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b Pontificia Universidad Católica del Perú, Department of Sciences, Physics Section, Universitaria Avenue 1801, 15088 Lima, Peru 
c HTW Berlin - University of Applied Sciences, Wilhelminenhofstr. 75a, D-12459 Berlin, Germany   

A R T I C L E  I N F O   

Keywords: 
Photovoltaics 
Solar cell 
Solar spectra 
Outdoor 
Performance 
Installation angle 

A B S T R A C T   

The solar spectra in outdoor installations is very seldom equal to that under standard test conditions. This points 
to the importance of measuring, analyzing and understanding the implications of solar spectra variations with 
respect to the performance of solar cells. In this work, we present and analyze one year of sun spectra measured 
at two different angles in central Europe, where the spectrometers were installed at the optimum inclination 
angle and in vertical orientation, the latter being relevant for building integrated photovoltaics. We report for the 
first time the differences between the two inclination angles in terms of key performance indicators, such as 
average photon energy, blue fraction and spectral factor. Moreover, we show the impact of these spectral changes 
on the maximum current density of ideal single-junction and tandem devices in tilted and vertical orientations. 
Red-shifted solar spectra were more often found at the vertical installation in comparison to the optimum 
installation angle, which translated into up to 30% lower current-mismatch losses in idealized tandem devices 
throughout the year.   

1. Introduction 

The solar spectrum used for solar cell characterization at standard 
test conditions (STC) is provided by the international standard IEC 
60904-3 [13]. For terrestrial installations, it defines the spectrum 
assuming an air mass of 1.5 (AM1.5) between the sun and the photo-
voltaic device, an integrated spectral irradiance of 1000 W/m2 

(AM1.5G), an elevation angle of the sun (zenith angle) of 48.19◦ and a 
tilted surface of 37◦. The actual solar spectra can be considerably 
different from the STC spectrum, depending on multiple aspects such as 
air mass, the position of the sun and the location and geometry of the 
installation, as well as variations on the atmospheric conditions such as 
clouds and water vapor. Thus, it is known that the solar spectrum is 
therefore constantly changing during the day, has seasonal effects and is 
location specific [6]. These spectral variations have been shown to 
significantly influence photovoltaic performance [3,4,20,28], which 
highlights the importance of measuring solar spectral data at specific 
geographical locations as measured data does not align perfectly with 
clear-sky models [30], which may be especially significant for systems 

installed at different angles. 
There are numerous parameters and key performance indicators 

(KPI) that can be used to evaluate and describe solar spectra. Rodrigo 
et al. [34] have summarized the most widely used indexes related to the 
quantification of solar spectrum for the performance assessment of 
photovoltaic systems. Some spectral indexes are completely indepen-
dent from the actual photovoltaic device, such as the average photon 
energy (APE) and the blue fraction (BF) [9,25,37], and can be calculated 
directly from the solar spectrum. However, different PV technologies 
respond differently to the variation in incident illumination spectrum 
and the spectral response (SR) of the PV device needs to be considered to 
estimate the power output of a photovoltaic system in a more precise 
manner. Therefore, different KPIs, such as the spectral factor (SF) and 
maximum theoretical electrical current density, are employed 
[3,5,26,29,34], which depend on physical properties of the photovoltaic 
device (e.g. band gap). 

To our knowledge this work presents for the first time an evaluation 
and comparison of spectrally resolved irradiance measurements per-
formed in Berlin during a full year (2020) recorded at two angles: close- 
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to-optimum 35◦ angle and building-integrated photovoltaics (BIPV) 
relevant angle of 90◦. Various KPIs were calculated for both orienta-
tions, providing an insight into differences in spectral conditions for 
vertically installed devices and the theoretical impact on the photo- 
generated current mismatch in tandem devices. 

2. Experimental methods 

2.1. Key performance indicators 

In this section, various KPIs that are employed in this manuscript are 
briefly explained. Many definitions were used according to the review 
paper by Rodrigo et al. [34]. Considering Planck–Einstein relation for 
the energy of a photon (Ephoton) and the photon flux (ϕ) for each wave-
length (λ) the total global irradiance (G) can be calculated (eq.(1)). 

G(λ) = ϕ(λ)Ephoton(λ) (1) 

The widely employed metric named average photon energy (APE) 
can be calculated. The APE represents the average energy of all photons 
in a spectrum. APE (in eV) can be calculated using different upper and 
lower limits, which is described by the integral in Eq. (2), where ‘q’ is the 
elementary charge. 

