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A paper by Ferroni and Hopkirk (2016) provided evidence that presently available PV systems in regions of
moderate insolation like Switzerland and countries north of the Swiss Alps act as net energy sink. These ﬁndings
were disputed in a paper (Raugei et al., 2017). Additional clariﬁcations in support of our conclusions are
explained, including mention of weak points in the argumentation by Raugei et al.
Our study is based on the concept of the extended ERoEI (ERoEIEXT) for PV systems, knowing that this is not
the mainstream concept in the Life Cycle Assessment (LCA), applying the Process-Based Life Cycle Assessment.
The concept of the ERoEIEXT considers many possible energy contributions needed for assessing the envisioned
transition from fossil fuel to other types of energy sources and here in particular to photovoltaics in regions of
moderate insolation.
The conclusions of our original study remain unchanged. Any attempt to adopt an Energy Transition strategy
by substitution of intermittent for base load power generation in countries like Switzerland or further north will
result in unavoidable net energy loss. This applies both to the technologies considered, to the available data
from the original study and to newer data from recent studies.

1. Introduction
The paper published by the authors (Ferroni and Hopkirk, 2016)
has provided evidence that presently available PV systems in regions of
moderate insolation like Switzerland and countries north of the Swiss
Alps, provide little more than material-intensive, labour-intensive and
capital-intensive energy, resulting in high consumption of resources.
These ﬁndings have been disputed in a recent paper (Raugei et al.,
2017). In the following we shall oﬀer additional clariﬁcation in support
of our conclusions and expose basic errors in the argumentation by
Raugei et al. (2017).
Regions of higher insolation (e.g. in southern Europe) as well as
geographical diversity or combination with wind turbines were explicitly excluded from our published study. Our proof was accompanied
by a short comparison between electricity production from solar
generators with other energy sources to demonstrate that PV energy
is particularly material, labour and capital intensive. Since nuclear
power generation is also more labour and capital intensive than the
combustion of fossil fuels, we had included estimations valid for
nuclear energy. However, our conclusions stand for themselves: the

extended ERoEI (ERoEIEXT) for PV systems is below 1 and thus has a
negative impact. Society receives few or no beneﬁts from their use. For
this reason, it will not be necessary to comment further on statements
made by Raugei et al. regarding nuclear energy.
The concept of ERoEIEXT has been applied, knowing that this is not
the mainstream concept in the Life Cycle Assessment (LCA) community. However, this concept has gained and is gaining more attention,
especially since the current LCA does not take into consideration many
possible energy contributions needed for assessing the envisioned
transition of our civilisation from fossil fuel to other types of energy
sources and here in particular to the photovoltaic energy source in
regions of moderate insolation.
Important in this respect is the recent publication of a book by
Charles A. S. Hall “Energy Return on Investment – A Unifying
Principle for Biology, Economics, and Sustainability” (Hall, 2017)
outlining the basic generally valid methodology for the calculation of
the ERoEI for diﬀerent energy sources.
In addition, the experience gained from the “Energiewende”
(Energy Transition) in Germany has shown that 464 billion Euro have
been spent up to the end of 2015 (Limburg and Müller, 2015) for the
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What is important for societal needs is to know whether PV systems
in regions of moderate insolation are producing energy at a net energy
gain or loss. In the latter case the depletion of fossil resources is
accelerated by state subsidies for solar electricity generation.

renewable energy program without any notable reduction of CO2
emissions. In 2015 these amounted to 535 g CO2-eq/kWh
(Emissionen des deutschen Strommix, 2016). Servicing such huge
amounts of capital also implies a considerable consumption of energy.
We recommend that the ERoEIEXT approach be applied to all
energy system sources, including nuclear energy. Therefore, the
standards and protocols such as those recommended by the
International Standards Organisation (ISO) and the International
Energy Agency (IEA) can only be partially applied for the better
calculation of the ERoEIEXT. We are aware of the fact that the results
of the various ERoEI-analyses published up to now in the scientiﬁc
literature cannot be compared with each other, without a rigorous and
deontological investigation. In our previous paper, we speciﬁed the
scope of the ERoEIEXT, bearing in mind the full speciﬁcation of this
extended scope. In our case this amounts to: energy demand for the
materials, for the labour, for the installation, operation, decommissioning, integration of the intermittent PV generated electricity into the
grid with storage capability and for obtaining and servicing the
required capital.
The purpose of the study is to assess the energetic feasibility of the
envisaged electricity policy in Switzerland – one aspect of the Swiss
Energy Transition – where the actual base load assured by nuclear
power plants generating yearly 25 TWh is to be substituted until the
end of the year 2050 by intermittent electricity produced by PVsystems or wind power plus geothermal electricity. Note that a recent
study (Heard et al., 2017) concludes that this is not feasible. In
Germany the energy policy is also to substitute the baseload assured
by coal power plants with so-called renewable energy. For our scenario,
we have selected a hypothetical division of the PV-system in 2/3 as roof
mounted and 1/3 as free ﬁeld PV-plants.
The use of the ERoEIEXT methodology and not of the LCA
methodology should be mandatory in the future to avoid annihilation
of resources and to provide a clear answer to consumers, faced with the
huge increase in electricity prices. It is worth noting that in Germany
and Denmark, the two countries with the highest installed wind and
solar capacity per capita in Europe, the electricity prices for residents
are also high, at about 0.30 Euro/kWh (2016), as discussed by Gail
Tverberg in her article "Intermittent Renewables Can't Favorably
Transform Grid Electricity" published online in Tverberg (2016). A
similar observation can be made for the domestic consumer prices of
energy. The data collected by Eurostat (2017), the statistical oﬃce of
the European Union, as "Energy and Supply" over the last ten years
shows that the electricity prices for households in countries with very
high installed solar capacity per capita are also quite high, as evidenced
for example by the numbers for Spain, the United Kingdom and Italy.
The emphasis of valid scientiﬁc research should be placed on
calculations of the energy return based on the actual experience in a
speciﬁc country and on the energy invested, including all energetic
factors contributing to this investment. In our review, we discuss the
points considered as “supposed errors” or “double counting” in the socalled "comprehensive response" by Raugei et al., which are:

