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The majority of currently installed photovoltaic (PV) systems are based on mono- and polycrystalline sil-
icon PV modules. Manufacturers of competing technologies often argue that due to the characteristics of
their PV technologies, PV systems based on their modules are able to achieve higher annual energy yield,
due to a smaller effect of temperature on module performance and/or a better performance at low light
intensities. While these benefits have been confirmed in local studies many times, there is still limited
insight as to the locations at which a particular technology actually performs best.
In this study we have analysed the performance of a large set of PV modules, based on irradiance time

series that were taken from satellite measurements. Using these data, and combining it with a PV perfor-
mance model, we have made a geospatial analysis of the energy yield of different types of PV modules.
We aim to make the energy yield of the investigated modules spatially explicit, allowing PV system
installers to choose the best module type for every location investigated. Our results show that there
is large geographical variety in the performance of PV modules, in terms of energy yield but also in terms
of relative performance or performance ratio. While some technologies clearly exhibit a decrease in per-
formance ratio at locations where they operate at higher temperatures, for some technologies this effect
is much smaller. As a result of the variation in performance, the environmental footprint of PV modules
also shows large geographical variations. However, even at low irradiance locations the environmental
footprint of PV modules in general is much lower compared to that of fossil fuel based electricity
generation.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The past decade saw exponential growth of installed photo-
voltaic (PV) solar energy system capacity. While at the end of
2005 cumulative global installed PV capacity was only around 5
GWp, by the end of 2015, almost 230 GWp of PV was installed
(IEA PVPS, 2015, 2016; Louwen et al., 2016). The growth of
installed capacity has been the result of increased demand due to
incentive schemes, mainly by means of feed-in tariff systems in
Germany and later China. Prices of PV modules (and systems) have
dropped significantly over the last years, due to a variety of factors.
First, production capacity across the PV supply chain has increased
dramatically, resulting in over-supply of PV modules (Haegel et al.,
2017). Secondly, technological innovation, resulting from both R&D
and learning-by-doing, has improved PV production, resulting in
for instance decreased consumption of silicon and silver, and
increased module conversion efficiencies (ITRPV, 2017), thus low-
ering the price per unit of capacity.

The levelised cost of electricity (LCOE) from PV systems has
dropped to values below that of conventional, fossil fuel based elec-
tricity production in some locations (Bloomberg, 2016). Further-
more, in many countries, PV electricity has achieved socket or grid
parity. Examples are high irradiance countries like Spain, Cyprus
and Israel, but alsomoderate and low irradiance countries like Italy,
Germany, the Netherlands, Sweden and Denmark (Breyer and
Gerlach, 2013). In many of these countries, there is even grid-parity
for industrial electricity consumption (Breyer and Gerlach, 2013).

The majority (over 90%) of installed PV systems are based on PV
modules made of either mono- or polycrystalline silicon
(Fraunhofer ISE, 2016), while the remainder of systems are mostly
based on PV modules made of cadmium telluride (CdTe) or
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copper-indium-gallium-selenium or copper-indium-selenium
(CIGS or CIS) (Fraunhofer ISE, 2016; Jean et al., 2015). Other mod-
ule technologies with small market shares are silicon heterojunc-
tion (SHJ) and thin-film amorphous silicon (a-Si). Manufacturers
of technologies competing for market share with the incumbent
crystalline silicon technologies often argue that their modules
show superior energy yield in outdoor operation, due to better
low-light performance (Solar Frontier, 2016) and/or lower temper-
ature coefficient of module power (Solar Frontier, 2016; First Solar,
2016; Panasonic Corporation, 2016; Stion, 2016). For instance,
while the performance of crystalline silicon modules normally
decreases from its nameplate capacity with around 0.4% for every
degree above 25 �C during operation, for SHJ modules this figure is
normally below 0.3%/�C (Panasonic Corporation, 2016), and even
lower for CdTe and a-Si modules (First Solar, 2016; KANEKA
Solar Energy, 2016), due to differences in the band gap of the used
semiconductor materials (Louwen et al., 2017). Due to these differ-
ences, manufacturers often argue that their technology will out-
perform conventional crystalline silicon modules in most
locations, since modules will normally operate at temperatures
that are significantly higher than the one at which nameplate
capacity is determined (i.e. 25 �C).

In many PV performance studies, the benefits of the character-
istics of these ‘‘alternative” technologies have been confirmed. For
instance it was shown that SHJ modules achieve higher energy
yield compared to crystalline silicon because of a lower detrimen-
tal effect of high operating temperatures (Zhao et al., 2013; Sharma
et al., 2013; Zinsser et al., 2009). For a-Si and CdTe, this has also
been established for certain locations (Sharma et al., 2013;
Zinsser et al., 2009; Makrides et al., 2014). However, while we have
information that in some specific cases one technology might out-
perform the other, there is limited information available that
allows for an explicit comparison of the performance of different
types of PV over broad geographical ranges. Furthermore, as the
environmental impact of operation of PV systems is negligible
(de Wild-Scholten, 2013; Fthenakis et al., 2011; Louwen et al.,
2015), it follows that the environmental impact of PV electricity
is defined by the ratio between environmental impact during all
stages preceding and following PV system operation and the life-
time energy yield. These phases, including extraction of raw mate-
rials, manufacturing, and end-of-life treatment, result in a fixed
environmental impact per unit of PV system nameplate capacity,
regardless of how or where the system operates. Thus, the environ-
mental impact per unit of electricity produced with PV systems is
largely dependent on the annual yield an thus will show large geo-
graphical variation. Recently, a web client was released that aims
to show this geographical variation of environmental impact
(Pérez-López et al., 2016). Although this web client presents results
for a large number of technologies, both current and prospective, it
does not include detailed modelling of PV performance, but rather
calculates energy yield based on a user-determined performance
ratio and average annual insolation figures.

Therefore, in this study we aim to use detailed modelling of the
energy performance of different PV module technologies to deter-
mine the geospatial variation in performance of PV, in terms of
energy yield, energy yield relative to that expected from the name-
plate capacity (performance ratio), andenvironmentalperformance.
The results should offer insights in which technology performs best
at which location, in terms of these several criteria, and can be used
by system installers, investors and policy makers to make sound
decisions on choosing technology types for a specific location.

2. Methods

For this study, we used irradiance, air temperature, and wind
speed measurements from satellite measurements to model the
performance of different types of PV modules. First we used the
irradiance time series to calculate the optimum tilt of the PV mod-
ule array for every location in our analysis. Then, we modelled
plane-of-array irradiance time series for these tilted planes, and
used these plane-of-array time series to model PV power output
and energy yield. The resulting data was used to model energy
yield and performance ratio (PR). Finally, the energy yield was used
to calculate energy payback time (EPBT), greenhouse gas (GHG)
emission factor(gCO2-eq/kW h), and GHG payback time (GHGPBT).
These impacts were calculated based on data from previously pub-
lished life cycle assessment studies and data on energy efficiency
and GHG footprints of country-level electricity mixes. All results
are presented for a broad geographical scope.