APE =

∫ λ2
λ1

G(λ)dλ

q
∫ λ2

λ1
ϕ(λ)dλ

(2) 

The blue fraction (BF) can be calculated with Eq. (3). It represents 
the measure of “blueness” in a solar spectrum by arbitrarily selecting a 
wavelength ‘a’ from which it is expected to be half of the total spectrum. 
This means that a 0.5 value would normally indicate a balanced spec-
trum. This can change depending on the measured spectrum and on the 
arbitrary partition wavelength. Typically, a wavelength range between 
350 and 1050 nm, and ‘a’ equal 650 nm, is considered. 

BF =

∫ λ2
a G(λ)dλ
∫a

λ1

G(λ)dλ
(3) 

The spectral factor (SF) is broadly employed to assess the spectral 
gains or losses due to solar spectrum (G) compared to the global irra-
diance spectrum at STC (GSTC [13]), as represented in Eq. (4), where the 
integration limits are bound to the wavelength range of the evaluated 
spectra, the reference spectrum and their spectral response (SR). 

SF =

∫
G(λ)SR(λ)dλ

∫
GSTC(λ)SR(λ)dλ

•

∫
GSTC(λ)dλ
∫

G(λ)dλ
(4) 

The maximum current density (Jsc), which a single junction PV de-
vice could achieve under a given spectrum is calculated using Eq. (5), 

Jsci =

∫ λ2

λ1

Gi(λ)SR(λ)dλ, (5)  

where Gi represents each spectrum and SR is the idealized spectral 
response. The integrated electric current density can be calculated for 
specific periods using Eq. (6). 

Jsciec =

∑
iJsci

JscSTC
•

GSTC
∑

iGi
(6) 

To facilitate big data handling procedures, the integrals (e.g. (2)) can 
be modified to a sum by assuming identical intervals within the bottom 
and top limits. In this work, we use the averaging period of 5 min, as it 
matches the measurement interval of our spectrometers. Equation (7) 
represents the general formula for temporal averaging, where ‘i’ is each 
interval (measurement or calculation) and ‘n’ equals the amount of 
measurements or calculations. 

KPIPeriod =
1
n
∑

i=1
KPI; (7) 

All the discussed metrics are instantaneous values. They would for 
example change a lot in the morning and evening hours, when the angle 
of incidence is very low. However, these changes would not have a large 
impact on the overall energy yield as the irradiance in morning/evening 
hours is low. To make our metrics more relevant in terms of energy 
production, some KPIs were weighted with respect to the global tilted 
irradiance (GTI) at the moment when they were measured, using Eq. (8), 

< KPI>weighted =

∑n
1(KPIi*Wi)
∑n

1Wi
(8)  

where the weight (Wi) is total irradiance over the STC irradiance value 
of 1000 W/m2. This weighting method is useful to evaluate the effect of 
solar spectrum variation on device energy yield, which scales linearly 
with irradiance. 

2.2. Experimental and data processing 

Two pairs of spectrometers from EKO instruments, installed in our 
outdoor testing facilities at HZB-PVcomB in Berlin (52◦25′52.5″N 
13◦31′25.7″E), were employed for the measurements presented in this 
work, each pair consisting of a MS-711 and a MS-712 with a measure-
ment range of 300–1100 nm and 900–1700 nm, respectively (Fig. 1). 
Both sensors possess an optical (wavelength) resolution (FWHM) 
smaller than 7 nm, a wavelength accuracy of ± 0.2 nm, an exposure time 
between 10 and 5000 ms, and a field of view of 180◦. Those pairs were 
installed at both tilt angles, close to optimum (35◦ degree) angle and the 
BIPV relevant (90◦ degree) angle. The measurements were performed in 
intervals of 5 min. 

3. Results 

Over 50,000 spectra per spectrometer per angle of installation (i.e. 
35◦ and 90◦) were recorded over one full year (2020) in Berlin, which is 
made available as meta-data [8]. For both angles, the KPIs were calcu-
lated in two configurations: Using one spectrometer (MS-711) and 
limiting the range to 350–1050 nm; and using both spectrometers 

Fig. 1. PVcomB-HZB outdoor testing facility showing the two pairs of spec-
trometers for optimum and vertical angles facing south. 
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merged with the ranges of 300–1700 nm. Employing both spectrometers 
is desired as it provides a broader range of information relevant for 
photovoltaic devices with low band gap (below ~1.18 eV). Thus, the 
global tilted irradiance (GTI) is related to the latter configuration unless 
specifically signaled. 