•
•
•
•
•
•
•

2. Methodology used for the ERoEI extended (ERoEIEXT)
Raugei et al. claim that our methodology of the extended ERoEI
(ERoEIEXT) "…. shifts the goal of the analysis from the (comparative)
assessment ….to the assessment of the ability of the analysed system to
support the entire societal demand for the type of energy carrier it
produces.. and makes inappropriate comparisons". This claim is
incorrect.
The goal of our analysis is the determination of ERoEIEXT for
calculating the quotient: Energy Return on Energy Invested, considering thereby all energy contributions to both numerator and denominator. Therefore, there is no shift in the goal of the analysis. No energy
input should a priori be excluded. We have considered additional
energy contributions that are excluded from the "mainstream" analysis,
which follows the recommendations of the IEA. The IEA guidelines
reﬂect rather the position of the PV industry and oﬀer false and
misleading results through erroneous calculation of the energy invested
and do not provide a comprehensive examination of the value of PV to
our society. As a consequence, the societal beneﬁts of PV turn out to be
wrongfully ampliﬁed.
The concept of ERoEIEXT applied speciﬁcally to photovoltaic
systems has been treated in two books. The ﬁrst one is entitled
“Spain's Photovoltaic Revolution – The Energy Return on Investment
“ (Prieto and Hall, 2013) and the second one “Energy in Australia Peak Oil, Solar Power, and Asia's Economic Growth“ ( Palmer, 2014).
In addition, the investigations performed by Weissbach in Germany
(Weissbach et al., 2013) include some energy contributions in the
ERoEIEXT.
Therefore, the concept of ERoEIEXT is not new and is quite
independent of the standardized method used in the LCA. The main
question should be to know whether the photovoltaic energy for regions
of moderate insolation like Switzerland and Germany is a net energy
source or a net energy sink and how much it contributes to human
welfare. Where is our energy going to come from as we rely less on
fossil fuel? What operating energy systems are replaced by the new
energy sources? This is a task for ERoEI researchers and not for Life
Cycle analysts, who often conﬁne themselves within unrealistic boundaries.
Furthermore, we should like to add that energy contributions due to
labour and servicing the capital (not the capital itself) are already
considered in standard analyses of the cumulative energy demand in
the building industry. The ﬁnancial interest that society demands for
servicing the principal sum of a loan represents additional capital,
which ﬂows from the activity for which its principal is used and which
is paid to the lender. This additional capital has its equivalent in an
amount of energy. The engineers involved in such analyses in the civil
construction sector are probably unaware of any IEA guidelines, but
apply common sense in considering labour and servicing the capital.
The fact that Raugei et al. entirely disregard such contributions
indicates the narrowness of their boundary conditions and their
reluctance to seriously deal with subjects outside the strict IEA fence.
Our study has demonstrated that important contributions were
previously not accounted for in most of the published literature on PV
systems. The breakdown and the details of our methodology
(ERoEIEXT) are given in our original paper (Ferroni and Hopkirk,
2016) under chapter 4.
Because of the diﬀerent methodologies, it is necessary before
comparing our results with those of other analyses to ﬁrst consider
the details of the system boundaries and the climatic conditions. As we
shall see, the "mainstream" methodology considers only about 30–50%
of the total invested energy and this is an important source of

Methodology used for the extended ERoEI (ERoEIEXT)
Energy return of photovoltaic systems in regions of moderate
insolation
Energy demand/ invested for materials
Energy demand for the integration of the intermittent PV-electricity
into the existing grid
Energy demand for labour
Energy demand for servicing the capital
Other arguments of the “comprehensive response”

All our data are supported by references. This is not the case for
some key data from the Raugei et al. paper as for example for their
purported cumulative energy demand (CED), degradation rate, downtime (or lack thereof) and module prices, as shown hereafter.
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misconceptions and errors.
Since the concept of the extended ERoEI can be applied to other
methods of energy conversion, we recommend such analyses be
performed with current electrical generation methods in order to
understand the consequences of selecting speciﬁc techniques and their
inﬂuences on the net energy provided to society.
Furthermore, we base our data regarding the energy return and the
energy invested on the actual state of the art of photovoltaics,
anticipating that in the near or medium term future only incremental
or purely technical improvements may be expected from industrial
systems for large-scale deployment. We discard non-validated projections into the future.
The claim by Raugei et al. that we present "inappropriate comparisons" is therefore unjustiﬁed.

Table 1
Statistical PV data from Germany.
Year

Capacity
installed at end
of year MWp

Electricity
produced during
the year MWh

Average
capacity at
mid-year MWp

MWh divided by
Average
capacity MWp

2012
2013
2014

32′700
36′010
38′240

26′380′000
31′010′000
34′930′000

34′355
37′125

903
941

Switzerland, this value needs to be increased, using the ratio of the
thermal heat performances to determine the relative insolation between Switzerland and Germany, which is 1.08. The result for
Switzerland then becomes 100 kWhe/m2. We consider our value of
106 kWhe/m2 at the start of operation as conservative in the application of our analysis.
Utilities and governmental agencies in favour of the energy transition are reluctant to provide all electricity production data per square
meter, apparently in order to avoid revealing their poor results. The
ﬁrst author of the present paper has submitted a legal complaint to a
Swiss court against a utility, by stating that the annual average
electricity production is only approximately 100 kWhe/m2. This value
could not be disputed by the utility.
The average value assumed by Raugei et al. of 120 kWhe/m2 for
Switzerland is based on a ten-year linear regression model and this is
highly questionable.
Raugei et al. make reference to an unsupported claim (Fraunhofer
ISE, 2016, page 6) that in the last 10 years, the eﬃciency of average
commercial wafer-based silicon modules increased from about 12–
17%. Our veriﬁcation of this reference shows no evidence for supporting the above statement. On the contrary, one ﬁnds on page 25 of the
same document (Fraunhofer ISE, 2016) a ﬁgure showing the
Development of Laboratory Solar Cell Eﬃciencies, whereby there
appears to be practically no increase in the eﬃciencies during the last
15 years, a fact which contrasts strongly and strangely with the increase
in eﬃciency of 40% (i.e. from 12 to 17 per cent in absolute terms) cited
on page 6 of this document.
Furthermore, Kurtz and Emery (2016) have presented ﬁgures
relating to the progress of cell eﬃciencies from 40 years ago up to
the present, which show clearly that since 1995 no signiﬁcant eﬃciency
improvement in mono- or multi-crystalline silicon PV cells has indeed
taken place.
Raugei et al. show clearly in the Table 1 of their paper (Raugei et al.,
2017) that for Swiss conditions between 2005 and 2015 (Swiss Federal
Oﬃce of Energy Bundesamt für Energie-BFE, 2016) the average
speciﬁc yield remained practically constant during that period, varying
according to weather conditions. An improvement of 40% in module
eﬃciency would have increased the average speciﬁc yield also by close
to 40% considering that almost 70% of the installed capacity was added
in the last three years.
In the same Table, Raugei et al. then calculate the weighted average
eﬃciency of installed PV capacity per year to have increased by about
33%, from 12% in 2005 to 16% in 2015. Yet again, the data provided in
Table 1 does not show a respective increase in the average speciﬁc yield
over the same period of time. The value remains almost the same.
Now, still in their Table 1, Raugei et al. use their calculated
weighted average eﬃciencies to determine the total PV surface area
in Switzerland and thereafter the speciﬁc yield per surface area. Thus,
we see that neither of the data sets can be corroborated by measurements, but are merely based upon the unsupported claims for an
eﬃciency increase by 40% (Fraunhofer) or 33% (Raugei et al., 2017)
respectively.
The graphical presentation in Figure 1 of the same paper (Raugei
et al., 2017) then shows the calculated speciﬁc yield per surface area
and year in Switzerland, for the years 2005–2015 (Note that the legend