2.1. Irradiance and weather data

We obtained global horizontal irradiance time series with a
temporal resolution of 15 min, and a geographical resolution of
0.5� by 0.5�, from measurements of the HelioClim irradiance data-
base (version HelioClim-3v5), for the year 2005 (SoDa, 2016). We
also obtained wind speed and temperature measurements with
the same geographical resolution, and a temporal resolution of
6 h (European Centre for Medium-Range Weather Forecasts,
2016). The two datasets were combined by linearly interpolating
the wind speed and temperature measurements to a 15 min reso-
lution. This combination strategy means the weather data inputs
are based on 6-h averages, minimising extreme values in ambient
temperature and wind speeds, which affects the model results.
However, irradiance generally varies much more on a daily basis
compared to air temperature and wind speed, and PV power is
much more strongly affected by irradiance than by temperature
(Hansen et al., 2012). Furthermore, for our location in Utrecht,
the Netherlands, comparison of the model results with high and
low temporal resolution weather-data shows that the difference
in modelled annual yield is on average (for all studied modules)
less than 0.2%. Thus, we assume the effect of the low temporal res-
olution weather data on the model accuracy to be limited for all
locations. The geographical scope of the data includes most of Eur-
ope, all of Africa, and the Middle-East.

2.2. Optimum tilt and plane-of-array irradiance

The global horizontal irradiance (GHI) data was converted to
plane-of-array (POA) irradiance time series using the Hay-Davies
model (Hay and Davies, 1980), which calculates POA irradiance
from global horizontal irradiance (GHI), direct normal irradiance
(DNI), diffuse horizontal irradiance (DHI) and extraterrestrial
DNI. The DNI was calculated from the GHI using the DIRINT model
(Ineichen et al., 1992). The extraterrestrial DNI was calculated
according to (Paltridge and Platt, 1976; Duffie and Beckman,
2013). The beam component of the GHI was calculated from DNI
for a horizontal plane to establish the diffuse horizontal irradiance
(DHI). The optimum POA tilt was assumed to be the tilt at which
the annual POA irradiance is at its maximum. Here, we assume
the optimal orientation of the surface of the PV modules to be
towards the equator, e.g. due south in the northern hemisphere,
due north in the southern hemisphere. The POA irradiance was cal-
culated in several iterations for every location, until a maximum
was found. The determination of optimum tilt was performed with
irradiance time series downsampled to hourly resolution to reduce
computation time. The resulting optimum tilt was used to calcu-
late 15 min POA time series using the previously described
approach. The dataflow for the determination of optimum tilt is
shown in Fig. D.1. The resulting optimum tilts and plane-of-array
irradiance sums are shown in Fig. 1, in which it is shown that
the optimum tilt varies from 0 � near the equator to roughly 45�



A. Louwen et al. / Solar Energy 155 (2017) 1339–1353 1341
at the highest latitudes. The figure furthermore shows that there is
as expected a large, predominantly latitudinal, variation of POA
insolation, with POA insolation ranging from under
1000 kW h m�2 y�1 to over 2500 kW h m�2 y�1. Considering that
we only use a dataset for one year (2005), we compared our results
with those from PVGIS,2 showing very similar results for a typical
meteorological year.

2.3. PV performance modelling

The POA irradiance time series obtained in the previous step are
comprised of global, direct, sky diffuse and ground diffuse irradi-
ance in the plane-of-array. These datasets are used as input in
the PVLIB-python implementation (Holmgren et al., 2015) of the
Sandia Array Performance Model (SAPM). SAPM was developed
by Sandia National Laboratories and models the performance of
PV modules based on module specifications, direct and diffuse
POA irradiance, cell temperature, airmass and angle-of-incidence
of the direct irradiance on the module plane (King et al., 2004).
Aside from the normally listed modules specifications, the model
uses empirically determined module coefficients that take into
account the effects of airmass and angle-of-incidence on module
performance. The effects of these parameters was established for
a wide range of modules by performing a fit of a polynomial model.
The dataflow of the PV performance model is shown in the Appen-
dix in Fig. D.1.

The cell temperature is calculated based on an empirical model
also developed by Sandia National Laboratories which is included
in the PVLIB-python SAPM implementation. It takes into account
total POA irradiance, ambient temperature, wind-speed, and the
type of module backside (glass, polymer, steel) and the type of
installation (open-rack, roof-mounted, etc.). For this study we use
the roof-mounted setting, as we investigate the environmental
performance of PV systems based on an LCA study of roof-
mounted PV systems (see also Section 2.5).

The output of the SAPM model is a time series of the direct-
current (DC) characteristics of the modelled module, and includes
short-circuit current (Isc), maximum power current (Imp), open-
circuit voltage (Voc), maximum power voltage (Vmp), and maxi-
mum power point power (Pmpp).

2.4. Annual energy yield and performance ratio

The SAPM time series are used to establish the performance of
the modelled PV modules on an annual basis. The annual energy
yield is calculated from the time series as:

Eannual ¼
Xy

t¼0

Pmpp tð Þ � ginv Pmpp
� � � Dt � f degf loss ð1Þ

where Eannual is the annual energy yield and Dt is the time step
between measurements (15 min). Inverter efficiency is modelled
here as ginv, based on the PV load profiles. The factor f deg, describing
module degradation, was calculated for the PV system lifetimes of
30 years, based on a degradation rate of 0.67% per year (20% degra-
dation in 30 years) for all technologies, thus f deg amounts to 0.9.
Reported linear degradation rates in Jordan et al. (2016) are 0.5%/
yr for crystalline silicon and CIGS technologies, 1%/yr for thin film
silicon and SHJ technologies. However, even though this study by
Jordan et al. is (one of) the most comprehensive overviews of degra-
dation rates in PV technologies, data availability varies per technol-
ogy, both in sample size and time horizon. Furthermore, especially
CdTe exhibits non-linear degradation modes, which are not fully
2 http://re.jrc.ec.europa.eu/pvgis.
understood at the moment. Therefore, we assume an equal degra-
dation rate for all technologies based on the IEA PVPS Task 12
LCA recommendations (Frischknecht et al., 2016) as it said to reflect
the warranties most PV manufacturers give.

