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Abstract: Energy yield (EY) modelling is an indispensable tool to minimize payback time of
emerging perovskite-based multi-junction photovoltaics (PV) but it relies on many assumptions
about device architecture and environmental conditions. Here, we propose a comprehensive
framework that enables rapid simulation of complex architectures of perovskite-based multijunction PV and detailed calculation of their power output under realistic irradiation conditions
in various climatic zones. Applying the framework to perovskite/silicon multi-junction solar
modules, we showcase the impact of tracking on energy losses arising from spectral variations.
Moreover, we demonstrate the strong dependency of the EY of bifacial multi-junction solar
modules on the albedo.
© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1.

Introduction

In order to lower the levelized cost of electricity (LCoE) of photovoltaics (PV) substantially [1],
the power output of PV modules needs to increase further. In this regard, perovskite-based
tandem PV is currently the focus of attention by researchers and industries world-wide, since
the technology promises power conversion efficiencies (PCE) vastly exceeding the limits of
the market-dominating single-junction silicon (Si) PV [2]. Companies, such as OxfordPV, are
working intensively on a commercial launch of perovskite/Si tandem solar modules having
reached an outstanding PCE of 28% on 1 cm2 devices [3]. To minimize both the economic
and energy payback time at an early phase of development and to predict the performance of
PV systems under realistic irradiation conditions, an assessment of the annual energy yield
(EY) of the technology in the targetted location is of highest importance. EY modelling has
already widely been used for single-junction PV [4–10], concentrator PV [11–16] and III-V/Si
multi-junction PV [17–20]. In particular for multi-junction PV, the absorber thicknesses can
differ significantly by up to 30% when optimizing the architecture for annual EY rather than
PCE under standard test conditions (STC) [21, 22]. Consequently, numerous studies have been
published discussing various correlations between environment and optimum device parameters
of perovskite/CIGS [21], perovskite/Si [22–27] and perovskite/perovskite tandem PV [28].
The level of detail of each EY simulation framework used in the above-mentioned studies
varies. Most studies, for instance, employ planar or abstracted device architectures to make more
generalized statements about the prediction of realistic performance limitations of perovskitebased tandem solar modules [23–26, 29]. Others, however, focus on specific aspects, such
as precise modelling of the electrical behavior of multi-junction solar modules [25, 26] or
light-management foils [27], but then only consider clear sky conditions and disregard cloud cover
(CC). The need for an elaborate model of CC has been highlighted by Liu et al. [18] reporting on
comparative EY studies between measured irradiance spectra and calculated irradiance spectra
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using radiative transfer models, in particular the widely-used ’simple model of atmospheric
radiative transfer of sunshine’ (SMARTS) [30]. Moreover, very few studies to date investigated the
crucial question for perovskite/Si multi-junction PV, whether and how much texturing is required
to maximize the output of the tandem architecture under realistic irradiation conditions [22].
The different emphases of these studies clearly undermine their comparability and thus
highlight the need to establish and communicate a common and comprehensive framework for
future EY studies. In particular, the optical modelling of the complex architecture of textured
perovskite-based multi-junction solar modules and the modelling of realistic irradiation conditions
requires methodology with a common framework. Therefore, in this paper, we outline all relevant
aspects of the methodology of EY modelling of perovskite-based multi-junction PV.
Our framework offers the possibility to simulate complex - textured or planar, monofacial
or bifacial - architectures of single- and multi-junction PV, including all perovskite-based technologies (e.g. perovskite/Si, perovskite/CIGS, perovskite/perovskite), other tandem technologies
employing III-V or CdTe absorbers, as well as any other absorber material. The circumvention
of time-consuming ray-tracing or wave-optical methods allows for rapid and accurate optical
simulations without using high performance computing hardware. Our EY framework further
provides hourly resolved realistic direct and diffuse irradiation conditions as well as CC in
different climatic regions. Moreover, it includes robust modelling of all relevant electrical
interconnection schemes of multi-junction PV, such as two-terminal (2T), three-terminal (3T)
and four-terminal (4T). In addition, our EY framework also considers both various solar tracking
methods as well as bifacial PV modules that can benefit from albedo - the model for the latter is
based on the basis of the ECOSTRESS spectral library [31, 32].
2.

Energy Yield Modelling

Under realistic outdoor operation, the most important figure-of-merit to evaluate and compare
multi-junction solar modules is the EY. Here, the EY is defined as the total energy generated
by the solar module over the course of one (representative) year. The proposed methodology
of EY modelling is based on four independent modules (see Fig. 1) providing realistic spectral
irradiation covering a broad range of locations in the USA and the optical and electrical response
of multi-junction solar modules. This modular EY framework can easily identify trends for
specific architectures via the analysis of light-trapping concepts or the evaluation of the electric
interconnection schemes, thus providing design rules for device properties (e.g. layer thicknesses)
or optimal tilt for various locations.