3. Energy return of photovoltaic systems in regions of
moderate insolation
The “comprehensive response” by Raugei et al. states that for
Switzerland the cumulative electrical output is signiﬁcantly higher than
the one considered by us (2827 versus our 2203 kWhe/m2) assuming a
yearly output of 120 kWhe/m2, a performance degradation of 0.5%, a
downtime of 0% and a lifetime of 25 years.
The details of the calculations are omitted in our original paper. It is
clear that the oﬃcial Swiss energy statistics indicate only the installed
capacity (kWp) at the end of each year and the electricity production
(kWhe). To transform these values into functions of the module surface
we have to distinguish between the value indicated by a module
supplier and what is used in the real planning of PV systems.
Modules are sold on the basis of money per peak Watt, which is
understood to come from a reference sunlight intensity level of 1 kW/
m2. For a conversion eﬃciency of 20% for example the required area
would be 5 m2. But eﬃciency is measured at a standard cell temperature of 25 °C, an air mass of 1.5 and the vertical incidence of radiation
from a ﬂash lamp, that cannot simulate precisely solar radiation at the
earth's surface. The ideal orientation, however, is rarely found in the
ﬁeld. In addition, many factors like snow reduce the eﬃciency (see
paragraph 2 of our original paper). In reality, other values are used in
planning: In Germany a value of 10 m2 per kWp is generally applied. In
our published paper, we have made an average for Switzerland over the
previous 10 years and have used a value of 8.2 m2 per kWp to
determine the electricity production. This value is based on earlier
projects realized in Switzerland. Such projects were planned and built
on the basis of 8–9 m2 per kWp. On page 9 of their brochure for 2014,
"Solarstrom unerschöpﬂiche Energie 03/2013", Swissolar, the Swiss
Association of Solar Energy, still recommended (Swissolar, 2013)
planning PV plants with similar values.
Our ﬁgure for yearly output was a conservative value of 106 kWhe/
m2 at the start of operation. Hence, there is no double counting as
claimed by Raugei et al. In eﬀect, it was deemed reasonable to simplify
the calculation by stating that the modules are “relatively new”. In fact,
80% of the PV capacity has been installed in the years 2012, 2013 and
2014 (we had not considered the year 2015, since our paper was
submitted only in 2015) and therefore the older PV plants have not
contributed signiﬁcantly to the ﬁnal result. The average age of the
modules is in fact between 1.5 and 2 years, which would give an error
of about 2%. In our conclusion, we have stated that the error of our
analysis is ± 15%.
To put our numbers in perspective, let us consider the statistical PV
data from Germany as given in Table 1. The methodology for the
calculation of the average electricity production as a function of the
peak power is indicated:
The annual values of 903 or 941 (average 922) have the units of
kWhe/kWp. To transform the value in function of the module surface
we have to divide by 10 m2/kWp. The result is 92,2 kWhe/m2 and gives
the average annual electricity production valid for Germany. For
500
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lifetime energy return of 2827 kWhe/m2 as given by Raugei et al. Our
value of 2203 kWhe/m2 is coherent with the data from Switzerland and
Germany.

in Figure 1 is wrong). The associated linear regression line obviously
does not correspond to the reality, as observed in the ﬁeld, since it is in
stark contrast to the values of the corresponding Table 1 reported for
the average speciﬁc yield (kWhe/kWp) between 2005 and 2015.
Therefore, the value of 120 kWh/m2 represents only an unsupported
claim.
Similarly, the two new references (Leccisi et al., 2016; Hou et al.,
2016) also rely on assumed eﬃciencies, 16% and 17% respectively,
unproved by measurements in the ﬁeld at large scale.
In addition, Raugei et al. assume a mean degradation rate of 0.5%
per year. According to a recent article (Jordan et al., 2016) this ﬁgure of
0.5% refers to a limited group of better quality crystalline silicon
modules (1936 data points). The mean value for all module data
collected (9977 data points) is 0.9−1.0% per year. The long tail of the
degradation spectrum shown in the report beyond one percent
annually up to 5% per year is likely driven by equipment issues caused
by poor quality manufacturing, materials or product design. It is
incorrect to select only the best 20% of the modules, whilst neglecting
the 80% majority of the data points. For this reason, we used the value
of the all module data. Note that these values refer to the modules only
and are measured on the dc-side. Our value given as “performance
degradation” of 1% accounts additionally for the module degradation
and furthermore, for the degradation of the balance of plant. This is
measured on the ac-side. Although it is diﬃcult to quantify in detail, it
includes nevertheless increased cable termination resistance and
increased mismatch due to uneven module degradation. This gives
rise to an additional degradation of 0.1%. We judge the value of 0.5%
per year not justiﬁed and our ﬁgure of 1% as realistic.
Raugei et al. refer to a conference paper by Chianese et al. (2003)
indicating a degradation value of 0.2% per year for Swiss conditions.
The authors clearly state: “however, such a result does not allow to
determine the modules long-term stability, due to changes in the
measurement system during 20 years”. In addition, nearly 13% of the
modules did not reach 20 years of lifetime and were completely
neglected when determining the degradation of all modules.
Therefore, the calculated values cannot be used. Note that this refers
to a single type of module, no longer available on the market.
Raugei et al. also make reference to the paper “Re-assessment of net
energy production and greenhouse gas emissions avoidance after 40
years of photovoltaics development” (Louwen et al., 2016) in support of
the thesis of the steady increase in PV eﬃciencies. This Nature
Communication refers to global theoretical considerations. We have
stressed that our paper is based on regions of moderate insolation like
Switzerland and Germany. Furthermore, this new reference is not
based on actual measurement of electricity production per unit of
module surface and therefore is not applicable to our study.
Raugei et al. assume an astonishing 0% operational downtime for
the whole lifetime of 25 years without oﬀering any references. Our
value of 5% is based on the study by Huang et al. (2011) “Performance
and Availability Analysis of PV Generation Systems in Taiwan” (Huang
et al., 2011). The data of these authors are derived from the IEA
(International Energy Agency) – team Task 2, that studied the
operational performance in countries like Switzerland, Germany,
Japan and Italy and is based only on high quality PV plants. As we
explained, Raugei et al. wrongfully interpreted our speciﬁc yield per
surface area of 106 kWhe/m2 as an average over the ﬁrst ten years
instead of being our value at the start of operation. However, the
assumption of 0% operational downtime ignores the fundamentals of
reliability engineering such as the so-called bathtub curve of failure
rates, showing that the failure rates at the end of the lifetime exhibit a
sharp increase.
The lifetime adopted in our original study is not challenged by
Raugei et al. However, we should like to reiterate the statement: Based
on the experience of the huge quantity of modules already dismantled,
we consider the value of 25 years as optimistic.
Finally, no evidence is available to add credence to the value of the

