additionally the nature of
the hysteresis is still under investigation and much scientific
debate. The latter is not needed, since we can fit the ASA IV
curves accurately and adding more parameters could lead to
overfitting for these optimized high efficiency cells.

3. Case Study

The equations described in the previous section can be used to
analyze the losses in a PV system. A PV system has been
designed, based on a perovskite/silicon tandem cell. The perfor-
mance of this system will be simulated at STC and for four
different climate conditions.

3.1. The Design of the PV System

The reference cell that is used as a basis for the PV system is the
monolithic perovskite/silicon two-terminal tandem designed at
HZB by Al-Ashouri.[30] with a cell efficiency of 29.15%.

The structure of the cell is implemented in the Toolbox,[10]

such that it can be used for simulations. The implementation
in the Toolbox is both optical and electrical validated, as
described by Vogt et al.[10] For the optical validation, the mean
absolute deviation between measured and simulated EQE is only
1%. Also, the simulated photo current densities are within
0.1mA cm�2 of the measured short circuit densities. For the
electrical validation, the mean absolute deviation between
the measured and simulated IV curve is below 0.3mA cm�2

corresponding to 1.6%.
For the PV system in the simulation, encapsulation is added to

the cells, which makes the modules more realistic.[10]

Additionally, the Si thickness is reduced from 260 to 160 μm
to simulate a realistic value for an industrial solar cell, and
the perovskite thickness is adjusted to achieve current matching
under STC. The cell structure is shown in Figure 3. The EQE of
the adjusted cell is also presented in this figure. The module
consists of 72 cells, which are connected in series. Finally, the
PV system consists of five modules in series, connected to an
inverter. The same inverter is used for every location.

3.2. The Different Operating Conditions

The PV system is simulated under five different conditions,
which includes STC and four different climates according to
the Köppen–Geiger-photovoltaic (KGPV) classification.[31,32]

The selected climates are temperate low irradiance climate
(DL), the temperate high irradiance climate (DH), the tropical
high irradiance (AH), and the temperate medium irradiance
(DM). For each climate, a geographical location is selected,
which are Amsterdam, Casablanca, Bombay, and Kyoto.
The hourly climate data of each location are extracted from
METEONORM version 7.3.[33] Table 1 provides detailed
information on the locations, such as the annual global
horizontal irradiation (GHI), the mean annual ambient
temperature (TA), mean annual wind speed (WS), and the
optimum fixed tilt for each location. For all locations, it is
assumed that the horizon is free, and the modules are
placed 1 and 8 m apart in the side spacing and row spacing,
respectively.

3.3. Solar Tracking

For each location, three different solar tracking methods are sim-
ulated as well. Solar tracking is expected to increase the energy
yield of a PV system as it increases the in-plane irradiance.[34] The
different types of solar tracking are single axis (azimuth or
altitude tracking) and double axis (simultaneous azimuth and
altitude tracking). For azimuth only tracking, the tilt of the mod-
ule is fixed, and the module’s azimuth can move freely. For each

Figure 3. a) The encapsulated cell structure of the cell that is integrated into a module. For each layer, the thickness is indicated between brackets. b) The
simulated EQE of the top and bottom cells. The absorbed photo-generated current in each layer is also presented.
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hour of the year, the azimuth that maximizes the incoming
irradiance is chosen.

For altitude tracking, the module can rotate around the
horizontal axis, whereas its azimuth is fixed. The tilt of the
module is selected such that the incoming irradiance is
maximized.

For azimuth and altitude combined tracking, the module will
completely track the sun. This is simulated by setting the
azimuth and altitude of the module equal to the azimuth and
altitude of the sun.

4. Results and Discussion

The losses of the tandem modules are calculated for all condi-
tions. The geographical locations have been simulated for a
whole year, providing an annual energy loss analysis. First,
the loss distribution at STC is presented, followed by the results
and a discussion on the loss distribution at outdoors conditions.
Also, the effect of the spectral variations and different
temperatures are explained. Finally, the effect of solar tracking
is discussed.

4.1. Results at Standard Test Conditions

The results at STC are presented in Figure 4. It can be seen that
the AC efficiency is 26.2%. Each module (72 cells in series) has a
short circuit of 4.63 A, an open circuit voltage of 121 V, a fill fac-
tor of 0.817, and an output power of 458W. The area of a module
is 1.80m2. The semiconductor module provides the temperature
coefficient of the tandem modules. The temperature coefficient
of the maximum power point and the open circuit voltage are
around�0.21 and�0.18% K�1, respectively. There is no temper-
ature coefficient assumed for the short circuit current, as the
photo-generated current is calculated before the thermal model.