Fig. 1. Schematic flow of the modular EY modelling. The irradiance module computes the
spectral irradiance I, the optics module the absorptance A, and the energy yield module
calculates the short-circuit current density JSC and EY with the help of the electrics module.
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1. The Irradiation Module calculates the spectral and angular-resolved irradiance over the
course of one year with a temporal resolution of one hour by applying SMARTS to typical
meteorological year (TMY3) data of locations in various climatic zones. A simple model
is employed to account for CC such that realistic direct and diffuse irradiance are derived.
2. The Optics Module rapidly calculates the spectrally and angular-resolved absorptance of
the non-simplified architecture of multi-junction solar modules. It is able to handle a strong
entanglement of multiple planar and textured interfaces with coherent and incoherent light
propagation by combining transfer matrix method (TMM) and geometrical ray-tracing.
3. The Electrical Module determines the temperature-dependent current density-voltage
(J-V) characteristics accounting for series and shunt resistances for a given short-circuit
current density (JSC ) of the sub-cells forming the multi-junction in either a 2T-, 3T- or
4T-configuration. Furthermore, the maximum power point is determined to calculate the
power output of the multi-junction solar module.
4. The Energy Yield Core Module calculates the EY over the course of one year of the
sub-cells depending on their orientation (rotation and/or tilt of the module) and location.
The EY is computed by combining the spectral and angular resolved solar irradiation (with
or without albedo), the absorptance of the multi-junction solar module and the electrical
properties (see Fig. 2).

Fig. 2. Schematic of energy yield modelling for multi-junction solar modules. The power
generation of the tilted multi-junction solar module varies with the sun’s specular and
diffuse irradiance, which is linked to the location, time, orientation of the solar module
and the cloud coverage. For different architectures (monofacial or bifacial) and module
installations (albedo), additional contributions of incident light to the generated current need
to be considered.
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3.

Realistic irradiation conditions

To determine the annual EY of a specific multi-junction configuration, realistic irradiation data
are essential. To assess different climatic regions, the TMY3 data sets, available from the National
Renewable Energy Laboratory (NREL), are used [33]. They contain statistically representative
hourly resolved meteorological and irradiation data of many locations spread over the USA,
representing all relevant climatic zones. Furthermore, for each location, atmospheric properties
like the dry-bulb temperature, pressure, precipitable water, aerosol optical depth and albedo are
provided. Based on the irradiance, the atmospheric conditions and the position of the sun [34],
the spectrally resolved (280 nm - 4000 nm) clear sky irradiance is calculated with SMARTS [30].
Therefore, the Shettle and Fenn’s urban aerosol model and the US standard reference atmosphere
are used [35].
Furthermore, the irradiance spectra are enhanced by a simple cloud model with the CC, the
value of which is available in the hourly TMY3 data set. Our simple cloud model assumes no
spectral change for the direct irradiation. In this case, the direct irradiation Iclouds,dir is determined
by the spectral resolved clear sky irradiance Iclear,dir , which is calculated by the SMARTS code,
scaled to the TMY3 measured absolute irradiance Imeas,dir for every hour of the year:
Iclouds,dir (λ) = ∫

Iclear,dir (λ)
Iclear,dir (λ)dλ

· Imeas,dir .

(1)

The diffuse irradiance is given by the direct and diffuse clear sky irradiance weighted by the
CC. The normalized spectral data is again scaled to the measured diffuse irradiance Imeas,diff of
the TMY3 data:
Iclouds,diff (λ) = ∫

Iclear,diff (λ) · (1 − CC) + Iclear,dir (λ) · CC
[Iclear,diff (λ) · (1 − CC) + Iclear,dir (λ) · CC]dλ

· Imeas,diff .

(2)

The direct and diffuse spectrum (average) obtained by this simple cloud model are displayed
in Fig. 3(a) for Phoenix (Arizona, USA) for two months of a representative year. For June and
December, the direct irradiance exceeds the diffuse irradiance. The large difference in maximum
irradiance between summer and winter is a natural consequence of the meteorological conditions
of the northern hemisphere.
Owing to the strong wavelength dependence of Rayleigh scattering (∼ λ−4 ), the diffuse fraction
exhibits a strong blue-shift. This blue-shift of the average photon energy (APE) compared to the
global standard spectrum (AM1.5g) in Fig. 3(b) is also visible in the morning and evening when
the total irradiance is dominated by diffuse irradiance [21, 36]. The variation of the incident
irradiation mimics realistic operating conditions due to the continuously changing angle of
incidence and CC (fluctuating irradiance levels and spectral variations).
While the proposed model for CC is rudimentary, it yet provides a possibility to account for
the impact of clouds on clear sky diffuse irradiation calculated via SMARTS. The approach
of assuming more blue-rich spectral irradiance with decreasing CC is in accordance with the
previous study by Bartlett et al. [37]. Furthermore, it must be acknowledged that the radiative
transfer in clouds is a complex subject [37,38] and yet there is no unified, comprehensive radiative
transfer model [39] since the optical properties strongly depend on their size and shape as well as
their composition [40].
4.