4. Energy demand/invested for the material
In our paper (2016) we have worked with the value of 1300 kWhe/
m2 as a cumulative energy demand (CED) for the manufacturing of a
PV system having 2/3 as roof-mounted and 1/3 as free-ﬁeld installed
units. This does not refer to the actual situation of PV systems in
Switzerland as partially outlined by Hüsser in his IEA national survey
report (2016), but envisages a future situation with no base load power
plants such as nuclear power plants. Solar and wind power generators
are supposed to substitute the electricity produced by base load power
plants. Raugei et al. (2017) claim that the actual CED is 290 kWhe/m2,
referring to three recent publications.
The ﬁrst publication (Görig and Breyer, 2016) reproduces their
presentation at the 27th European Photovoltaic Solar Energy
Conference which took place four years before the publication (24th–
28th September 2012). The work in question is based on the idealistic
assumption that the learning curve will cause a sharp decrease in the
CED. In the above paper, not even the energy required due to the
thermodynamic properties of the many substances involved in the
fabrication of a PV system is considered. In addition, the paper refers to
older work of M. de Wild-Scholten from 2006 to 2011 and to the
methodology as recommended by the IEA-PVPS T12 (IEA-PVPS T12,
2011) report. We shall analyse below both of these references.
The second publication (Leccisi et al., 2016) simply makes reference to an analysis using non-validated life cycle inventory data
(Frischknecht et al., 2015) and is based on the IEA methodology,
which as explained in detail in Chapter 4 of our original publication
(2016) is a frequent source of errors.
The above-stated method is derived from the report IEA – PVPS
Task 12 report. It is based on the energy invested as primary energy
compared to a theoretical displacement of fossil energy expressed itself
as primary energy.
The theoretical conversion of secondary back to primary energy can
give very diﬀerent results depending on the protocol used and it can be
a major source of errors. The paper (Giampietro and Sorman, 2013)
outlines the main diﬀerences between the British Petroleum (BP)
statistics protocol (used by the Energy Information Administration of
the US and by the majority of energy analysts) and the IEA statistics
protocol. As an example, on one hand, according to the BP protocol, in
order to convert 1 kWhe of hydroelectric energy, a secondary energy,
into primary energy it is necessary to multiply by 2.65. I.e. 1 kWhe
secondary corresponds to 2.65 kWh primary energy. On the other
hand, according to the IEA statistics protocol, to convert 1 unit of
secondary hydroelectric energy into primary energy, it is necessary to
multiply by 1. I.e. 1 kWhe converts to 1 kWh of primary energy.
Concerning the work of M. de Wild-Scholten, it follows from her
more recent paper ( de Wild-Scholten, 2013) that the CED for a roofmounted PV system, expressed as secondary energy, is 1204 kWhe/m2
(value from 2013), which is in line with our value of 1300 kWhe/m2.
This value diﬀers greatly from the CED of 290 kWhe/m2 quoted by
Raugei et al. (2017), which is not substantiated by measured values
from a module manufacturing plant or solar silicon producer and is
very far from reality.
The third publication “Life cycle assessment of grid-connected
power generation from crystalline silicon solar modules in China”
(Hou et al., 2016) for multi-crystalline modules applies system
boundaries currently used in LCA-analysis but not the system boundaries required for an ERoEIEXT analysis in order to calculate the
beneﬁts to society from a given energy source. The method used by Hou
is called Process-Based Life Cycle Assessment.
Many energy contributions have obviously been excluded from the
above calculation by Hou et al. (2016). Hou et al. considered only
501
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and is stochastic, volatile, intermittent and non-dispatchable.
The control of the grid frequency within a certain range at high
intermittent electricity penetration, is a highly complex task involving
grid, storage, balancing, balancing reserve and curtailment. In our
study, we have estimated the energy contributions for each of the above
tasks with the exception of the curtailment.
That the integration of the intermittent PV-electricity into the
existing grid is not only a question of storage, is shown in the following
examples illustrating what happened in Germany. The Federal
Republic of Germany has a level of intermittent electricity penetration
(solar PV and wind) of about 18% of the electricity consumed, with
about 40 GW of capacity for solar, and 46 GW for wind. During the
summer working weeks, the capacity needed is about 70–80 GW, but
the required capacity during the weekend can drop to 50–60 GW. The
electrical distribution system is not yet in a position to master such a
situation involving excess intermittent electricity, as has been evidenced by the continual rise in the number of redispatch interventions
recorded by the Bundesnetzagentur (German Federal Network Agency)
in Germany between 2010 and 2015 (Bundesnetzagentur, 2016).
Therefore, the operator of the electrical network had to sell or dump
during the second weekend of May 2016 the excess energy outside
Germany paying in total 21.3 Million € or 0.06 € per kWh to a receiver
for such an intermittent supply. According to a study by Energy
Brainpool (2014), the German energy market experienced 97 h of
negative electricity prices during the year 2014 – these 97 h costing
about 90 Million €. In the year 2022 negative electricity prices are
expected during 1200 h, since lignite or coal plants cannot be stopped
for just a few hours a day during excess electricity supply from wind or
photovoltaic power generation. German grid companies have reacted to
the negative prices by asking wind turbine owners to curtail their
electricity production, paying them up to 90% of the administered feedin tariﬀs on their potential production (in 2015 this amounted to about
485 Million €). This means that in the event of excessive electricity
supply, the consumer has to pay for generating energy and later on for
annihilating it. To earn such an amount of money for a consumer
implies a considerable additional use of energy that should be
accounted for when calculating the ERoEIEXT. This situation will
become worse in future due to additional installation of PV and wind
systems.
In our publication (Ferroni and Hopkirk, 2016) a scenario was
developed in which approximately 25% of the produced solar electricity
needs to be used for storage. The excess energy needs to be shifted
either seasonally from summer to winter or on a daily/weekly basis.
The tendency is to select pumped-storage hydroelectric systems for
seasonal shifting and batteries, that have lower eﬃciencies, for shifting
on a daily/weekly basis. The need to shift about 25% of the total
photovoltaic production output is due to the fact that solar energy
production in regions of moderate insolation like Switzerland or
Germany during winter is only about 30% of the yearly total depending
on weather conditions, but the consumption of electricity during the
winter period is 20–25% higher with respect to the summer period.
The ratio of the two storage facilities – pumped-storage or batteries - is
not important for our calculation since we have assumed the higher
eﬃciencies and we are not considering servicing the huge capital for
the storage.
According to the study by the BFE (Swiss Federal Oﬃce for Energy)
on storage facilities up to the year 2050 (BFE - Energiespeicherung in
der Schweiz, 2013) the energy demand for storage after shutdown of
the base load nuclear power plant, the objective of the energy
transition, is also about 25% of the Swiss electricity consumption.
It was not the objective of our study to analyse the eﬀects of the
intermittency or volatility of renewable energy. We do not agree with
the references given by Raugei et al. regarding storage/buﬀering. We
do concur however, with the results of the new calculation by Sinn
(2016). The main conclusion of this study is that without a massive
investment in the construction of hydroelectric pumped- storages it will