The factor f loss describes the effect of assumed system losses for
soiling, module mismatch, wiring and connection resistance, and
light-induced degradation. Table 1 shows an overview of the
loss-parameters included here. Total system losses are estimated
to be 6.8%, thus f loss is estimated at 93.2%. The losses presented
in Table 1 are dependent on the module characteristics, PV-
module string layout, type of inverter, length of cabling, etc. Soiling
losses are furthermore very much dependent on location, as for
instance precipitation amount and frequency and dust loading of
the local environment determine average soiling losses (García
et al., 2011). We have tried to identify typical values for the param-
eters shown, however, they are included here primarily to offer a
somewhat rough indication of typical system losses, and to
account for these losses in calculating the environmental impacts.
Because our primary aim was to compare different PV technolo-
gies, inverter efficiency, degradation and loss factors were assumed
to be equal for all technologies, to exclude any influence of these
parameters on the AC power that can be fed into the grid.

The performance ratio (PR) is defined as the ratio between the
actual energy yield Eannual and the reference yield, the yield that
is expected when we take only into account the rated power of
the PV module (PSTC) and the annual insolation at the module plane
(van Sark et al., 2012; IEC TS 61724-3:2016, 2016). It is calculated
for each module type as:

PRAC ¼ Eannual

PSTC � HPOA;annual � GSTCð Þ�1 ð2Þ

where HPOA;annual is the insolation (annual irradiance sum) at the
POA, and GSTC is the STC irradiance at which the PSTC is determined.
The PR is normally calculated for actually measured energy yield,
but here we calculate it using the modelled annual energy yield
of the PV modules and the assumed loss factors.

2.5. Environmental indicators

The annual energy yield of PV modules is of course very impor-
tant for investment decisions, but it also determines the environ-
mental impact of PV (Frischknecht et al., 2016). The
environmental impact of PV systems is normally established in life
cycle assessment (LCA) studies, for which data are gathered, in a
life cycle inventory, that cover all material and energy flows occur-
ring during the complete life cycle of a product (e.g. from raw
material production to operation and end-of-life treatment). The
resulting life cycle inventory is then used to attribute environmen-
tal impact to PV systems and electricity produced with them. Most
commonly for PV systems, the impact in terms of energy demand
and greenhouse gas emissions is reported. The general methodol-
ogy for performing LCA studies is standardised by the ISO (ISO
14040:2006, 2006; ISO 14044:2006, 2006), and the IEA Photo-
voltaic Power Systems Programme has also developed methodol-
ogy guidelines specifically for PV systems (Frischknecht et al.,
2016). Here, we analyse the geospatial variation of three environ-
mental impact indicators, energy payback time (EPBT), life-cycle
greenhouse gas (GHG) emissions and GHG payback time
(GHGPBT), which were previously reported in (amongst many
other studies) (Louwen et al., 2015; de Wild-Scholten, 2013;
Frischknecht et al., 2016; Leccisi et al., 2016; Wetzel and
Borchers, 2014).

The EBPT is defined as the time it takes for a PV system to pro-
duce the same amount of energy that is consumed during its whole
life cycle. For PV systems, most of the energy is consumed during

http://re.jrc.ec.europa.eu/pvgis


Fig. 1. Global optimum plane-of-array (POA) tilts and POA insolation for optimally tilted surfaces, calculated from global horizontal irradiance time series for the year 2005,
converted to POA using the Hay-Davies model. The curves on the right side of the map indicate average tilt and POA insolation as a function of latitude.

Table 1
Overview of loss factors of PV systems assumed in this study for the calculation of
annual energy yield.

Loss parameter Losses Source

Soiling 2.0% Typical value assumed in Dobos (2014)
Module mismatch 1.71% Picault et al. (2010)
Wiring losses 1.25% Reich et al. (2012)
Connection losses 0.5% Typical value assumed in Dobos (2014)
Light-induced

degradation
1.5% Typical value assumed in Dobos (2014)

Total combined losses 6.78%
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the manufacturing of its components (Leccisi et al., 2016;
Frischknecht et al., 2016; Louwen et al., 2015; de Wild-Scholten,
2013). In general, the EPBT is calculated as Frischknecht et al.
(2016):

EPBT ¼ Eprod þ Etran þ Einst þ EEOL

Eannual � f deg � f loss � ginv � ðgGÞ�1 � EOM

ð3Þ

where the terms in the numerator are the energy invested for pro-
duction (Eprod), transport (Etran), installation (Einst), and end-of-life
treatment (EEOL). EOM is the energy invested during operation and
maintenance. All these parameters are expressed in MJ of primary
energy (MJP). The installation, operation, and maintenance activities
do not contribute substantially to the overall cumulative energy
demand of a PV system’s lifecycle (Jungbluth et al., 2009; Wernet
et al., 2016)and are thus neglected. Furthermore, end-of-life treat-
ment is not included in our analysis. Including end-of-life treatment
would likely not increase the life cycle cumulative energy demand
or other environmental impacts, as the recycling of especially alu-
minium and silicon were shown to have environmental benefits
(Leccisi et al., 2016; Corcelli et al., 2016).

The parameter gG is the primary energy to electricity conver-
sion efficiency for the grid where the PV system is installed
(Frischknecht et al., 2016). As described in the Methodology Guide-
lines on Life Cycle Assessment of Photovoltaic Electricity (Frischknecht
et al., 2016), there are two main options for determining the value
of gG: first, by assuming the installed PV systems electricity pro-
duction replaces the average grid mix of electricity at the point
of installation (total EPBT, e.g including renewable and non-
renewable energy sources) and secondly, by assuming the installed
PV system replaces only non-renewable electricity at the point of
installation (non-renewable EPBT). In terms of capacity additions
and decommissioning, there is support to assume the latter, as
the newly installed capacity is mainly in the form of renewable
electricity, while the capacity that is decommissioned is likely
mostly non-renewable. However, considering the intermittent nat-
ure of electricity production from PV one could also argue that at
the time of generation PV is more likely to replace flexible electric-
ity supply, like natural gas fired power plants, especially at high PV
penetration levels and in the absence of sufficient flexible storage
capacity or demand response. In this study we analyse and present
both the total EPBT as well as the non-renewable EPBT. The differ-
ence between the total and non-renewable EPBT depends on the
penetration level of renewable electricity sources. In countries
with very high shares of renewable energy (mainly hydropower)
like Norway, there will be a big difference between the two, while
in at low penetration levels or renewable electricity, the difference
will be small. In Fig. 2 we indicate the difference between total and
non-renewable EPBT for two countries (Norway and the Nether-
lands) and for the average grid efficiencies in our dataset. For the
average grid efficiencies, the difference between total and non-
renewable EPBT is about 30%.