Optical modelling

The architecture of state-of-the-art single-junction and multi-junction solar modules demands
certain capabilities of the simulation framework to determine its spectral response. Therefore,
the optics module needs to accurately handle three distinct features (Fig. 4(a)):
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Fig. 3. (a) Monthly average spectral irradiance of Phoenix (Arizona, USA) during June
and December broken down into direct and diffuse portions. (b) Hourly resolved overall
intensity of direct and diffuse irradiance and the average photon energy (APE) in November
19th in Phoenix (Arizona, USA).

1. Multi-layer thin-film stacks: Thin-film PV technologies - like III-V, copper indium gallium
diselenide (CIGS) and perovskite PV - require a coherent treatment of light propagation in
thin-film multi-layer stacks. A proficient and fast method to account for interference of coherent
light is TMM. The coherent calculation of the absorptance Acoh via TMM has already been
discussed extensively in a previous publication [41] and will thus not be discussed further in this
work.
2. "Optically-thick" layers: In "optically-thick" layers - such as module encapsulation materials
and ∼200 µm-thick Si absorbers - interference does not play an important role and a simple
calculation of the absorption in a dielectric via the Beer-Lambert law according to Eqn. (3) is
sufficient:
 −α(λ)·d/cos θ1

0
e





..
Aincoh (λ) = 
(3)
,
.





0
e−α(λ)·d/cos θn 


where, α(λ) is the absorption coefficient, d the thickness of the incoherent layer, and θ n the angle
of light propagating in the incoherent layer.
3. Non-planar interfaces: The third feature encompasses non-planar interfaces for light
management. In single-junction Si PV, this mostly involves alkaline-etched pyramidally-textured
Si wafers or replica of these textures transferred into the module encapsulation. These textures
can be handled using geometrical ray-tracing as described by Baker-Finch and McIntosh [42].
This elegant approach allows fast and accurate calculation of the impact of pyramidal textures on
the reflectance R and transmittance T of an interface for all angles of incidence. If the textures
are covered with a thin-film multi-layer stack (see Fig. 4(a)), even the impact of the texture on
the absorptance of this ’effective interface’, defined from one thick layer to the next one, can be
determined. Following the approach of Baker-Finch and McIntosh [42], light can pass through a
texture only in a limited set of paths with characteristic intersection angles θ intersect at the facets
of the pyramids (Fig. 4(b)). The total absorption Apath,i of a pyramidal texture covered with a
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Fig. 4. (a) Illustration of the abstraction levels of the complex architecture of multi-junction
solar modules used for the optical simulation of their spectral response in dependence of the
wavelength λ and the angle of incidence θ in . A perovskite/Si multi-junction solar module
commonly exhibits three distinct features: optically-thick layers, multi-layer thin-film stacks
and textures. (b) Textures are simulated using geometrical ray-tracing. The geometry of
pyramidally textures only allows a specific set of characteristic light paths.

multi-layer thin-film stack along a path i is then defined as:
j

j−1

max Ö
 Õ


Apath,i (λ, θ in ) = Acoh λ, θ intersect,1 +
Rcoh λ, θ intersect,k · Acoh λ, θ intersect,j .

(4)

j=2 k=1

Here, i is the index of an individual light path, Rcoh the reflectance of the thin-film stack obtained
from TMM calculations, and j the index of facets hit by light along the path. The total absorptance
of this thin-film covered texture Atex/coh is then determined by summation over all characteristic
paths:
Õ
Atex/coh (λ, θ in ) =
Ppath,i (θ in ) · Apath,i (λ, θ in ) ,
(5)
i

where, Ppath,i is the probability for light to propagate along path i. Thus, the interaction of light
with an effective interface that may be textured and/or covered with a multi-layer thin film stack
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is described by Eqns. (6) and (7),


 R, T(λ, θ 1 → θ 1 ) . . . R, T(λ, θ n → θ 1 ) 


..
..


..
R, T (λ) = 

.
.
.