electricity but no other sources of energy outside the perimeter of
manufacturing plants for metallurgical grade silicon, for solar grade
silicon, for solar cells and PV modules. Not considered are materials or
consumables: coal and lignite necessary for the reduction of quartz,
principally fossil fuel for glass and aluminium production, the embodied energy of all materials such as metals, acid or basic chemicals,
gases, cleaning agents, plastics and consumable materials like pure
silicon carbide for the cell slicing, nitrogen, argon and compressed air.
Hou et al. have also not considered transport of materials to the
manufacturing plants as well as transport of conditioned solid wastes
to a ﬁnal repository. Note that modules are according to paragraph 3.1
of our original paper (2016) material-intensive and by consequence
transport-intensive and transport of material needs to be considered.
Another recent article “A hybrid life-cycle inventory for multicrystalline silicon PV module manufacturing in China” (Yao et al.,
2014) presents a completely diﬀerent picture of the cumulative energy
demand for the manufacturing of a PV module. Note that the study
considers a wafer thickness of 200 µm. In our calculations, we have
assumed 300 µm thickness, concurring that the trend is towards
200 µm. However, this does not signiﬁcantly change the cumulative
energy demand as the result from Yao et al. (2014) indicates. The claim
by Raugei et al. (2017) that reducing thickness and weight of a wafer
will linearly reduce the CED cannot be accepted because no reference
whatsoever is given to corroborate such a claim.
The input-output based hybrid method is widely regarded as the
most appropriate approach to calculate the embodied energy in a
complete manner, especially when reliable data are not openly available for many industrial sectors. This method is applied normally in the
civil construction ﬁeld. It was further developed by Treloar (1998),
Crawford (2004) and Acquaye (2010).
The study of Yao et al. (2014) presents a hybrid life-cycle inventory
(LCI) of Chinese multi-crystalline silicon PV modules. This hybrid LCI
approach combines process-based LCI data for module and poly-silicon
manufacturing plants with a 2007 China Input-Output - LCI model for
production of raw material and fuel inputs to estimate the “cradle to
gate” primary energy use.
Yao et al. (2014) separately outline the requirements for electricity
at the PV module plant as well as the embodied primary energy for
materials for the production of multi-crystalline silicon PV modules.
These data have been collected at major PV module manufacturing
plants in China, representing average Chinese industrial practice.
Converting the values given in Table 2 of the paper by Yao et al.
(2014) into secondary energy, through application of the BP-protocol,
yields the value of 1180 kWhe/m2. According to Table 2, this value does
not include the embodied energy for the supports and for the balance of
plant equipment. In addition, the energy for the Czochralski process to
obtain monocrystalline silicon is not considered at all because the focus
of Yao et al. (2014) is only on multi-crystalline silicon. Therefore, a
much higher estimation than our value of 1300 kWhe/m2 will result.
Considering all supports, the balance of plant equipment and assuming
that 50% of the multicrystalline material is reﬁned to monocrystalline
silicon a value of 1335 kWhe/m2 is obtained.
The methodology for the ERoEIEXT requires considering all relevant
energy contributions as we have done in our published paper (2016),
and as was largely the case in the recent paper by Yao et al. (2014). This
requirement is not met in the references indicated by Raugei et al.
(2017), which cannot be used to determine the ERoEIEXT.
5. Energy demand for the integration of the intermittent PVelectricity into the existing grid
Solar generated electricity in regions of moderate insolation oﬀers
an extremely low yearly capacity factor of 9% or of 3% during the
winter period instead of a range of 65–85% for other high-density
energy sources such as fossil or nuclear power plants. The solar
electricity supply does not align in general with the demand proﬁle,
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This corresponds to the life cycle stage called “Manufacturing”. In our
published study (Chapter 5.3.3) the question of servicing the capital
means essentially the payment of the total interest on the borrowed
capital. It is also important to note that nearly all the investment for the
PV system is an upfront energy debt, but the ERoEI is calculated over a
25-year life, a rather low lifetime in comparison with conventional
electricity generating systems, and the PV electricity generation consequently is a capital-intensive debt investment. Therefore, it is
necessary to include the energy contribution for servicing the required
capital.
For the calculated case, an average interest rate of 5% is to be paid
over an assumed amortization period of 25 years. Using the constant
annuity approach and deducting 4% for amortization – that is to say
100 divided by the 25 years of lifetime, the annual ﬁgure of 3.1% of the
total capital is required. Now, applying the energy intensity as
determined in paragraph 5.3.1 of our published study (2016) one
obtains the energy demand for the amount necessary for servicing the
capital. The energy demand for the capital, i.e. the price for production
of the PV system and the labour are already included under the heading
of "Energy demand/invested for materials and labour". Thus no
“double counting” error is incurred. This further clariﬁcation explains
the diﬀerences – apparently not yet clear to Raugei et al. – between
capital and servicing the capital. Regarding the value used for the
capital costs of a PV system see below (Chapter 8).
Note that in our paper we have neglected the energy demand for
servicing the capital for the integration of the intermittent PVelectricity into the grid. We judge our estimation for the energy
invested in relation to the capital servicing to be very conservative.