3.1. Measurement validation 

As validation of our procedure and the spectral data, monthly inci-
dent irradiance data at the specific location of our installation were 
obtained using the photovoltaic geological information system (PVGIS) 
from the European commission (database: SARAH2, year: 2020) [7], 
which were compared to the integrated spectra obtained from the 
merged spectrometer data with no further filtering, but using only 
physically possible values (i.e. above 0 W/m2). Fig. 2 shows the total 
energy per month from PVGIS, as well as from our spectrometers, where 
some discrepancies in the total absolute value are visible probably due to 
multiple reasons such as the number of available measurements, a slight 
difference in azimuth or the complex “city-like” surroundings of the 
outdoor facilities or possible systematic errors related to different 
measurement ranges. However, the trends between PVGIS and our 
spectrometers, especially in the peaks of April and September (in 90◦) 
are unequivocally similar. Moreover, Fig. 2 includes the contribution of 
direct and diffuse light to the total global irradiance on plane of the array 
(35◦ also by PVGIS). 

In addition, the measured data were compared to the ideal clear-sky 
data obtained using the python library, ‘clearsky’ from the PVlib, where 
the default Ineichen model methodology was used [14,31]. As expected, 
the measured irradiance was much lower than those “ideal” values. For 
the clear sky case (PVlib), the total irradiance received by a vertically 
installed panel in 2020 was 13  % lower relative to the optimum 
installation angle, whereas for the on-site spectrometer-measured values 
it was about 28 % lower, which translates to lower relative efficiencies 
as shown in literature [20]. Therefore, the simple “clear sky” data were, 
to the most part, inadequate to forecast energy yield in Berlin, which is 
also not surprising in view of frequent cloud coverage (and hence high 
diffuse irradiances) typical for the location. Spectra, which better match 
different environmental conditions, can be simulated [11,35]. However, 
in this work, we do not further discuss the meteorological reasons for 
different spectra, as they have been already studied 
[10,15,21,25,33,37]. Furthermore, angle dependent penalties, which 
are aggregated to losses in irradiance, are also not included in this work. 
Instead, we focus on the implications of solar spectral variations for the 
two scenarios (35◦ and 90◦). 

3.2. Device independent KPI 

To illustrate the differences between simultaneously measured 
spectra at both angles, Fig. 3 shows merged measurements of the spec-
trometers (i.e. MS-711 and MS-712), where the solid lines represent the 
35◦ measurements and the dotted lines represent the 90◦ measurements. 
To illustrate differences along the year, exemplary single spectra are 
shown for different months. Discrepancies between the measured 
spectra and the shape of an AM1.5G spectra can be seen especially 
during winter months and for low irradiances. The solar spectrum is 
closer in shape to AM1.5G in summer at an installation angle of 35◦. To 
quantify the differences, we calculated the average photon energy (APE) 
and the blue fraction (BF) for each of the spectra (refer to the supple-
mentary information; SP: SP1: Table 1). 

Fig. 4 shows the data-cloud of all the GTI measured as a function of 
the APE, which was calculated for 35◦ tilt angle (in blue) and for 90◦ tilt 
angle (in red), showing different peak positions and irradiance ranges. 
The black solid vertical line represents the APE of the STC spectrum 
(APE* = 1.6 eV), using the same wavelength limits. For the 35◦ instal-
lation, the APE at the highest irradiation is ~1.62 eV, whereas for the 
90◦ installation, an APE of ~1.55 eV peak was found. The data-clouds 
suggest that vertically installed solar modules receive more red shifted 
light compared to the optimal tilt installation. Similar distributions were 
found for the BF calculations (0.46 and 0.43 peak BF for 35◦ and 90◦

angle installation, respectively) indicating that generally in Berlin in 
2020, the solar spectra obtained at 35◦ angles were more blue-rich than 
at 90◦ angles. 