 R, T(λ, θ 1 → θ n ) . . . R, T(λ, θ n → θ n )


Õ
Õ
R(λ, θ in → θ ref ) +
T(λ, θ in → θ trans ) + Atex/coh (λ, θ in ) = 1 ,
θref

(6)

(7)

θtrans

where θ in is the angle of the incident light, θ ref the angle of back-reflected light, and θ trans the angle
of transmitted light (see inset Fig. 4). With R, Atex/coh , T and Aincoh all necessary information
is given to pursue an iterative summation of absorption of all light passes in forward Aforward
and backward Abackward direction through any material as described by Eisenlohr et al. [43] and
indicated in Fig. 4(b).
A(λ, θ in ) = Aforward (λ, θ in ) + Abackward (λ, θ in ) =

imax
Õ

Aforward,i (λ, θ in ) +

i=0

imax
Õ

Abackward,i (λ, θ in ) . (8)

i=1

This summation is performed up to a maximum number of iterations i max at which the power
of light passing through the slab of material is vanishing. The obtained total absorptance for
each layer A(λ, θ in ) is then a function of the angle of incidence θ in and the wavelength λ and
corresponds to the spectral response of the entire system. To account for the differing spectral
response for front and rear illumination of bifacial multi-junction solar modules, the optical
modelling has to be performed for each side individually.
The outlined combination of geometrical ray-tracing and TMM circumvents the computingintensive use of rigorous ray-tracing or wave-optical finite-element methods. Thus, it does
not rely on high performance computing hardware for rapid simulations (i5-8250u processor:
<2 min). However, geometrical ray-tracing restricts the applicable textures to regular upright,
random upright and inverted pyramids. The optical response (R, T and A) of other non-pyramidal
textures (or effective interfaces) must be calculated specifically by ray-tracing. Since the iterative
summation of absorption follows a generic principle, more exotic or even artificial textures can
be implemented with ease, though.
5.

Electrical performance

To derive the power output of the the multi-junction solar module, the electrics module determines
the J-V characteristics for a given short-circuit current density J SC with the one-diode model
based on the Shockley diode equation including series Rs and shunt resistances Rsh :
 V + JR
 V +J Rs
s
J(V) = JSC − J0 e nkTmodule − 1 −
(9)
Rsh
with the input parameters: J0 dark saturation current density, n ideality factor, k Boltzmann
constant, Tmodule module temperature. It should be noted that the collection efficiency χ of
generated charge carriers is considered in the calculation of the JSC . Since Tmodule highly
depends on a wide range of parameters, thermal modelling of the absorbers in photovoltaics is
a complex matter [44]. For temperature-dependent EY modelling, two important aspects have
to be kept in mind. Firstly, empirical modelling of Tmodule based on the nominal operating cell
temperature (NOCT) takes into account that the insolation S heats up the module above the
ambient temperature Tambient according to [45, 46]:
Tmodule = Tambient +

NOCT − 20◦ C
800W/m2

· S.

(10)
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The NOCT is defined as Tmodule at an insolation of 800 W/m2 , a wind speed of 1 m/s and a
ambient temperature 20◦ C. Secondly, the influence of Tmodule on the electrical performance is
modeled using temperature coefficients tVOC and tJSC for VOC and JSC , which are normalized at
T0 =25◦ C and expressed in ppm K−1 [47].
tVOC
(T − T0 ))
(11)
106
tJ
JSC = JSC,0 (1 + SC6 (T − T0 ))
(12)
10
The use of the Lambert W function [48, 49] enables the derivation of a closed-form solution
for the open-circuit voltage at T0 from the transcendental Eqn. (9):



J0 Rsh
(JSC + J0 )Rsh
(13)
VOC,0 = (JSC + J0 ) Rsh − nVthW
exp
nVth
nVth
VOC = VOC,0 (1 +

where the thermal voltage is Vth = kT. The voltage V of the solar cell at a given temperature T is
then given by:



J0 Rsh
(JSC + J0 − J)Rsh
RT
V(J) = −J Rs + (JSC + J0 − J)Rsh − nVthW
exp
− VOC
+ VOC . (14)
nVth
nVth
Dependent on the different electrical interconnection schemes (see Fig. 5), the power output of
the multi-junction solar module is calculated. For a 2T electrical interconnection, the individual
sub-cells are connected in series for which the total current is given by the limiting sub-cell. The
total voltage is calculated by the sum of both sub-cells (see Eqn. 14) subtracting losses due to the
series resistance of the multi-junction.

Fig. 5. Electrical interconnection of the multi-junction solar module: (a) In the 2T
configuration the two sub-cells are connected in series; (b) in the 3T configuration the the
current excess in one of the sub-cells can be extracted; (c) in the 4T configuration both
sub-cells are operated at their maximum power point.