not be possible to have a share of anywhere near 100% of usable wind
and solar power in the gross total electric power consumption. About
6400 pumped-storage plants would be needed in Germany, whereas at
present the Federal Republic has only 35 such plants. The argumentation by Sinn (2016) above explains how it would be essential to use a
portion of the solar-generated electricity for storage schemes due to the
fact that the load-following capacity of solar energy is practically nil.
The estimated value of 25% for this is reasonable in order to create
a PV system oﬀering a realistic source of energy capable of replacing
fossil or nuclear sources and is supported by the conclusion of the
report on storage for Switzerland (BFE - Energiespeicherung in der
Schweiz, 2013).
In addition, the cost due to a blackout in a region with high
intermittent electricity penetration of about 50% such as happened in
2016 in South Australia (Australian Energy Market Operator:
Preliminary Report, Blackout System Event in South Australia on 28
September, 2016), estimated at AUD 367 million (Heard et al., 2017),
should also be considered.
6. Energy demand for labour
The standard ISO 14040 (ISO 0, 1404, 2006) does not require
considering the labour. The authors (Ferroni and Hopkirk, 2016) are
aware of this, but heavily disagree. We have provided proof that PV
electricity is labour intensive and this must be accounted for. This is
also underlined by the supporters (EPIA-Job Creation, 2012) of the
energy transition towards a mixture of various renewable energy types.
Therefore, it has to be considered as indicated in a general study on the
embodied energy calculation regarding method and guidelines for a
building and its constituent material (Dixit, 2013) and also by the
European Committee for the Standardisation (CEN) from Technical
Committee 350 “Sustainability of Construction Works”. In the Brieﬁng
Paper – Assessing the environmental impacts of construction - understanding European Standards and their implication (Brieﬁng Paper,
2013) giving a summary of all applicable European standards, under
Figure 3 it is clearly stated that for the Life cycle stages – product,
construction, use stage and end-of -life, it is mandatory for a cradle to
grave analysis to consider what we have deﬁned in other terminology as
energy invested for the labour (paragraph 5.3.2 of our original study).
Labour required for the manufacturing of modules, support and
balance of plant equipment has not been taken into account in our
study since their contribution to CED is negligible and, if relevant,
should have been included in the life cycle stage we named
“Manufacturing” or, according to the European standard terminology,
“Product”. Our analysis considers the labour necessary after the
manufacturing – that is to say: for installation, operation, maintenance
and decommissioning or according to the European standard terminology “Construction, Use Stage and End-of-life". Therefore, no double
counting as claimed by Raugei et al. has been incurred. The energy
component of labour is calculated using the energy intensity for
Switzerland expressed as a source of secondary energy including, of
course, the energy imported from abroad. It should be clear that direct
wages are only a portion of the energy demand for labour and therefore
we have used the energy intensity of the charge rates used by the
companies involved in the life cycle following manufacturing. Since PV
electricity is also material-intensive this has an impact on the transport
energy consumed. As already known, prices in Switzerland, including
wages, are high, but energy intensity is low (paragraph 5.3.1 of our
original study).

8. Other arguments of the “comprehensive response”
Our published study has compared the material, labour and capital
intensity of solar electricity to that of nuclear in order to quantify the
diﬀerences between a very low power density source to one of high
density. However, the results of the study referring to nuclear power
plants have no inﬂuence on our central point, the ERoEIEXT of solar
electricity. Therefore, as indicated earlier, we are not discussing the
comments of Raugei et al. regarding nuclear plants.
Raugei et al. have criticized our estimated cost of 6000 CHF/kWp
for an installed PV plant in Switzerland assuming 2/3 as roof-mounted
and 1/3 as free-ﬁeld-mounted. This value is in fact cited in the
Swissolar brochure for the year 2014 on page 9 (Swissolar, 2013),
indicating a range between 5000 and 7000 CHF/kWp. However, their
estimate is valid only for roof-mounted PV-systems. Free-ﬁeld PV
systems may involve additional costs, as explained in the book of Prieto
and Hall (2013).
Raugei et al. indicate, based on Table 9 of Hüsser's Survey Report
for the IEA (Hüsser, 2016), an average price of 2800 CHF/kWp or 475
CHF/m2 for roof-mounted PV-systems. However, this price is given
without any supporting references but "based on oﬀers…". Therefore,
we cannot comment.
In their paper Raugei et al. proceed erroneously to use only the socalled "soft costs" of 800−1500 CHF/kWp from the same IEA study
(Hüsser, Table 9, 2016) thereby completely ignoring the fundamental
diﬀerence between servicing the capital and the capital itself (see
above).
Moreover, we cannot comment on the very low prices referenced in
the brochure edited by Fraunhofer/ISE (2015) and based on data from
BSW (Bundesverband Solarwirtschaft), a German association similar
to Swissolar in Switzerland. According to their website BSW collects
data from selected companies active in PV installation through surveys.
Therefore, we are unable to verify the validity of the data from the
providing companies whose reluctance to give out their proprietary
data is an undisputable fact. Unfortunately, we are not aware of any
data emanating from consumer organizations to cross-reference the
provided numbers.

7. Energy demand for servicing the capital
It is important, when reading the present clariﬁcation, to avoid
misunderstandings by distinguishing clearly between capital and
servicing of capital. The energy contribution for the capital necessary
for manufacturing is already included in the CED of the PV system.
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importance of intermittent generating technologies compared to dispatchable base load generating technologies. Taking into account the
diﬀerences in production proﬁles, the associated variations in the
market value of the electricity supplied and the life-cycle costs
associated with diﬀerent generating technologies, it is necessary to
establish realistic comparisons between them. The ERoEIEXT deﬁned in
our published paper (2016) considers the most relevant intermittent
properties of PV electricity.
We have seen in Chapter 7 that the “double counting” errors as
claimed by Raugei et al. (2017) do not in fact exist. We consider our
calculation of the energy return in regions of moderate insolation as
realistic and prudent. If the goal is to reach 100% substitution of fossil
and nuclear fuels by renewable energies, then the energy invested for
the storage/buﬀering could be much higher than our estimation, since
the alternative storage concepts have lower eﬃciencies than the water
pumped-storage concept. Countries having at present a penetration of
intermittent electricity (wind and solar) higher than 15–20% of the
total electricity generation have also much higher electricity prices.
Furthermore, their grid reliability and stability are prone to ﬂuctuations and thus more diﬃcult to maintain. In other words, an energy
system with 100% renewable generation is from an energetic point of
view not feasible.
Our data for the cumulative energy demand (CED) for the
manufacturing of PV-systems have been conﬁrmed by a recent publication by Yao et al. (2014) based on the experience of plant operation
for the production of solar silicon and modules in China.
Improvements cannot be excluded, but we are not considering
technologies at laboratory or prototype stage. Contrary to our value
of 1300 kWhe/m2, the value indicated by Raugei et al. of 290 kWhe/ m2
does not include all important energy contributions. Furthermore, we
should like to add that the data banks used for the Life Cycle inventory
have not been validated. It is well known how diﬃcult it is to collect
data from manufacturers, since information concerning energy requirements in production and the material quality is usually treated as
proprietary.
The conclusions of our study, following the response of Raugei et al.
remain unchanged. These are valid for regions of moderate insolation.
Any attempt to adopt an Energy Transition strategy by substitution of
intermittent for base load power generation in countries like
Switzerland or further North will result in an unavoidable Net
Energy Loss. This implies a severe depletion of resources. However,
continued research and development should be encouraged.