Spectra with different values of APE and BF but with the same irra-
diance are also exemplified in Fig. 3. For the 600 W/m2 case, the black, 
blue and red lines had APEs of 1.54, 1.56 and 1.66 eV, respectively; 
whereas for the 100 W/m2 case, the green, purple and orange lines result 
in values of 1.4, 1.62 and 1.85 eV, respectively. It is worth noticing that 
the difference in APE can be much larger for the 100 W/m2 case as 
depicted in Fig. 4. Therefore, it is evident from Fig. 3 that the lower the 
irradiance, the more likely the APE and BF will vary over a larger range, 
which can happen due to significant deviations from AM1.5 as seen in 
Fig. 4. 

The statistical mean values of the average photon energies and blue 
fractions over the year for both angles, are visualized in Fig. 5. The re-
sults can be compared to the provided references (purple horizontal 
lines), which were extracted using the same procedures with the 
AM1.5G spectrum and which are shown for two configurations: single 
spectrometer (1S) and merged spectrometers (2S). For comparison, 
values of APE and BF calculated using the widely employed integration 
range of 350–1050 nm are presented in the supplementary information 
(SP2: Table 2). For the single spectrometer configuration, the APE and 
BF values at 90◦, relative to the 35◦ installation angle, present a relative 
decrease of 1.6 % and 4.3 %, respectively. When employing both spec-
trometers, the discrepancy caused by data dispersion towards low irra-
diances (see Fig. 4) can be reduced by calculating the APE and BF 
weighted proportionally to the irradiance, which can be seen by 
comparing the standard deviation reduction (represented by the whis-
kers) in Fig. 5. Therefore, we concluded that the weighted KPI is 
preferred for the evaluation using both spectrometers. Statistical mean 
〈APE〉 values over the year decrease from 1.64 to 1.60 eV going from the 
optimal (35◦) to vertical (90◦) installation angle (〈BF〉 changes from 
0.449 to 0.419). This indicates that, in comparison to the reference 
AM1.5G spectrum used indoors by most researchers, which for the BF 
represents the threshold between blue and red shifted spectra, the out-
door solar spectra are slightly blue-shifted in the optimal orientation, 
but red-shifted in the vertical orientation. 

As expected from literature [25,37], the BF and the APE also change 
seasonally, having similar trends. This can be seen in Fig. 6, where the 
GTI is also included. Fig. 6 depicts the < APE> (in black), <BF> (in red) 
and global irradiance (GTI) (in blue) values for the 35◦ (solid dots and 
lines) and 90◦ (void dots and dashed lines) installation angles, where the 

Fig. 2. Monthly solar energy obtained from the integrated measured spectra 
and from PVGIS using the SARAH2 database. The contribution from direct and 
diffuse light to the global irradiance is show in orange/purple bars, also 
calculated using PVGIS. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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reference values (using the STC spectrum) are indicated by straight 
horizontal lines. In Berlin, summer solar spectra are significantly blue 
shifted compared to winter. Higher average monthly values of 〈APE〉 and 
〈BF〉 from 35◦ with respect to 90◦ installation angle are evident in every 
month, even when the irradiances are similar. 

In addition, some general trends for both angles can be seen. Using a 
principal component analysis, the aforementioned correlation between 
〈BF〉 and 〈APE〉 can be obtained quantitatively (96.78 % correlation). 
Furthermore, there is a seemingly inverse correlation (− 45 %) between 
GTI and 〈APE〉. This can be identified in Fig. 6 by following the months 
of April to September, where the 〈APE〉 and 〈BF〉 increase as the irra-
diance decreases. On one hand, the global tilted irradiance, the 〈APE〉
and the 〈BF〉 should all increase as the elevation angle of the sun in-
creases. On the other hand, the discrepancies between measured and 
ideal irradiances suggest that Berlin had a generally cloudy summer in 
2020. It has been found in literature that cloudy weather can cause high 
APE [15], which can be related to a large diffuse irradiance [21] (as seen 
in Fig. 2), and which could explain the larger 〈APE〉 values in February 

and October. 

3.3. Photovoltaic device dependent KPI 

For this section, all the calculations involving different band gaps 
were done assuming ideal photovoltaic devices (abrupt transition from 
100 % to 0 quantum efficiency at the band gap). Only band gaps rela-
tively close to commonly employed photovoltaic absorber materials (i.e. 
between 1.0 and 1.7 eV) in the PV industry were considered. 