For gG we take country average values where available, other-
wise we take values for a larger geographical scope. The energy
demand for production of the various types of PV was taken from
recent life cycle assessment (LCA) studies (de Wild-Scholten, 2013;
Louwen et al., 2015). In the study by De Wild-Scholten (de Wild-
Scholten, 2013), all investigated PV technologies are studied except
for SHJ systems. The results are based on recent data from PV man-
ufacturers combined with existing life cycle inventories from the
ecoinvent 2.2 database (Jungbluth et al., 2009). The life cycle data
for SHJ systems was taken from our own study (Louwen et al.,
2015), which is also based on ecoinvent 2.2 data, with updates
for processes specific for SHJ cell and module production. The
results presented in the study are calculated for roof-top mounted
systems. We used the results expressed per unit of rated capacity
for our calculations, so other considerations in the LCA studies that
influence lifetime energy yield do not affect our results. In terms of
manufacturing location, we assume 65% of PV manufacturing to
take place in China and 35% outside of China, based on
Fraunhofer ISE (2016). We thus calculated a market average envi-
ronmental impact from the results in de Wild-Scholten (2013) and



Fig. 2. Example of the difference between total and non-renewable EPBT for grid
efficiency values of Norway and the Netherlands, and the overall average grid
efficiency. The values are calculated with the indicative yield figures show in the
chart, for silicon heterojunction PV systems.
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Louwen et al. (2015), making the rough assumption that produc-
tion in Europe as reported in these studies is characteristic for pro-
duction outside of China.

The greenhouse gas (GHG) emissions of PV electricity are nor-
mally expressed per kW h of electricity generated with a PV sys-
tem. It is calculated by summing all the CO2-eq emissions that
originate during production, transport, installation, operation and
end-of-life treatment of the PV system and dividing this figure by
the lifetime energy output of the PV system.

To analyse the geospatial distribution of GHG emissions from
PV, we took life cycle GHG emissions data for the studied module
technologies from the previously mentioned LCA studies(de Wild-
Scholten, 2013; Louwen et al., 2015). From these studies, we estab-
lished the GHG emissions related with producing a PV system
expressed per unit of PV system capacity (gCO2-eq/Wp). The yield
figures modelled here where then used to calculated a GHG emis-
sion factor (gCO2-eq/kW h):

Gelec ¼ Gprod þ Gtran þ Ginst þ GEOL

Eannual � f deg � f loss � ginv � T life
ð4Þ

where Gelec is the GHG emission factor in gCO2-eq/kW h,
Gprod;Gtran;Ginst and GEOL are the GHG emission associated with pro-
duction, transportation and installation and end-of-life treatment of
a PV system, respectively, Eannual is the annual energy production
(which we model here), T life is the expected lifetime of the system
(assumed to be 30 years for all module types). Note that as for EPBT,
installation, operation and maintenance, and end-of-life treatment
are neglected here.

Similar to EPBT, we also calculate the time in which the GHG
emissions released during the various stages of the PV systems’ life
cycles are payed back by replacing electricity produced from the
average electricity grid, the GHG payback time (GHGPBT). The
GHGPBT is calculated similar to EPBT (Frischknecht et al., 2016) as:

GHGPBT ¼ Gprod þ Gtran þ Ginst þ GEOL

Eannual � f deg � f loss � ginv � Ggridavg � Gelec
� � ð5Þ

where Ggridavg is the country average grid GHG emissions factor. This
factor was calculated by combining GHG emission data from World
Resources Institute (2015) and electricity production data from
United Nations Statistics Division (2015). For countries where data
is missing, or where the GHG emission factor is above the 95th per-
centile of all countries analysed, we assume the average value for all
countries. For a list of those countries please see the appendix.

It is to be noted that the GHG emission factor Gelec and the
GHGPBT we show below do not represent point-of-generation
GHG emissions, but rather represent what emission can be attrib-
uted to PV produced elsewhere, when installed in each location
shown on the maps. Thus, the emissions from PV production are
associated with a fixed production location, and the variation in
Gelec comes from the variation of performance of PV at different
locations. Furthermore, for GHGPBT we assume a grid emission
factor that is constant within each country. Especially for larger
countries, the shown GHGHPBT does not necessarily reflect local
conditions. The results are thus considered to be indicative, but
shown nonetheless, to indicate that the energy yield of PV at differ-
ent locations can result in significant variation in Gelec compared to
the results obtained in LCA studies that assume a specific energy

yield of (normally) 1275 kW h kW�1
p y�1 (Alsema et al., 2009;

Fthenakis et al., 2011; Frischknecht et al., 2016). We also aim to
show indicatively how the combination of local attainable energy
yield from PV and local grid emission factors results in the ability
of PV to contribute to decarbonisation of electricity generation.
2.6. Selection of studied modules and comparison of PV technologies

In this study we analyse six different PV technologies: SHJ,
mono-Si, poly-Si, CdTe, CI(G) S, and tandem a-Si. For each PV tech-
nology we have analysed eight different, recent PV modules for
which we were able to obtain the SAPM performance coefficients.
We present our results per technology, by taking the average result
for the studied modules. For all PV technologies, we assume that
each of the eight modules are integrated in a roof-top mounted
system to model annual energy yield. Here, we are taking into
account typical DC and AC yield losses and PV module degradation
(see also Section 2.4 and Table 1). For each module technology we
also investigate the variation in the obtained results between the
eight modules selected per technology. The variation is calculated
per location as the relative standard deviation of all eight model
results at this location, by dividing the absolute standard deviation
by the mean result at each location.
3. Comparison of PV module technologies

The results of our modelling analyses are shown in Figs. 3–7 for
energy yield, performance ratio, energy payback time, GHG emis-
sion factor, and GHG payback time. Fig. 3 shows the annual energy
yield of SHJ modules, and the relative yield of SHJ modules com-
pared to modules of 5 other types of PV. The results indicate that
the SHJ technology outperforms the other technologies in most
locations except for the CdTe technology. The results for the
mono- and especially the poly-Si modules furthermore indicate
that the yield advantage of SHJ modules becomes larger in loca-
tions closer to the equator, likely due to higher operating temper-
atures and the smaller effect of higher temperature on SHJ’s
performance. The yield of PV systems, calculated from modelled
DC performance taking into account degradation, loss factors,
and inverter efficiency as described in Section 2.4, ranges from

around 600 kW h kW�1
p y�1 in locations with low irradiance to

around 2000 kW h kW�1
p y�1 in high-irradiance locations. Fig. 4

shows the performance ratio of the studied PV systems. Taking into
account the losses described in Section 2.4, the PR ranges from
under 60% to around 85% over all technologies. As PR is essentially



Fig. 3. Overview of the modelled annual energy yield of optimally tilted PV systems in kW h/kWp (SHJ) and relative yield of SHJ compared to other technologies for the year
2005, calculated with the Sandia Array Performance Model (King et al., 2004) using 15-min resolution plane-of-array irradiance time series (SoDa, 2016) and 6-h ambient
temperature and wind-speed time series (European Centre for Medium-Range Weather Forecasts, 2016).