The largest losses can be found in the fundamental losses,
which have the same distribution as the integration over
Figure 2. However, the fundamental losses are reduced by
1.3% once these nonideal cells are considered, which is mainly
caused by a reduction in emission. More information on how the
nonideality factor is built up can be found in the supporting
information. Because the optimal voltage is higher than the
actual voltage, the emission of an ideal cell is larger than the
emission of a nonideal cell (as shown in Equation (3)).

The parasitic loses, in total 3.1%, are mostly caused by the IZO
layer, accounting for 33% of the parasitic absorption. The
electrical losses (8.5%) are for 62% caused by the perovskite cell
and for 38% by the silicon cell.

4.2. The Loss Distribution under Outdoor Conditions

The difference between the loss distributions at STC and the
real-world operating conditions is shown in Figure 5. The loss
components are accumulated over one full year of simulation
of the tandem PV system in the climate with hourly resolution.
The annual efficiency ðηyearÞ is calculated by summing the AC
energy for each hour and dividing it by the total annual
irradiation, which is written as

ηyear ¼
P

t∈T EAC,tP
t∈T Ein,t

(20)

The value for each loss component is calculated in a similar
method, where the summation of the hourly loss values is
divided by the total incoming irradiation.

The PV system has the highest yearly efficiency in Casablanca
(24.8%), and the other locations have an equal efficiency (24.0%).
This is a decrease compared to the efficiency at STC (26.2%),
which is mainly caused by the spectral variations and tempera-
ture differences.

The differences in loss distributions are caused by several phe-
nomena. The spectral losses (thermalization and below bandgap
losses) change due to a blue shift of the spectrum compared to
AM1.5g. The blue shift is caused by the irradiance weighted air
mass being lower compared at all simulated locations compared
to STC. This causes an increase in the thermalization losses, but
a decrease in below bandgap losses. Bombay has the lowest
air mass, explaining why the difference compared to STC is
the largest for this location.

The Carnot and angle mismatch losses increase at outdoors
conditions. Due to a lower in-plane irradiance, the optimal

Table 1. An overview of the different locations selected for the simulation.

Location Annual GHI
[kWhm�2]

Mean annual
TA [°C]

Mean annual
WS [m s�1]

KGPV Optimum
tilt [°]

Amsterdam (the
Netherlands)

973 11.3 3.8 DL 32

Casablanca
(Morocco)

1865 18.4 2.2 DH 26

Bombay (India) 1831 27.6 2.6 AH 19

Kyoto (Japan) 1286 16.2 1.8 DM 24

Figure 4. The loss distributions of the perovskite/silicon tandem at
standard test conditions.
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voltage decreases compared to STC. Since the Carnot and angle
mismatch voltage account for the difference between the optimal

voltage and Eg

q , these voltages increase. This leads to an increase

of the Carnot and angle mismatch losses.
The reflection losses increase by 0.9%–1.0% (from 2.5% to

3.4%–3.5%), due to more oblique angles of incidence. An out-
door module receives light from multiple angles, which is differ-
ent than at standard test conditions. This leads to more reflection.

Additionally, the inverter losses also increase significantly.
Because the modules receive less irradiance compared to STC,
the output power decreases. The selected inverter becomes less
efficient at a lower power, resulting in more inverter losses.
This also explains why the inverter losses are the largest in
Amsterdam, since this location has the lowest in-plane
irradiance.

The mismatch losses increase slightly due to spectral varia-
tions, resulting in a current mismatch. However, the current
mismatch is largely compensated by the fill factor gain.[35]

The fill factor gain is the phenomenon that the fill factor

increases, when the IV curves of the top and bottom cells are
mismatched. An illustrative explanation of the fill factor gain
is provided in the supplementary material. A quantification of
the current mismatch, power mismatch, and fill factor gain is
given in Table 2. The current mismatch is defined as
jIph,top�Iph,botj

Iph,bot
, and the power mismatch is defined as jP4T�P2Tj

P2T
, where

P4T is the output power if the cells would operate as four termi-
nal. All values in the table are irradiance weighted over the whole
year. The table shows that although the absorbed current mis-
matches are approximately 6%–7%, the mismatch in power is

Figure 5. The difference between the loss distributions at STC and real-world operating conditions.

Table 2. A quantification of the fill factor gain. The values shown are
irradiance weighted over the full year.