3.3.1. Spectral factor 
Fig. 7 shows the irradiance-weighted spectral factor (〈SF〉) average 

values in 2020 for both 35◦ and 90◦ inclination angles for different band 
gaps. To prevent large angular influences and to reduce noisy mea-
surements, SF data below an irradiance angle of incidence of 60◦ and 
below 25 W/m2 were filtered out. The 〈SF〉 yearly average values show, 
generally, increasing gains as the band gap increases for the 35◦

Fig. 3. Solar spectra example measurements at two different installation angles: 35◦ (solid lines) and 90◦ (dotted lines).  

Fig. 4. Data-cloud of calculated average photon energies (APE) from measured 
spectra incident in 35◦ and 90◦ installation tilt angles in Berlin over a year, 
showing six data points highlighted for exemplification of the spectra shown 
in Fig. 3. 

Fig. 5. Box plot of APE and BF average values for the year 2020 using only one 
spectrometer (1S) or both spectrometers (2S) for two installation angles angles 
(35◦ and 90◦). 〈APE〉 and 〈BF〉 represent irradiance weighted values. The purple 
lines correspond to the STC spectrum. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 
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installation (blue bars). However, the opposite trend is visible for the 90◦

installation (red bars), starting from a positive spectral gain of about 1.5 
% for 1.0 eV to a loss of about 2.3 % for 1.7 eV, which can be explained 
by the red dominated spectra in the 90◦ angle installation. 

The total relative GTI losses found at a 90◦ relative to the 35◦

installation angle in 2020 were about 28 %. According to our calcula-
tions, this could be slightly mitigated (~1.5 %) for low band gap ma-
terials such as silicon or CIGS (i.e.1.0–1.1 eV). However, at a band gap of 
about 1.2 eV and above, the 28 % GTI difference is augmented by the 
〈SF〉 up to more than 5 % (relative) due to the red-shifted solar spectrum. 
In addition, the average 〈SF〉 values for both installations change 
monthly as expected, which is represented in Fig. 8. To facilitate visu-
alization, only the band gaps of 1.0, 1.4 and 1.7 eV were included. In 
general, for wide band gap materials (e.g. 1.7 eV), the average 〈SF〉 in-
creases towards summer and decreases towards winter due to a larger 
distribution of redder spectra in winter, which can be seen already in 
Fig. 6. 

As narrow band gap solar cells (e.g. 1.0 eV) are sensitive to most of 
the spectral range, low variance of SF is expected [10]. Nevertheless, the 
red-shifted spectra, due to the 90◦ angle and winter season, show to be 
beneficial as the weighted spectral gain seems to slightly increase 

towards winter, possibly related to much lower irradiances during these 
period than the typically low irradiances found for the climate zone of 
Berlin [1]. The mid-band gap case (e.g. 1.4 eV), being the optimum 
wavelength for one-junction photovoltaic STC efficiency, appears to 
have no spectral losses for the 35◦ installation angle and follows similar 
trends as the wide band gap material scenario. 

3.3.2. Maximum current density 
In this section, the maximum short circuit current density (Jsc in 

mA/cm2), was calculated (per spectrum), where the assumption of an 
ideal PV, as in the previous section, is considered.  

• Single Junction devices 

As the variation in irradiance (and its proportional change in 
photocurrent and power) influences the performance of solar cells 
[3,5,9,20], it is interesting to address the intra-day variation of the 
maximum theoretical current for the two evaluated angles together with 
the possible gains or losses due to spectral variation. Fig. 9 shows the 
average intra-day variation of the Jsc, where the “average day” for each 
month represents the average Jsc calculated for all recorded spectra 
during a specific time of the day for all 5 min time intervals (e.g. in 
January, 31 measurements at the 8:00–8:05am interval) for the two 

Fig. 6. Monthly weighted statistical means of measured global tilted irradiance, 〈APE〉 and 〈BF〉 for the year 2020 for the two compared angles of close to optimum 
35◦ and BIPV relevant 90◦. 

Fig. 7. Year average 〈SF〉 of ideal single junction PV devices for 35◦ and 90◦

installation angles for different band gaps. 

Fig. 8. Monthly average weighted spectral factor of ideal single-junction PV 
devices for 35◦ and 90◦ installation angles for different band gaps. 
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evaluated angles and two band gaps (1.0 eV and 1.7 eV). As expected, 
lower band gap and optimal installation angle resulted in overall higher 
Jsc. 