Fig. 4. Overview of the modelled annual performance ratio (PRAC) of optimally tilted PV modules of the six module technologies, for the year 2005, calculated with the Sandia
Array Performance Model (King et al., 2004) using 15-min resolution plane-of-array irradiance time series (SoDa, 2016) and 6-h ambient temperature and wind-speed time
series (European Centre for Medium-Range Weather Forecasts, 2016).

Fig. 5. Overview of the modelled relative temperature related yield losses for the year 2005, calculated with the Sandia Array Performance Model (King et al., 2004) using 15-
min resolution plane-of-array irradiance time series (SoDa, 2016) and 6-h ambient temperature and wind-speed time series (European Centre for Medium-Range Weather
Forecasts, 2016). Note that negative yield losses indicate yield gains due to low operating temperatures.
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energy yield corrected for irradiance, Fig. 4 more clearly shows the
latitudinal variation of performance. For most technologies the
main variation in PR is a result of variations in operating tempera-
ture. Fig. 5 shows the effect of temperature on annual PV yield.
Comparing with Fig. 4, it indicates that the decrease of PR at low
latitudes can largely be attributed to temperature related yield
losses. Temperature related yield losses vary per technology, and
are highest for the CIGS modules for which they exceed 22% in
locations with high irradiance and temperature. For other tech-
nologies, temperature related yield losses are still significant in
these locations at around 17% for crystalline silicon technologies,
over 14% for thin-film silicon, over 13% for SHJ and over 11% for
CdTe. Temperature related gains in cold, low-irradiance locations
show a similar trend, over 22% for CIGS, 18–19% for crystalline sil-
icon, 13–14% for SHJ and a-Si, and 10% for CdTe.

Fig. 6 shows that the energy payback time of PV modules shows
large variation, not only from high to low latitudes, but also from
one country to the other. This is due to the fact that EPBT is calcu-
lated using the country average grid efficiency. Countries with high
shares of renewable electricity (especially hydropower) with high
primary energy to electricity conversion efficiency show high pay-
back times. Norway is a notable example of this phenomenon, not
only because of the low irradiance, but because a very large frac-
tion of the electricity produced there is from hydropower. Another
notable example is the DR Congo, which also has a high share of
hydropower in its electricity supply, and as a result shows high



Fig. 6. Overview of the modelled energy payback time (EBPT) and non-renewable EPBT of optimally tilted PV systems in years, calculated with the Sandia Array Performance
Model (King et al., 2004) using 15-min resolution plane-of-array irradiance time series (SoDa, 2016) and 6-h ambient temperature and wind-speed time series (European
Centre for Medium-Range Weather Forecasts, 2016) for 2005.

Fig. 7. Overview of the modelled greenhouse gas emission factor of optimally tilted PV systems in gCO2-eq/kW h, calculated with the Sandia Array Performance Model (King
et al., 2004) using 15-min resolution plane-of-array irradiance time series (SoDa, 2016) and 6-h ambient temperature and wind-speed time series (European Centre for
Medium-Range Weather Forecasts, 2016) for 2005.
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EPBT even though PV yields are quite high. The bottom row of
Fig. 6 shows the non-renewable EPBT. There is less variation in
the nrEPBT from country to country, thus, the geographical varia-
tion in nrEPBT more closely resembles the geographical yield vari-
ations shown in Fig. 3. Non-Renewable EPBTs are below 4 years for
all technologies and locations.

CdTe based systems show the lowest EPBT, which is below
0.5 years in many locations, especially on the African continent,
but even in some southern European locations. Although SHJ mod-
ules show higher yield compared to poly-Si, CIGS and a-Si, the lat-
ter have lower EPBT in most locations due to a much lower energy
consumption for manufacturing. Mono-Si systems, with the high-
est energy demand for manufacturing, relatively have the highest
EPBT in all locations.

The GHG emission factors and GHGPBT are shown in Figs. 7 and
8, respectively. Fig. 7 shows that for very large geographical ranges
the GHG emissions factors of all module technologies are around or
below 50 gCO2-eq/kW h. For CdTe modules, large areas even show
emission factor around or below 15 gCO2-eq/kW h, while the
monocrystalline silicon devices show the highest GHG emission
factors per kW h. This is mainly due to the fact that CdTe modules
have lower GHG emissions from manufacturing and high energy
performances compared to other technologies, and that mono-Si
modules have the highest GHG emissions. The highest GHG emis-
sions per kW h are thus those associated with mono-Si modules
in areas with low insolation, and are around or below 120 gCO2-
eq/kW h, and thus well below fossil fuel alternatives, even those
equipped with carbon-capture-and-storage (CCS) systems. For con-
ventional fossil fuelled electricity generation, the GHG emissions
range from roughly 400 to over 1000gCO2-eq/kW h,depending on
the fuel type and without CCS. For most locations and technologies
the emission factor of PV is around or well below 60 gCO2-eq/kW h.

Fig. 8 shows that there is large variation in the GHGPBT. For
countries with high grid emission factors, the GHG PBT can be very



Fig. 8. Overview of the modelled greenhouse gas emission payback time (GHGPBT) of optimally tilted PV systems in years, calculated with the Sandia Array Performance
Model (King et al., 2004) using 15-min resolution plane-of-array irradiance time series (SoDa, 2016) and 6-h ambient temperature and wind-speed time series (European
Centre for Medium-Range Weather Forecasts, 2016) for 2005. The white areas in the graph indicate locations where the GHGPBT exceeds 10 years.
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short (below 2 years). Especially for lower latitude countries and
for CdTe systems, the GHGPBT can be below 0.5 years. Some coun-
tries with low grid-average GHG emission factors (e.g. France, Nor-
way and Sweden) show GHGPBT over 10 years, as the difference
with the GHG emission factor of PV electricity is in these cases very
small. This is due to high shares of hydropower (Norway) or
nuclear energy (France, Sweden). Because of its very low GHG foot-
print, CdTe still shows GHGPBTs below 10 years in some of these
countries, mainly in France. Fig. 8 shows white regions for loca-
tions where the GHGPBT exceeds 10 years.

Fig. 9 shows the variation of the obtained results (for annual
yield, PRAC, EPBT and GHG emission factor) for all locations, in
order to generally compare the different module technologies.
Shown here is the very large variation in annual yield, EPBT and
Fig. 9. Plots indicating the distribution of the obtained results, per technology, for all lo
(EPBT) and GHG emission factor. The diamond shaped markers indicate the overall mea
GHG emission factors, as these parameters are largely dependent
on the geographical irradiance variation. The distribution of GHG
emission factors is more or less a mirror image of the annual yield
distribution, although the distributions in the figure are visually
compressed. This is due to the large differences in the GHG emis-
sions from manufacturing the respective technologies. The distri-
butions of EPBT show more irregularities, due to the differences
in grid efficiency from country to country. The variation in PRAC

is much smaller, as this parameter is corrected for irradiance, the
biggest source of variation in PV performance.