The 3T interconnection is substantially more complex. It typically refers to the scenario of a 2T
interconnection with an additional contact of the bottom cell that harvests the surplus of current
generation in the bottom cell at the photovoltage of the bottom cell. A rudimentary treatment of
this scenario neglects changes in the fill factor, which implies that the power conversion efficiency
can be calculated in the same way as the 4T interconnection (see also [50]). This 3T model
remains oversimplified and is subject to further advances of our framework.
In a 4T interconnection the individual sub-cells are connected separately, which eliminates the
constraints of current mismatch. In the optics module, an optical coupling layer (air or some
refractive index matched insulator) is considered between the bottom electrode of the top solar
cell and the top electrode of the bottom solar cell (see Section 4). The total power output is
derived by the sum of the individual sub-cells operated at their distinct maximum power point.
It should be noted that the device interconnection also induces system-related adaptations such
as the number of inverters. For the simplest 2T interconnection of the sub-cells only a single
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set of inverters is required. The additional contacts in the 3T and 4T interconnections, however,
require a separate extraction of the power of both sub-cells and thus an additional set of inverters.
In this way, both sub-cells are electrically decoupled by either contacting the recombination
junction of a monolithic architecture [50] or employing advanced architectures based on Si solar
cells with interdigitated back contacts [51]. On the other hand, a parallel connection of the top
and bottom solar cells results in voltage-matched devices, which require only a single set of
inverters [52]. However, this approach requires substantially more complex internal or external
interconnections in the case of the 3T and 4T architecture, respectively.
All electrical characteristics discussed here rely on the one-diode model. However, in reality,
the recombination in the pn-junction dominates at lower voltages. Thus, the ideality factor varies
as a function of irradiation intensity. Consequently, a more complex two-diode or multi-diode
model would be more accurate [53]. Nevertheless, a two-diode model increases complexity in the
computation and requires fitting of the additional electrical properties of the second diode [54].
In addition to that, the proposed one-diode model is sufficiently accurate as it differs by less than
1% compared to experimental data [55]. So far system-related aspects, such as ohmic losses,
inverter losses, and energy storage losses [9], are disregarded. In general, thorough studies will
have to include an in-depth uncertainty analysis of the investigated parameters.
6.

Calculation of annual EY

The annual EY of the multi-junction solar module is derived by the interplay between the above
described modules that calculate: the realistic irradiance data, the spectral and the electrical
response of the multi-junction solar modules. The EY core module manages these inputs (see Fig.
1) and offers various additional features: (i) static tilt of the solar module; (ii) 1- and 2-axis sun
tracking; (iii) albedo; (iv) mono- or bifacial solar modules; and (v) 2T, 3T and 4T interconnection
schemes. The EY is calculated with a temporal resolution of one hour, which equates to the same
resolution of the irradiance data. This is indispensable when considering tracking and targeting
realistic modelling of outdoor performances of multi-junction solar modules [17, 18].
6.1.

Short-circuit current density monofacial

The short-circuit current JSC is calculated for the direct and diffuse irradiation separately. For a
rotated and titled solar module, the incident polar angle θ sun and azimuth angle ϕsun of the sun
are expressed in the local coordinate system of the solar module as follows:
0
θ sun → θ sun

(15)

0
ϕsun → ϕsun
.

(16)

0

The rotated sun coordinates S are obtained by a quaternion q rotation about the corresponding
Euler angle θ e about the Euler axis, given by:
S0 = qSq−1

with q = cos

θe
θe
+ (Sx x + Sy y + Sz z) sin
.
2
2

(17)

dir is then derived via integration over the wavelength λ
The direct short-circuit current density JSC
of the product of the collection efficiency χ, the absorptance A of the corresponding sub-cell, the
direct irradiation Idir and the cosine of angle between the sun and the normal of the solar module
0 ) for all angles θ 0 < 90◦ and for Γ(θ 0 , ϕ 0 ) = 1:
cos(θ sun
sun
sun sun
∫
q
dir
0
0
0
0
0
χ(λ)A(θ sun
) = 1.
(18)
JSC
=
, λ)Idir (λ)λ cos(θ sun
)dλ, θ sun
< 90◦, Γ(θ sun
, ϕsun
hc

The function Γ(θ 0, ϕ 0) herein defines the allowed angles of incidence in the local coordinate
system of the solar module, which corresponds to the the upper hemisphere in the non-rotated
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coordinate system. Γ is one for angles from where light can reach the solar module, and zero
for any other angle. Furthermore, the elementary charge, the Planck constant and the speed of
light are denoted by q, h and c. For the diffuse irradiation a Lambertian distribution of the light
diff is therefore
over the upper hemisphere is assumed. The diffuse short-circuit current density JSC
obtained by the additional integration over the polar and azimuthal angles:
∭
q
diff
χ(λ)A(θ 0, λ)Idiff (λ)λΓ(θ 0, ϕ 0) sin(θ 0) cos(θ 0)dϕ 0 dθ 0 dλ
(19)
JSC
=
hc
6.2.