Furthermore, Fig. 9 also includes the intraday energy gains or losses 
due to spectral variations, showing the opposite trends depending on the 
band gap. In agreement with Fig. 7, spectral effects had higher magni-
tude for wide band gap devices. Spectral gains for low band gap devices 
installed vertically were very pronounced in winter months and almost 
negligible from April to August. This was due to the relatively blue rich 
spectrum in summer in Berlin compared to winter. The ideal solar de-
vices with a wide band gap of 1.7 eV installed at optimum angle (in red), 
had spectral gains, which were more strongly expressed in summer. 
Installing such device vertically (shown in cyan), and therefore exposing 
it to redshifted light, resulted in much lower gains in summer and even 
losses in winter. 

From the total current generated for each scenario, the spectral gains 
or losses correlate to the ones presented in Fig. 7, for instance, on 
average the 1.0 eV device provides slightly more spectral gain at a 90◦

angle (1.8 % more Jsc due partially to the larger gains in winter) in 
contrast to the 35◦case (0.02 %), whereas for the 1.7 eV case, a 35◦

installation angle is more beneficial (4.21 % more Jsc) in contrast to the 
vertical installation (2.52 % less Jsc). 

The intraday variations of the photo-generated current might be, 
depending on the band gap, trivial for single junction devices. However, 
changes in the IV parameters become significant for the performance of 
tandem devices [17]. To investigate the role of the afore-mentioned 
intra-daily current variation, we have broadened our calculations for a 
two-junction tandem device.  

• Tandem devices 

For the two-junction tandem-device evaluation, the Jsc was calcu-
lated using a similar approach as for the Z-parameter [26,29,34]. 
However, our results are calculated for each spectrum using the 
photocurrent mismatch ratio (Jsc_MM), which represents the mismatch 
between top and bottom cells relative to the theoretical total available 

photocurrent (Eq. (9)),. Therefore, each incident spectrum measured, for 
each installation angle, was separated into top cell and bottom cell with 
the aforementioned assumptions. 

JscMM =

(
Jsctop − Jscbottom

Jsctop + Jscbottom

)

• 100 % (9) 

Fig. 10 presents the Jsc_MM for three different devices for the two 
installation scenarios, where zero denotes the threshold between top 
limited and bottom limited, assuming a current-matched 2-terminal 
ideal tandem-device. Therefore, regardless of whether the device is 
subject to top- or bottom-cell limited behavior, any deviation from a 
perfectly current-matched device (i.e. Jsc_MM = 0) results in performance 
losses. The first device “T1” represents a device similar to a CIGS- 
Perovskite tandem (i.e. 1.0–1.65 eV) [19]. The second device “T2” 

Fig. 9. Intraday average per month (Year 2020) of Jsc of ideal single-junction PV devices for 35◦ and 90◦ installation angles calculated for two band gaps (1.0 and 
1.7 eV). 

Fig. 10. Monthly average (year 2020) of Jsc_MM of various ideal PV tandem 
devices installed at 35◦ and 90◦ angles. 
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represents a device similar to a tandem using CIGS [18,16] or c-Si as 
bottom (i.e. ~1.1 eV) and Perovskite (i.e. 1.7 eV) as top device 
[23,22,27,36]. The third device “T3” embodies a device relating to a 
Perovskite-Perovskite tandem [2,12,24,32]. 

As previously discussed, vertically installed devices receive, on 
average, larger amounts of redshifted solar spectra than the ones 
installed at an optimum angle. This in turn, as seen in Fig. 10, leads to 
higher current generated in the bottom cell and lower current generated 
in the top cell. As a result, tandems installed vertically are top cell 
limited for the most part of the year (red areas in Fig. 10), whereas 
tandems installed at optimum angle are mostly top cell limited (blue 
areas in Fig. 10) (for 1.2 eV/1.7 eV band gap combination it is even true 
for the entire year in Berlin). Furthermore, the Jsc_MM generally changes 
towards more positive values as the elevation of the sun increases, which 
is expected due to the bluer spectra (e.g. Fig. 6), whereas, as the 
elevation of the sun decreases, the Jsc_MM generally changes toward more 
negative values. 