The plots indicate that around or over 50% of the locations have

an annual yield above 1500 kW h kW�1
p y�1, for all module tech-

nologies, except for CIGS modules, where the mean annual yield
cations and modules, for annual yield, DC performance ratio, energy payback time
ns. The white lines indicate the range of 95% of the results around the median.
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is above 1500 kW h kW�1
p y�1 for only 35% of the locations. For all

technologies the majority of locations show GHG emission factors
below 60 gCO2-eq/kW h, and EPBT below 3 years. For mono-Si and
SHJ, the GHG emission factor is below 60gCO2-eq/kW h in 71% and
84% of locations respectively, while for the other technologies this
is for 99–100% of locations. EPBT of mono-Si and SHJ is below
3 years in 65% and 87% of all locations respectively, for the other
technologies this figure is at least 93%. The distribution of PRAC

results for the poly-Si, CIGS and a-Si indicate that there is larger
variation within the technology module groups, indicate by a
slightly wider distribution. This is largely due to the stronger effect
of temperature on the PRAC of these module types.
4. Comparison of specific locations

Fig. 10 shows a comparison of the annual energy yield PRAC,
EPBT and GHG emission factors of the six studied module tech-
nologies in different specific locations around the globe: (1)
Utrecht, a city in the center of the Netherlands representative for
north-western Europe, (2) Seville, a city in the south of Spain rep-
resentative for southern Europe, (3) Aouzou, a village in Chad in
the central Sahara, and (4) Kinshasa and Brazzaville, two directly
adjacent capital cities of the DR Congo and Congo respectively, in
the tropics of central Africa, representing north-western European,
southern European, desert and tropical climates, respectively.

The annual energy yield is highest for the modules in the Sahara
which has a very high annual insolation (see Fig. 1), and relatively
low for the location in NW Europe. Although the southern Euro-
pean location is of much higher latitude compared to the tropics
location, the annual yield is much higher, as this location is
semi-arid, with a low degree of cloud cover. The figure also indi-
cates the variation (min–max range) of performance modelled for
Fig. 10. Average annual yield, performance ratio, energy payback time and GH
each module type and location. It indicates that especially for the
Sahara and Tropics location, the variation of modelled performance
is significant, especially for the poly-Si and CIGS modules. The SHJ
systems have the highest annual energy yield at the NW Europe
location, but are slightly outperformed by the CdTe systems at
the other locations. The CIGS systems have lowest performance
at all locations.

The performance ratio in Fig. 10 of the six module technologies
shows that the relative performance (yield relative to annual inso-
lation) is highest for the north-western European location, and is
around 0.83 for most technologies, but lower for CIGS and a-Si.
The lowest PRAC is found in the tropical location, which is charac-
terised by high operating temperatures and a high degree of cloud
cover. High operating temperatures also significantly decrease the
PRAC for the southern European and Saharan locations.

The energy payback time shown in the third row of Fig. 10
shows that for at every location the lowest EPBT was found for
the CdTe systems, while the mono-Si systems have the highest
EPBT. For all four locations and six module technologies, the EPBT
is below 4 years, while the EPBT for the CdTe systems is below
1 year in all locations. The CIGS modules have a relatively low EPBT
despite the relatively low performance. The greenhouse gas emis-
sion factors in the bottom row of Fig. 10 show very similar trends
compared to the EPBT graphs. The emissions attributed to PV elec-
tricity are much higher in the NW Europe location compared to the
other locations, and the emission factors are lowest for CdTe sys-
tems, and highest for the mono-Si systems.

To investigate the effect of varying module surface tilt and ori-
entation, we show in Fig. 11 how the POA irradiance and yield var-
ies from its optimum value. Considering the effect of varying tilt
and orientation is very similar for all technologies (see Fig. D.4 in
the appendix), we present these results as averages for all tech-
nologies. The figure indicates that the tilt and orientation of the
G emission factor of the six module technologies at four specific locations.



Fig. 11. Polar contour plot showing the effect of orientation and tilt on the global plane-of-array insolation (top row) and yield (bottom row) at 4 specific locations. The radius
shows model inclination from 0 to 90 degrees, while the polar angle show module orientation. The black crosses indicate the tilt and orientation with highest irradiance and
yield. The dark red areas indicate the tilt/orientation combination for which 90% of maximum irradiance is received or yield is generated. The yield results are averages over
all the technologies. As shown in Fig. D.4, the effect of tilt and orientation on yield is very similar for all studied PV module technologies. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Overview of the ranges over which tilt and orientation of the PV module surface can
vary to achieve at minimum 90% of the optimum yield.

Location Tilt range Orientation range

NW Europe 8–69� 125–230�
SW Europe 6–63� 130–230�
Sahara 0–52� 100–250�
Tropics 0–41� 0–360�
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PV modules surfaces can vary quite substantially without severely
reducing the annual yield that can be achieved. In Table 2 we show
how much tilt and orientation can change if the yield should
remain at least 90% of the optimum value. Within these ranges,
EPBT, GHG emission factor and GHGPBT would increase with max-
imum 11%. For example the EPBT of SHJ systems would increase to
2.9 and 1.6 years in North-West Europe and South-West Europe,
respectively.
5. Discussion

In this paper we presented an analysis of the performance of PV
systems, at optimal inclination and south orientation, based on dif-
ferent module technologies, to show the geospatial variation in
performance, in terms of energy yield and energy payback time,
carbon footprint and greenhouse gas payback time. Our results
indicate that there is considerable variation of PV energy yield
between module technologies, and considerable geographical vari-
ation in energy yield for all PV technologies. The latter variation is
not only due to variations in the available solar irradiance at differ-
ent locations, but also due to variations in operating conditions,
mainly temperature.

Out of the six studied module technologies, cadmium telluride
(CdTe) based systems seem to offer the best energy yield, and low-
est environmental impact, in most locations, while the results of
our modelling indicate that CIGS based systems show lower energy
performance compared to the other module types over a broad
geographical range. The results furthermore indicate that com-
pared to conventional crystalline silicon modules (mono and poly),
silicon heterojunction based systems offer on average 4–5% higher
energy performance, mainly due the smaller detrimental effect ele-
vated operating temperature has on its power output. Especially at
lower latitudes, the energy performance of SHJ modules is higher
(7–8%) compared to mono- and poly-crystalline silicon based
systems.

In terms of environmental impact, all module types show that
they have payback times around or well below 5 years, in terms
of energy and greenhouse gas emissions, for most locations. At
locations with low irradiance and/or locations with an efficient
electricity grid or grids with high shares of renewable electricity,
energy payback times are approaching ten years, while in some
locations with very low grid emission factors, greenhouse gas pay-
back times are over ten years. At maximum, the EPBT is 13.3 years
for mono-Si systems at the Northern extreme of the investigated
geographical scope. The 99th percentile however is only
6.7 years.The greenhouse gas emission factors of all technologies
is however below 120 gCO2-eq/kW h for nearly all locations, and
below or around 50 gCO2-eq/kW h for a broad geographical range.
The environmental impact results are based on a life cycle assess-
ment study that analysed typical or average modules for each tech-
nology, and thus not necessarily represent any specific PV module
of the same technology. Also, as is shown in de Wild-Scholten
(2013), the production location, or rather the source of electricity
used during production, has a pronounced effect on the environ-
mental performance of PV.