Amsterdam Casablanca Bombay Kyoto STC

Current mismatch [%] 7.03 6.16 7.02 6.43 0.18

Fill factor [–] 0.823 0.829 0.831 0.828 0.817

Power mismatch [%] 1.24 0.75 0.78 0.83 0.20
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only approximately 0.8%–1.2% as a result of higher fill factor.
Note that the mismatch loss in Table 2 is relative to the incoming
power, while the mismatch here is relative to the module power.
Figure 6 shows the normalized AC yield for different fill
factors. The fill factor is discretized into steps of 0.1%, and
the AC electricity generated in each step is added. Finally, the
distribution is normalized according to the maximum value to
obtain the plots shown in the figure. It can be seen that most
of the energy yield is generated at a fill factor larger than at
STC. This shows that the mismatch in implied photocurrent only
is not a good indicator for estimating the mismatch losses.
To correctly estimate the mismatch losses, power mismatch
should be used.

4.3. The Comparison between Tandem and Single Junction
Modules

The performance of the single junction modules has also been
simulated to analyze the gain of combining the separate cells in a
tandem. For the single junction modules, the top and bottom
cells of the tandem cell (in Figure 3) are simulated separately.

The efficiencies at different operating conditions for the single
and the tandem junction module are shown in Table 3. In the
first rows, the AC efficiencies of the modules based on the
top and bottom cells are reported for the different operating
conditions. Also, the difference with the efficiency of the tandem
cell is reported. On the third row, the efficiencies of the
optimized c-Si modules are reported, including the difference
with the tandem module. On the last row, the efficiencies of
the tandem module under different conditions are shown.
The absolute efficiency gain of using a tandem module is more
than 5% compared to the optimized c-Si module for all locations.
It should be noted that the efficiencies are AC system
efficiencies, explaining why the values are lower than typical cell
efficiencies mentioned in literature.

The most important reason for this gain is the reduction
of thermalization/below bandgap losses for tandem modules.
The c-Si PV systems perform the best in Casablanca, as this
location has the highest incoming irradiation with a relative
low temperature (see Table 1). The perovskite PV system (with
a high bandgap energy) has the highest efficiency in Bombay, as
this location has the lowest latitude and therefore the highest

Figure 6. The relative AC energy yield for each fill factor. The red line indicates the fill factor at STC. It shows that at each location, most of the AC electricity
is generated at a higher fill factor than the fill factor at STC.

Table 3. A comparison between the efficiency of the tandem and the single junction module at different operating conditions. The difference between the
perovskite/silicon module is indicated between brackets.

Module STC Amsterdam Casablanca Bombay Kyoto

η c-Si module based on bottom cell [%] 19.9 (Δ= 6.3) 18.6 (Δ= 5.4) 18.8 (Δ= 6.0) 18.1 (Δ= 5.9) 18.4 (Δ= 5.6)

η perovskite module based on top cell [%] 19.3 (Δ= 6.9) 16.6 (Δ= 7.4) 17.5 (Δ= 7.3) 17.1 (Δ= 6.9) 16.8 (Δ= 7.2)

η perovskite/silicon module [%] 26.2 24.0 24.8 24.0 24.0
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blue shift. The full loss distribution of the PV systems with single
junction modules can be found in the supporting information.

4.4. The Effect of Solar Tracking

Solar tracking has an effect on the in-plane irradiation and on the
efficiency of the tandem module. Figure 7 shows how the
efficiency of the different tracking systems changes over a certain
day in Amsterdam. As example, 1 August is chosen, as this day
has the highest efficiency. It can be seen that the efficiency
increases especially in the morning and evening. This effect is
the lowest for altitude tracking, as this method is not able to face
the sun in the morning and evening as effective as the
other methods. This is because the sun is typically in the east
(morning) or in the west (evening) at these moments, while
the module is facing south.

Table 4 shows the incoming irradiation, efficiency, and AC
energy yield for the different types of tracking. The loss distribu-
tion for every simulation is presented in the supporting informa-
tion. In the table, it can be seen that full tracking has the most
effect regarding the in-plane irradiance, followed by azimuth
tracking, and altitude tracking shows the least increase.
Altitude tracking shows the least increase, since it cannot receive
as much irradiance in the morning and evening as the other
methods.

As shown in the table, the efficiency of a PV system can be
affected by solar tracking. Full tracking has the largest effect
and increases the efficiency in Amsterdam with 1.1% (from
24.0% to 25.1%). The efficiencies change due to lower angle
mismatch, reflection, and inverter losses.

The angle mismatch losses, combined with the Carnot losses,
are caused by the difference between the optimal voltage and the
voltage corresponding to the bandgap energy. As the received
irradiance increases with tracking, the optimal voltage also
increases. This is because a greater irradiance allows the optimal
voltage to be larger. As the optimal voltage increases, the differ-
ence between the optimal voltage and the bandgap voltage will

decrease, leading to a lower angle mismatch voltage. This leads
to a decrease of angle mismatch losses.