In other words, two-junction tandem devices tend to be top-limited 
towards the summer solstice and bottom-limited towards the winter 
solstice. Device ‘T3’ (i.e. 1.2/1.7 eV) shows a much more bottom-cell- 
limited behavior due to the relatively wide band gap of the bottom 
cell, in comparison to T1 and T2. This reflects the less ideal combination 
of band gaps given in this device in general. 

Mean Energy Loss =
1
n
∑n

i

⃒
⃒
⃒JscMMi

⃒
⃒
⃒ (10) 

From the data in Fig. 10, we have calculated the theoretical mean 
annual losses due to spectral mismatch (Eq. (10)). In the presented two- 
terminal tandem scenarios, the average energy loss related to current 
mismatch are relatively smaller in the 90◦ installation angle by 20, 26 
and 30 % for T1, T2 and T3, respectively. For instance, the mean energy 
losses due current mismatch for the T2 device throughout the year were 
6.4 % and 4.7 %, for 35◦ and 90◦, respectively. This opens a good 
perspective for this type of devices in BIPV applications in particular. 

Hence, the different angles have a clear impact in performance, 
which can be especially significant for tandem devices. This impact can 
be exemplified further with the intra-day average of Jsc_MM. Fig. 11 
shows the intraday variation for the ‘T2’ device (i.e. 1.1/1.7 eV) for 35◦

and 90◦ installations, demonstrating possible energy losses due to cur-
rent mismatch as the elevation of the sun progresses. It is worth noticing 
that the variation in performance is larger for the 90◦ case, as shown in 
literature using similar devices [20]. However, as photo-generated 
current during these periods is normally lower, due to lower irradi-
ances in winter, the overall mismatch losses were, as previously stated, 
smaller. 

While it was previously stated that the 90◦ signifies multiple yield 
penalties (irradiance, angle dependent and spectral losses), it could 
mediate slightly some of the current mismatch losses in a tandem, as 
implied by Fig. 11. By using a 90◦ tilt, the mismatch losses due to the 
bluer spectra could be reduced, which would be beneficial for the per-
formance of tandem devices. 

4. Conclusions 

In this work, we analyzed variations in solar spectra from January to 
December of 2020 and their implications for PV devices installed at 
optimum angle (as in PV power plants) and vertically (as in building- 
integrated PV applications) in Berlin. For this, sets of spectrometers 
were installed in both orientations, providing over 50,000 measure-
ments per spectrometer per angle, which were validated by comparison 
of the integrated irradiances to measurements of incident irradiance 
performed, in the same timeframe and independently, by the European 
Commission. 

As anticipated, we observed that changing the angle of installation 
not only reduces the total irradiance received (~28 % less irradiance in 
vertical installation in 2020), which is the major downside for PV 

performance, but also significantly affects its spectral distribution. In 
general, devices in vertical orientation receive a red-shifted light (lower 
APE and BF) compared to those installed under optimum angle, mostly 
due to higher fraction of diffuse light. For single-junction devices with 
narrow band gap (e.g. 1.0 eV) this results in slightly larger spectral gains 
for the 90◦ in comparison to the 35◦ angle installation (~1.5 % abso-
lute), whereas for wide band gaps (e.g. 1.7 eV), much larger spectral 
gains were obtained for the 35◦ installation (5.5 % absolute). However, 
in terms of Jsc alone and for single-junction devices, due to the afore-
mentioned irradiance losses, the 35◦ angle installation in combination 
with a lower bandgap is preferred. 

The current-mismatch in ideal two-terminal tandem devices due to 
spectral variation in both orientations was evaluated. Changes in the 
solar spectrum over the year lead to the aforementioned mismatch and, 
therefore, to considerable current losses (e.g. for the T2 scenarios, 6.4 % 
and 4.7 % for 35◦ and 90◦, angles respectively), which are caused, on 
average, from top-cell limitation in winter and bottom cell limitation in 
summer. These changes are relatively less pronounced for devices 
installed at 90◦ angles (a relative 20 %, 26 % and 30 % for scenarios T1, 
T2 and T3), which is beneficial for BIPV, given that, overall, vertically 
installed devices experience less (significant) incident irradiance varia-
tion over the year, which lowers intra-day and seasonal changes in PV 
power output overall. 
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Fig. 11. Intraday average (year 2020) per month of Jsc of an ideal PV tandem 
device with a bottom cell of 1.1 eV and a top cell of 1.7 eV installed at 35◦ and 
90◦ angles. 
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