As shown in our introduction the Energy Transition
(Energiewende) is very expensive, despite the very low prices of
installed PV systems indicated for Germany. The present situation of
the photovoltaic industry is characterized in general by a very high
manufacturing overcapacity, module price dumping and, for most solar
companies, negative net income. This has caused bankruptcy, insolvency, closure or acquisition of more than 100 companies (Greentech
Media, 2015). This means that the current low module prices cannot
cover costs, at least for the many companies that went into bankruptcy.
Therefore, the capital destruction of the companies listed above should
be added to the cost of the PV systems, thus involving additional
invested energy. Similarly, the prices indicated by Fraunhofer/ISE
(2015), simply cannot cover the total cost and more bankruptcies are
expected.
Furthermore, one needs to bear in mind that the purchase prices of
modules themselves are only a small factor and do not reﬂect the total
energy invested. It is revealing to have, for instance, a closer look at the
cost of the energy required for the manufacturing of the modules in
China. According to Table 2 of the paper by Yao et al. (2014) it is
possible to calculate, by using the correct conversion protocol, the
quantity of coal needed per square meter of module (361 kg of coal)
and also the cost, namely only 22 CHF/ m2 module at the present cost
of coal in China.
The total cost of the PV systems as part of the energy invested is
only relevant for the energy demand for servicing the capital as
explained in chapter 7.
We checked in our original paper (2016, chapter 5.3.2) the personhours for installation and maintenance and multiplied it by Swiss
hourly rates charged by the specialized companies engaged in this
business.
9. Concluding remarks
Our methodology applied for the calculation of the Energy Return
on Energy Invested called extended ERoEI (ERoEIEXT) addresses the
possible beneﬁts or otherwise of photovoltaic generation to society. We
show that the standardised methodology generally used for Life Cycle
Assessment (LCA) of PV systems is inadequate for determining with
due diligence the beneﬁts to society of such systems in regions of
moderate insolation like Switzerland and Germany. We are faced with
this situation because important contributions to the energy invested in
a PV plant are excluded in the LCA-analysis such as:

References

a) the energy invested in the labour for installation, operation,
maintenance and decommissioning,
b) the energy necessary for the integration of an intermittent and
stochastic electricity source into a wider electricity grid – as distinct
from a non-intermittent, “dispatchable” energy source as needed by
society, and
c) the energy invested for servicing the interest on the capital
required.

Acquaye, A., 2010. A stochastic Hybrid Embodied Energy and CO2_eq Intensity Analysis
of Building and Construction Processes in Ireland (Ph.D. Thesis). Dublin Institute of
Technology, Dublin, 2010.
Australian Energy Market Operator: Preliminary Report – Blackout System Event in
South Australia on 28 September 2016. Available at: 〈https://www.aemo.com.au/-/
media/Files/Media_Centre/2016/AEMO-SA-PRELIMINARY-REPORT-at-900am3-October.pdf〉.
BFE, Energiespeicher in der Schweiz, 2013. Schlussbericht 12. Dezember 2013 (Energy
Storage for Switzerland, Final report, 12 December 2013). Available at: 〈http://
www.news.admin.ch/NSBSubscriber/message/attachments/33125.pdf〉.
Brieﬁng Paper, 2013. – Assessing the environmental impacts of construction –
understanding European Standards and their implication. Available at: 〈https://
www.bre.co.uk/ﬁlelibrary/Brieﬁng%20papers/98661-European-Standards-BrieﬁngPaper.pdf〉.
Bundesnetzagentur, 2016. Entwicklung der Redispatchmaßnahmen im deutschen
Übertragsnetz: Eingriﬀshäuﬁgkeit in Stunden (Evolution of Redispatch Measures in
the German Transmission Grid: Incidence of Interventions in Hours). Available at:
〈https://www.bundesnetzagentur.de/DE/Sachgebiete/ElektrizitaetundGas/
Unternehmen_Institutionen/Versorgungssicherheit/Stromnetze/
Engpassmanagement/Redispatch/redispatch-node.html〉.
Chianese, D., Realini, A., Cereghetti, N., 2003. Analysis of weathered c-Si PV modules, in
IEEE- Xplore Proceedings of 3rd World Congress on Photovoltaic Energy
Conversion.
Crawford, R.H., 2004. Using Input-output Data in Life Cycle Inventory Analysis (Ph.D.
Thesis). Deakin University, Victoria, Australia, 2004.
Dixit, M.K., 2013. Embodied Energy Calculation: Method and Guidelines for a Building
and ist Constituent Materials (Ph. D. Thesis). Texas A & M University, 2013.

The ERoEIEXT - methodology is similar to the methodology applied
in the civil construction sector and reﬂects the concerns of economists
like Paul L. Joskow of the Massachusetts Institute of Technology in the
article “Comparing the Costs of Intermittent and Dispatchable
Electricity Generating Technologies“ (Joskow, 2011). The paper by
Joskow demonstrates that the approach normally utilized in the
calculation of the energy cost named “levelized cost” is inappropriate
for comparing intermittent generating technologies like wind and solar
with dispatchable generating technologies like fossil or nuclear power
plant. Levelized cost comparisons are misleading for comparing
intermittent and dispatchable generating technologies because they
fail to take into account important diﬀerences in their production
proﬁles and the associated large variations in the market value of the
electricity they supply. Levelized cost comparisons overvalue the
504