When the PV modules tracks the sun, the angle of incidence
will decrease for most of the incoming photons. The reflection is
typically lower for small values of the angle of incidence. This
decreases the reflection losses.

As mentioned before, the efficiency of the inverter typically
increases for a greater output power. Because solar tracking
increases the received irradiance, the output power will increase,
leading to a higher inverter efficiency. Therefore, the inverter
losses will decrease when tracking.

Figure 7. The efficiency of different tracking systems over different hours of 1 August. It can be seen that the efficiency increases especially in the morning
and evening.

Table 4. The effect of solar tracking. It can be seen that solar tracking
increases the incoming irradiance and can also increase the efficiency,
leading to a higher energy yield.

Location Type of tracking Incoming annual
irradiation [MWh]

Efficiency [%] AC energy
yield [MWh]

Amsterdam None (Tilt= 32°) 10.2 24.0 2.45

Azimuth tracking 12.3 24.9 3.06

Altitude tracking 10.9 24.3 2.66

Tracking both 13.2 25.1 3.32

Casablanca None (Tilt= 26°) 18.8 24.8 4.67

Azimuth tracking 22.5 25.4 5.72

Altitude tracking 20.1 25.0 5.03

Tracking both 25.0 25.7 6.41

Bombay None (Tilt= 19°) 17.5 24.0 4.20

Azimuth tracking 19.7 24.6 4.83

Altitude tracking 18.4 24.3 4.46

Tracking both 21.8 24.9 5.43

Kyoto None (Tilt= 24°) 12.7 24.0 3.05

Azimuth tracking 14.4 24.6 3.54

Altitude tracking 13.5 24.3 3.28

Tracking both 15.6 25.0 3.89
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However, the mismatch losses increase when solar tracking is
used. The absorption of the top and bottom cells is dependent on
the angle of incidence and the spectral irradiance. Due to solar
tracking, both of these parameters are changed. This leads to a
different distribution of the absorbed current in the top and
bottom cells. Eventually, this leads to more mismatch losses
for all locations. Nevertheless, the efficiency increases for each
type of tracking on each location.

The temperature of the PV modules will increase due to the
larger incoming irradiance. For all locations, the increase of the
temperature is on average smaller than 1 K. As the temperature
coefficient of the PV module is around �0.2% K�1 (which is an
output of the semiconductor module of the Toolbox, which uses
the semiconductor device simulator ASA). Consequently,
the efficiency is reduced by about 0.2% due to self-heating.
However, this effect is smaller than the efficiency increasing
effects described earlier.

Due to the increase on the in-plane irradiation and the effect
on the efficiency, the AC energy yield increases for tracking.
Similar to the in-plane irradiation, the effect is the largest for full
tracking, followed by azimuth tracking.

5. Conclusion

In this work, a model for calculating the losses is presented.
Totally, 17 losses are defined and divided into four categories.
This model is applied on the simulation of a PV system, based
on the perovskite/silicon tandem cell fabricated by HZB.[30] This
PV system is simulated at STC and at various climates. For each
operating condition, the loss distributions are presented and
compared among each other. It is also shown that the efficiency
of tandem modules is significantly larger than single junction
modules for all operating conditions. Finally, solar tracking is
simulated to observe the effects on the loss distribution.

There were several differences in the loss distribution at STC
and at the outdoor location. The thermalization and below
bandgap losses changed significantly due to a blue shift of the
spectrum. The blue shift is the highest in Bombay, since the
sun is the highest at this location. Also, the reflection losses
increased with 0.9%–1.1% due to more oblique angles of
incidence.

Additionally, it was shown that solar tracking can increase the
energy yield of a PV system due to two reasons. First, the in-plane
irradiation of the system increases, as the module faces the sun.
Second, the efficiency of a PV system increases by solar tracking.
As reason for this efficiency increase, we identified that angle
mismatch, reflection, and inverter losses decrease when the
module follows the sun. However, the mismatch losses increase
when solar tracking is used, as the increased in-plane irradiance
at lower sun elevation results in a larger current and power
mismatch.

Finally, we quantified that mismatch losses due to changes in
the spectrum are not as large as the current mismatch indicates.
A difference in photo-generated current will lead to gain in fill
factor (the fill factor gain), limiting the power loss. Due to the
fill factor gain, a difference of 7.0% in absorbed current will only
lead to a power mismatch of 1.2%. Therefore, the power

mismatch should be used as indicator for mismatch losses
instead of a current mismatch.
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