A large part of the variation in the performance of PV at differ-
ent locations can be attributed to variation in operating tempera-
ture. For a-Si systems, with the lowest temperature coefficient,
on average 41% of the variation of performance is due to variation
in operating temperature. For the other technologies, this figure is
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much higher at 67–70%. The temperatures modelled for the rooftop
systems are higher compared to what would be modelled for open
rack systems, so our results do not necessarily give a very accurate
approximation of large-scale ground-mounted PV systems.

The results we have calculated here are based on assumed sys-
tem losses, optimally oriented PV modules, and a yearly degrada-
tion rate of 0.67% for all studied module technologies. In practice,
system losses, for instance due to soiling, shading, cabling and
inverter losses could be higher. Furthermore, as mentioned in Sec-
tion 2.4, research has shown that some technologies can have
lower degradation rates than assumed here, while others exhibit
higher degradation rates (Jordan et al., 2016). Would we have
implemented the degradation rates shown in this study by Jordan
et al., the results would be significantly affected, resulting in high-
est energy performance for mono-Si an poly-Si based systems,
much lower performance for the SHJ, a-Si and especially CdTe
based systems, and slightly higher energy performance for the
CIGS based system.

In terms of module inclination, we have only considered the
optimal module inclination for all locations. Whereas in some
countries, like the Netherlands, the typical roof inclination of resi-
dential buildings is nearly equal to the optimal module inclination,
this would likely not be the case in many other countries. Espe-
cially in locations with high fractions of direct irradiance, sub-
optimal module inclinations could significantly decrease the
annual energy yield. In Fig. 11 we show the effect of varying both
the inclination and orientation of the PVmodules. The figure shows
that for both irradiance and yield, inclination and orientation of the
PV modules can vary quite significantly before the received irradi-
ance and achieved yield drops below 90% of the maximum.

The calculation of the geographical variation of energy payback
time and GHG emissions was performed based on a study by De
Wild-Scholten from 2013 (de Wild-Scholten, 2013), and a study
by the authors from 2015 (Louwen et al., 2015). Although more
recent LCA studies are available, these two studies were chosen
because the study by De Wild-Scholten presents results for all
technologies except for SHJ, and the study we performed in 2015
is as of yet the only LCA study of SHJ based PV systems in peer-
reviewed literature. Both studies do not include end-of-life treat-
ment of the PV systems, which could lead to either under- or over-
estimation of the baseline environmental impact of PV systems.
End-of-life treatment inherently would cost energy, however, by
reclaiming energy intensive materials, benefits could be obtained.
In a review of PV LCA, it was shown that although a very limited
number of studies analysed decommissioning of PV systems
(n ¼ 2), decommissioning results in a net lowering (-3.3% for
GHG emissions) of environmental impact (Nugent and Sovacool,
2014). A recent study quantified the environmental impact of recy-
cling PV modules, and found that the energy impact of recycling
1000 kg of silicon PV modules would be 2780 MJ (Latunussa
et al., 2016), roughly corresponding with 200 MJP/kWp

3 , or about
1–2% of the total environmental impact of the module technologies
studied here. This study however explicitly excludes any benefits of
reclaimed materials. Other parameters not included in the analysis
of environmental impact are transport, installation and operation
of the PV systems. Our previous work showed that these phases in
the life cycle have little to no effect on the total environmental foot-
print (Louwen et al., 2015).

The comparison of the six PV module technologies is based on
performance modelling of eight types of modules for each technol-
ogy, and the results for each technology are based on the average
performance of these eight modules. For some technologies, there
3 Assuming a PV module to have a weight of 20 kg and to have a rated power
output of 275 Wp
is considerable variation between the eight analysed modules,
while for other technologies this variation is very limited.
Fig. D.2 shows the variation (standard deviation) of the modelled
annual energy yields for the different module sets. Especially the
results for CdTe, CIGS and a-Si show higher standard deviation
compared to the other module sets, for a-Si especially at high-
irradiance locations. For, mono-Si, poly-Si and especially SHJ, the
results of the eight studied modules are however very similar
(low standard deviation). For SHJ this is likely due to the fact that
all studied modules are from the same supplier, as there is a very
limited amount of producers making SHJ modules. For the mono-
Si and poly-Si modules there is more variation in the manufactur-
ers, but we assume that variation here is limited due to these tech-
nologies being very mature.
6. Conclusions

Using the open source PV performance modelling tool PVlib-
python, we modelled the performance of six different types of PV
modules. Datasets of global horizontal irradiance, air temperature
and wind speed, were used as inputs for the Sandia Array Perfor-
mance Model. The datasets and model results cover a broad geo-
graphical range including most of Europe, Africa and the Middle-
East. Finally, the model results were combined with results from
LCA studies of PV systems to calculate the environmental footprint
of the studied PV module technologies over the described geo-
graphical range.

Our results indicate that for most locations, cadmium telluride
based PV systems offer the highest energy performance, although
the difference with silicon heterojunction based PV systems is
small (within 1% yield difference). The difference with mono-Si,
poly-Si and a-Si based systems is larger, which have a 5% lower
yield on average compared to CdTe, and 4–5% lower yield com-
pared to SHJ systems. In our modelling results, especially CIGS
modules show considerably lower performance (on average 5–
10% lower in terms of annual electricity yield) compared to the
other types of PV modules, over broad geographical ranges. When
correcting for irradiance, energy performance of all module types
was shown to have strong predominantly latitudinal variation,
mainly due to differences in operating temperature. Annual yields

of up to around 1800 kW h kW�1
p y�1 are attained in very sunny

locations, while in North-West Europe yields of around

900 kW h kW�1
p y�1 are shown.

In terms of environmental impact the differences between the
module types are greater, as the production of especially
monocrystalline silicon wafer based PV modules is much more
energy and greenhouse gas intensive than the production of thin
film PV modules. As a result, the CdTe modules have lowest energy
payback times (EPBT) and GHG emission factors. For all PV module
technologies however, EPBT is below 3 years and GHG emission
factors are below or around 50 gCO2-eq/kW h for large geographi-
cal ranges, when installations are at optimal inclination and
orientation.
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Appendix A. Input LCA data

See Table A.1.



Table A.1
Overview of the LCA input parameters used in this study for calculating the energy payback time, non-renewable energy payback time, GHG emission factor and GHG payback
time of PV systems based on the six PV technologies.