Albedo for monofacial solar modules

Tilting a monofacial single- or multi-junction solar module leads to a decreased angular region
of direct and diffuse irradiation originated from the upper hemisphere which is described by
Γ. However, an additional diffuse reflection of the solar irradiation from the ground (lower
hemisphere) to the front side of the multi-junction solar module can be considered. Depending
on the ground surface, different reflectivities of the ground are extracted from the ECOSTRESS
spectral library, which contain over 3400 spectra of natural and man-made materials [31, 32]. A
Lambertian distribution of the ground-reflected light is assumed and the albedo is scaled by the
level of direct and diffuse irradiance. The additional current by charge carriers generated by the
albedo are added to the total short-circuit current density of the top and bottom solar cells. The
tot is non-zero for tilted modules only, and is given by:
contribution of albedo to JSC
diff,albedo-front
tot
dir
diff
JSC
= JSC
+ JSC
+ JSC
.

6.3.

(20)

Bifacial solar modules

For bifacial single- and multi-junction solar modules, an additional simulation for the absorption
properties for backside illumination is performed by the optics module. It should be noted that
χ may differ for illumination from the front and rear side, but in the following showcases we
assumed χ to be unity for both sides. Now, three additional contributions to the total short-circuit
current density are present (see Fig. 2). Firstly, the albedo impinging on the back side of the
bifacial multi-junction solar module, secondly, the direct sunlight and thirdly the diffuse sunlight
reaching the back side of the bifacial multi-junction solar module. Those three contributions
become only relevant for tilted modules.
diff,albedo-front
diff,albedo-back
dir,back
diff,back
tot
dir
diff
JSC
= JSC
+ JSC
+ JSC
+ JSC
+ JSC
+ JSC
.

(21)

In PV module installations, the reduction of the contribution of albedo to the short-circuit
current density by self-shading effects must be considered as well. The self-shading mainly
scales with the module installation height and is implemented according to the light-collection
model introduced by Sun et al. [56]. Due to the complexity of self-shading of bifacial solar
modules, this issue is disregarded in the following demonstration.
6.4.

Short-circuit current density for tracking

The EY of the multi-junction solar modules can either be analyzed for a static tilt or a dynamic
tracking. Tracking the sun with the solar module and therefore steadily optimizing the harvested
solar irradiation will increase the EY [57]. To model the impact on EY, single-axis (1-axis) and
dual-axis (2-axis) tracking are implemented. General predictions with average or integrated
spectral data on realistic outdoor performance are very complicated [9,18,58]. The high temporal
resolution and precise spectral information enables an in-depth analysis of different 1-axis and
2-axis tracking.

Vol. 27, No. 8 | 15 Apr 2019 | OPTICS EXPRESS A517

7.