Module technology Production in EU Production in China Assumed market average

GHG footprint CED GHG footprint CED GHG footprint CED
(gCO2-eq/kWp) (MJP/kW h) (gCO2-eq/kWp) (MJP/kW h) (gCO2-eq/kWp) (MJP/kW h)

SHJa 1107 18589 2401 22237 1948 20960
mono-Sib 1280 26200 2870 31700 2314 29775
poly-Sib 824 15800 1590 18900 1322 17815
CdTeb 469 7290 630 7860 574 7661
CIGSb 715 12900 958 12900 873 12900
a-Sib 1020 17800 1360 17700 1241 17735

a Data from Louwen et al. (2015).
b Data from de Wild-Scholten (2013).

Table C.2 (continued)

Country GHG/kW h MJp/kW h Note

Equatorial Guinea 686 8.25 g , GHG1
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Appendix B. Description of the specific locations investigated

See Table B.1.
Table B.1
Overview of parameters describing the four specific locations investigated in this
study.

Location Coordinates Annual insolation
HPOA (kW h/m2)

Mean annual air
temperature (�C)

NW Europe 52�N 5�E 1146 10.5
SW Europe 37�50N 6�W 2232 18.5
Sahara 21�50N 17�E 2538 22.1
Tropics 4�50S 15�E 1821 24.7

G

Eritrea 877 12.11
Estonia 1184 5.46
Ethiopia 686 3.88 GHG1

Finland 358 7.01
France 112 9.16
Gabon 471 6.55
Gambia 686 8.25 gG, GHG1

Georgia 133 4.36
Germany 606 8.41
Ghana 262 4.24
Greece 846 8.12
Guinea 686 8.25 gG, GHG1

Guinea-Bissau 686 8.25 gG, GHG1

Hungary 497 10.46
Iran, Islamic Republic of 732 10.31
Iraq 980 9.60
Ireland 485 8.25
Israel 867 11.55
Italy 496 6.78
Jordan 705 11.85
Kazakhstan 1423 10.30 GHG2

Kenya 241 5.10
Kosovo 686 11.65 GHG1
Appendix C. Input data for country GHG factor and grid
efficiency

See Table C.2.
Table C.2
Overview of input data for GHG factor and grid efficiency.

Country GHG/kW h MJp/kW h Note

Afghanistan 686 8.25 gG, GHG1

Albania 686 3.85 GHG1

Algeria 836 11.10
Andorra 382 8.25 gG

Angola 435 4.81
Armenia 184 7.43
Austria 312 4.58
Azerbaijan 637 9.91
Belarus 1161 11.02
Belgium 316 9.67
Benin 736 12.11
Bosnia and Herzegovina 1138 6.42
Botswana 1423 12.19 GHG2

Bulgaria 709 9.27
Burkina Faso 686 8.25 gG, GHG1

Burundi 686 8.25 gG, GHG1

Cameroon 311 4.76
Central African Republic 686 8.25 gG, GHG1

Chad 686 8.25 gG, GHG1

Congo 260 5.33
Congo, The Democratic Republic of the 686 3.86 GHG1

Côte d’Ivoire 545 7.75
Croatia 560 5.08
Czech Republic 764 10.23
Denmark 584 6.68
Djibouti 686 8.25 gG, GHG1

Egypt 551 9.73

Kuwait 1117 11.82
Latvia 343 5.47
Lebanon 806 10.70
Lesotho 686 8.25 gG, GHG1

Liberia 686 8.25 gG, GHG1

Libya 638 11.56
Lithuania 981 6.85
Luxembourg 296 8.35
Macedonia, Republic of 959 7.77
Madagascar 686 8.25 gG, GHG1

Malawi 686 8.25 gG, GHG1

Mali 686 8.25 gG, GHG1

Mauritania 686 8.25 gG, GHG1

Moldova, Republic of 1423 9.86 GHG2

Montenegro 573 5.13
Morocco 767 9.19
Mozambique 686 3.91 GHG1

Namibia 686 3.97 GHG1

Netherlands 658 9.64
Niger 686 12.03 GHG1

Nigeria 845 8.27
Norway 85 3.91
Oman 949 11.19
Pakistan 174 7.12
Palestine, State of 686 8.25 gG, GHG1

Poland 1097 10.25
Portugal 433 5.67
Qatar 1423 11.16 GHG2

Romania 735 7.10
Russian Federation 994 8.62
Rwanda 686 8.25 gG, GHG1

Saudi Arabia 837 11.48



Table C.2 (continued)

Country GHG/kW h MJp/kW h Note

Senegal 734 10.05
Serbia 901 7.79
Sierra Leone 686 8.25 gG, GHG1

Slovakia 484 8.39
Slovenia 401 7.27
Somalia 686 8.25 gG, GHG1

South Africa 972 12.05
South Sudan 221 12.15
Spain 382 6.98
Sudan 221 4.43
Swaziland 686 8.25 gG, GHG1

Sweden 62 5.78
Switzerland 54 5.35
Syrian Arab Republic 691 9.33
Tanzania, United Republic of 487 7.09
Togo 686 4.33 GHG1

Tunisia 482 10.77
Turkey 545 7.40
Turkmenistan 1421 11.16
Uganda 686 8.25 gG, GHG1

Ukraine 753 10.52
United Arab Emirates 664 11.17
United Kingdom 603 9.47
Uzbekistan 813 7.97
Western Sahara 767 8.25 gG

Yemen 826 11.87
Zambia 686 3.86 GHG1

Zimbabwe 387 5.68

gG: Using average grid efficiency due to missing grid efficiency data.
GHG1: Using average GHG factor because of missing GHG data.
GHG2: Outlier GHG factor restricted to 95th percentile.
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Appendix D. Supporting figures

See Figs. D.1–D.4.
r

Fig. D.1. Dataflow for the determination of global irradiance optimum plane-of-array tilt (left) and the modelling of PV module power output (right).



Fig. D.2. Overview of the variation of modelled annual yield between the eight modelled PV modules for each technology. The figures represent the standard deviation,
relative to the mean at each location.

Fig. D.3. Overview of the difference between standard Energy Payback Time (EPBT) and non-renewable Energy Payback Time (nrEBPT) of optimally tilted PV systems in years,
calculated with the Sandia Array Performance Model (King et al., 2004) using 15-min resolution plane-of-array irradiance time series (SoDa, 2016) and 6-h ambient
temperature and wind-speed time series (European Centre for Medium-Range Weather Forecasts, 2016) for 2005.

Fig. D.4. Variation of the effect of changing tilt and orientation between the six studied PV module technologies, calculated as the standard deviation of the yield relative to
the optimum yield. The figures indicate that at maximum, the standard deviations of relative-to-optimum yield between the technologies approaches 1%.
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