Demonstration of the EY framework: perovskite/Si multi-junction PV

To demonstrate the versatility of the presented framework, we showcase different tracking methods
for a 2T perovskite/Si multi-junction solar module in the following (see Fig. 6). Here, we provide
an investigation on how tracking affects the relative energy loss due to current mismatch caused
by spectral variations. Furthermore, the EY of perovskite/Si tandem solar module with different
electrical interconnections (2T, 3T and 4T) are compared for various locations. Finally, the EY in
a 4T monofacial and bifacial architecture is validated on the impact of different albedos (see Fig.
7). For the calculation of the module temperature according to Eqn. (10), we assume a typical
NOCT of 48◦ C [46].
For 1-axis tracking, we consider a solar module, which is able to rotate around a fixed axis. We
restrict ourselves to two configurations. On the one hand, a rotation around the zenith, where the
tilted solar module describes a movement from east to west, and, on the other hand, a fictitious
tilted axis from south to north, around which the solar module is rotated dependent on the sun’s
position from east to west (see Fig. 6(a)). In both cases, the normal of the solar module follows
the azimuth angle ϕsun of the sun. For 2-axis tracking, we consider the solar module to follow
the exact sun’s position. The different tracking methods are evaluated for a 2T perovskite/Si
multi-junction solar module and are compared to a fixed optimal tilt and to the module lying
horizontally on the ground. The layer stack is adapted from our previous study (see Lehr et
al. [22]) and the EY modelling is conducted for Phoenix (Arizona, USA). To assess the potential
of different tracking methods, the layer thicknesses are kept constant. It should be noted, that
minor enhancements are expected by further optimizing the layers for each tracking.
Compared to an optimized, fixed tilt angle, a 1-axis tracking and a permanent tracking of
the sun’s position (2-axis, sun follow) are superior and show an improvement in annual EY of
23% and 32%, respectively. Especially about noon, the optimal tilt clearly exhibits a higher
EY compared to the horizontal module, since the tilt allows absorption of more intense direct
sunlight at angles closer to the normal (see Fig. 6(c)). As apparent in Fig. 6(d), the sun’s position
always changes (θ sun , φsun ). Thus, a 1-axis tracking of the sun by the solar module is more
advantageous than a fixed tilt. Consequently, the EY is further enhanced by an additional rotation
of the solar module around the zenith compared to a fixed, optimally tilted solar module (see
Fig. 6(a),(c)). A rotation around a tilted axis from south to north (meaning an east-west tilt),
enhances the power generation particularly in the morning and in the evening, where the sun
is rising and setting. Overall, the difference between the two 1-axis tracking methods (’zenith
rotation’ and ’east-west tilt’) sums up to 2%, highlighting that a small but significant gain in EY
is achievable by an appropriate choice of module installation.
To highlight the importance of tracking in the context of perovskite/Si multi-junction PV, we
showcase that tracking not only changes the total irradiance on the solar module, but also the
spectrum of incident irradiation, which is described by the average utilizable photon energy
(AUPE). This AUPE – a key parameter for the performance of tandem PV – is defined as the APE
of photons with energies above the bandgap of the Si absorber and that are incident on the front
side of the tandem solar module. As illustrated for a chosen day (June 14th) in Fig. 6(e), tracking
significantly reduces the AUPE in the early morning (6:00) and in the late afternoon (19:00).
This effect arises from the increased share of direct irradiation (low APE), when tracking the
sun’s position, since the majority of diffuse irradiation with a high APE is lost on the rear side
of a monofacial tandem solar module in the morning and evening hours. Contrary, for optimal
tilt, diffuse irradiation (high APE) dominates the incident irradiation at these hours of the day
leading to an increase in AUPE.
Comparing the J SC of both sub-cells of a 2T perovskite/Si tandem solar module for the chosen
day (see Fig. 6(f)), it is apparent that the current generation at optimal tilt (green) is higher in
the top sub-cell at all times. Contrary to that, when operating this tandem solar module with
2-axis tracking (red), this persistent trend reverses when the AUPE gets closer to the bandgap of
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Fig. 6. EY of a perovskite/Si multi-junction solar module for different tracking methods for a
single day and the complete year in Phoenix (Arizona, USA). (a) Schematic of two different
1-axis tracking methods; (b) the angular EY; (c) the EY for a chosen day (November 19th );
(d) the sun’s polar θ sun and azimuth angle ϕsun as well as the direct and diffuse irradiance
for the same day; (e) the average usable photon energy (AUPE) for a chosen day (June 14th )
and (f) JSC of the top and bottom solar cell for optimal tilt (green) and 2-axis tracking (red)
for the same chosen day (June 14th ).

the perovskite top absorber (see circles in Fig. 6 (e) and (f)). In total, the annual energy loss
due to current mismatch amounts to 44.0 kWhm−2 a−1 and 51.2 kWhm−2 a−1 , for optimal tilt and
2-axis tracking, respectively. This correlates to a reduction in current mismatch loss from 7.5%
to 6.7%, with regard to the actual annual EY by employing 2-axis tracking. In conclusion, these
observations reveal that tracking methods lower the relative energy loss due to current mismatch
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caused by spectral variations.
Besides tracking methods, the electrical connection scheme affects the annual EY of the
2T, 3T and 4T architecture of perovskite/Si solar modules differently. Therefore, we compare
the 2T double-side textured perovskite/Si solar module described above under optimal tilt (as
already reported in Lehr et al. [22]) to the same monolithic architecture with a 3T interconnection
and mechanically stacked 4T architectures. In the 4T architecture, the required intermediate
insulation and the front electrode of the bottom Si sub-cell increases parasitic reflection and
absorption losses (see Fig. 7(a) and (b)). Overall, the annual EY of perovskite/Si solar modules is
highly dependent on the location (see Fig. 7(c)). In the northern (temperate and boreal) regions
the annual EY is lower, compared to the southern more tropical or arid locations. Employing
3T or 4T electrical interconnection avoids the current mismatch characteristic for 2T, and thus
leads to an average increase in EY by 7% and 4% for all considered locations for the 3T and 4T
architecture, respectively. However, it should be noted that these values only consider the optical
performance and more the sophisticated grid connection for both the 3T and 4T architecture is
not considered. This will possibly results in the 2T architecture realizing a lower LCoE. These
small-but-significant differences in power output reveal that there is still room for improvement by
enhancing the transmission of the transparent electrodes and insulating layers as well as further
light management to reduce reflection losses of multi-junction solar modules.

Fig. 7. Absorptance of the individual layers in the (a) 2T and the (b) 4T multi-junction solar
modules. (c) Annual EY for four locations with different climatic conditions: temperate
(Portland, Oregon), tropical (Miami, Florida), boreal (Chicago, Illinois), and arid (Phoenix,
Arizona) for a 2T, 3T and 4T monofacial perovskite/Si solar module. (d) Annual EY for a
monofacial and bificial 4T perovskite/Si solar module with three different ground surfaces
(sandstone, grass and concrete) leading to different albedos.
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Another topic of interest are bifacial perovskite/Si multi-junction solar modules. Compared to
a monofacial 4T perovskite/Si multi-junction solar module in Phoenix (Arizona), the annual EY
is increased by 3% for the bifacial architecture, since additional direct and diffuse irradiation
directly incident on the rear side of the solar module can now be absorbed (see Fig. 7(d) ’no
albedo’). While the impact of additional albedo for the monofacial solar module is negligible
(EY increases by 1%), the strong impact of albedo on the EY is apparent in the case of a bifacial
solar module. Additionally, the origin of albedo (sandstone, grass, concrete, etc.) plays an
important role for the annual EY of bifacial solar modules. In particular, grass-covered ground
contributes another 20% to the annual EY, while sandstone (6%) and concrete (18%) exhibit
lower contributions due to overall lower reflectance. These results highlight the strong impact of
environmental conditions on the annual EY of bifacial multi-junction solar modules.
8.

Conclusion

Since STC are not suitable for credible predictions on LCoE of advanced multi-junction solar
modules under realistic outdoor operations, sophisticated and detailed EY modelling is required.
In this work, we present the methodology of EY modelling for PV with a strong focus on
perovskite-based multi-junction solar modules. We further construct a common framework for
future studies to model realistic outdoor performances of multi-junction solar modules. The
outlined framework subdivides and encompasses an irradiance, an optics and an electrics module.
The modular subdivision enables fast and versatile calculations and predictions as well as rapid
implementation of experimental data.
The key features of the introduced irradiance model are the high temporal (hourly resolved)
and spectral (280 nm - 4000 nm) resolution of the irradiance data for various locations in the
USA (1020 locations), which cover all relevant climatic zones. The optics module stands out
by fast calculations of angular and spectral absorptance of non-simplified complex single- and
multi-junction solar modules, combining coherent and incoherent light propagation as well as
planar and textured interfaces, which is crucial for 2T perovskite/Si PV. The electrical module
enables the rapid calculation of temperature-dependent multi-junction solar modules employing
various interconnection schemes accounting for series and shunt resistances. The interaction of
the three modules is handled by the EY core module, which is calculating the annual EY for the
given input parameters for static rotations or tilts, dynamic 1-axis or 2-axis tracking methods
accounting for albedo and current generation in monofacial as well as bifacial multi-junction
solar modules.
Furthermore, the ability of the presented EY modelling is demonstrated at the example of
different tracking methods, for which distinct trends are recognizable. In contrast to a horizontal
perovskite/Si multi-junction solar module, an optimal tilt enhances the EY by 10%. Compared
to an optimally tilted perovskite/Si multi-junction solar module, a 1-axis tracking and 2-axis
tracking of the sun increases the annual EY by 23% and 32%, respectively. This improvement
mainly originates from improved light harvesting in the morning and late afternoon for 1-axis
tracking, and improved EY throughout the whole day for 2-axis tracking. The difference between
various 1-axis tracking methods is small (2%) but not negligible, though.
Beyond the basic application of tracking methods, we showcase the outstanding capabilities of
our framework by investigating the impact of tracking methods on energy loss for 2T perovskite/Si
tandem solar modules arising from spectral variations for a chosen day. We demonstrate the
reduction of the relative annual energy loss due to current mismatch from 7.5% to 6.7% originating
from a change in AUPE by 2-axis tracking.
Moreover, the investigation of 2T, 3T and 4T perovskite/Si multi-junction solar modules reveals
potential for further optimization of the electrical interconnection of multi-junction PV. Bifacial
solar modules also are an option to improve the power output of perovskite/Si multi-junction
PV but the relative gain in EY of this technology strongly depends on the origin of albedo
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(sandstone, grass, concrete). Overall, the identification of these trends in EY highlights the value
of a comprehensive EY modelling framework.
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