Energy Policy 107 (2017) 498–505

F. Ferroni et al.
Emissionen des deutschen Strommix, 2016. 〈http://www.umweltbundesamt.
de(GermanreportonCO2emissionfrompowerplants)〉.
Energy Brainpool, 2014. Negative Strompreise: Ursachen und Wirkungen. Eine Analyse
der aktuellen Entwicklungen und ein Vorschlag für ein Flexibilitätsgesetz
(Translated from German - Negative electricity prices: causes and eﬀects). Available
at: 〈https://www.agora-energiewende.de/ﬁleadmin/downloads/publikationen/
Studien/Negative_Strompreise/Agora_NegativeStrompreise_Web.pdf〉.
EPIA-Job Creation, 2012. European Photovoltaic Industry Association – EPIA FACT
SHEET – September 2012.
Eurostat, 2017. Electricity prices components for domestic consumers - annual data
(from 2007 onwards). Available at: 〈http://appsso.eurostat.ec.europa.eu/nui/show.
do?Dataset=nrg_pc_204_c & lang=en〉.
Ferroni, F., Hopkirk, R.J., 2016. Energy Return on Energy Invested (ERoEI) for
photovoltaic solar systems in regions of moderate insolation. Energy Policy 94
(2016), 336–344.
Fraunhofer Institute for Solar Energy Systems (ISE), 2016. Photovoltaics Report.
Available at:〈https://www.ise.fraunhofer.de/de/downloads/pdf-ﬁles/aktuelles/
photovoltaics-report-in-englischer-sprache.pdf〉.
Fraunhofer-Institute for Solar Energy Systems (ISE), 2015. Recent Facts about
Photovoltaics in Germany.
Frischknecht, R., Itten, R., Sinha, P., de Wild-Scholten, M., Zhang, J., Fthenakis, V., Kim,
H.C., Raugei, M., Stucki, M., 2015. Life Cycle Inventories and Life Cycle Assessment
of Photovoltaic Systems. International Energy Agency (IEA), PVPS Task 12, Report
T12-04:2015. Available at: 〈http://www.iea-pvps.org〉.
Giampietro, M., Sorman, A.H., 2013. Are energy statistics useful for making energy
scenarios? Energy 37 (2012), (5-1).
Görig, M., Breyer, C., 2016. Energy Learning Curves of PV Systems. Environ. Progress.
Sustain. Energy 35 (3), 914–923.
Greentech Media, 2015. Available at: 〈http://www.greentechmedia.com/articles/read/
The-Mercifully-Short-List-of-Fallen-Solar〉 -Companies-2015-Edition.
Hall, C.A.S., 2017. Energy Return on Investment – A Unifying Principle for Biology,
Economics, and Sustainability. Springer.
Heard, B.P., Brook, B.W., Wigley, T.M.L.L., Bradshaw, C.J.A., 2017. Burden of Proof: a
comprehensive review of the feasibility of 100% renewable-electricity systems.
Renew. Sustain. Energy Rev. 76 (2017), 1122–1133.
Hou, G., Sun, H., Jiang, Z., Pan, Z., Wang, Y., Zhang, X., Xhao, Y., Yao, Q., 2016. Life
cycle assessment of grid connected photovoltaic power generation from crystalline
silicon solar modules in China. Appl. Energy 164, 882–890.
Huang, H.S., Jao, J.C., Jao, Yen, K.L., Tsai, C.T., 2011. Performance and Availability
Analyses of PV Generation Systems in TaiwanWorld Academy of Science,
Engineering and Technology 54, (2011-06-29).
Hüsser, P., 2016. National Survey Report of PV Power Applications in Switzerland
−2015. International Energy Agency (IEA) PVPS, (Available at)〈http://www.ieapvps.org〉.
IEA-PVPS T12, 2011. Methodology Guidelines on the Life Cycle Assessment of
Photovoltaic Electricity – Report IEA-PVPS T12-03.
ISO 14040, 2006. International standard. Environ. Manag., Life Cycle Assess.-Princ.

Framew..
Jordan, D.C., Kurtz, S.R., Van Sant, K., Newmiller, J., 2016. Compendium of photovoltaic
degradation rates. Prog. Photo.: Res. Appl. 24, 978–989.
Joskow, Paul L., 2011. Comparing the costs of intermittent and dispatchable generating
technologies. Am. Econ. Rev., (May 2011).
Kurtz, S.R., Emery, K., 2016. Conversion Eﬃciencies of Best Research Solar Cells from
1976 Through 2016 for Various Photovoltaic Technologies. Eﬃciencies Determined
by Certiﬁed Agencies/laboratory, 12 August 2016. National Renewable Energy
Laboratory (NREL)〈http://www.nrel.gov/ncpv/〉.
Leccisi, E., Raugei, M., Fthenakis, V., 2016. The energy and environmental performance
of ground-mounted photovoltaic systems – a timely update. Energies 9 (8), 622.
Limburg, M., Müller, F.F., 2015. Strom ist nicht gleich Strom. TvR Medien., Jena., 2015,
(ISBN 978-3-94043-54-7).
Louwen, A., van Sark, W.G.J.H.M., Faaij, A.P.C., Schropp, R.E.I., 2016. Re-assessment of
net energy production and greenhouse gas emissions avoidance after 40 years of
photovoltaics development. Nat. Commun. 7, 13728. http://dx.doi.org/10.1038/
ncomms13728.
Palmer, Graham, 2014. Energy in Australia – Peak Oil, Solar Power, and Asia's Economic
Growth. Springer.
Prieto, P.A., Hall, C.A.S., 2013. Spain's Photovoltaic Revolution – The Energy Return on
Investment. Springer.
Raugei, et al., 2017. Energy Return on Energy Invested (ERoEI) for Photovoltaic solar
systems in regions of moderate insolation: a comprehensive response. Energy Policy
102 (2017), 377–384.
Sinn H.-.W., 2016. Buﬀering volatility: a study on the limits of Germany’s energy
revolution. National Bureau of Economic Research, Working Paper 22467- July
2016.
Swiss Federal Oﬃce of Energy (Bundesamt für Energie-BFE), 2016. Schweizerische
Statistik der erneuerbaren Energien. Available at: 〈http://www.bfe.admin.ch/
themen/00526/00541/00542/index.html?Lang=en〉.
Swissolar, 2013. Solarstrom, unerschöpﬂiche Energie 03/2013. Available at: 〈https://
web-beta.archive.org/web/20130722090403/http://www.swissolar.ch/uploads/tx_
tds/Swissolar_PV_de_01.pdf〉.
Treloar, G.J., 1998. A Comprehensive Embodied Energy Analysis Framework (Ph.D.
Thesis). Deakin University, Victoria. Australia.
Tverberg, G., 2016. Intermittent Renewables Can't Favourably Transform Grid
Electricity. Available at: 〈https://ourﬁniteworld.com/2016/08/31/intermittentrenewables-cant-favorably-transform-grid-electricity/〉.
Weissbach, D., Ruprecht, G., Huke, A., Czerski, K., Gottlieb, S., Hussein, A., 2013. Energy
intensities, EROIs (energy returned on invested), and payback times of electricity
generating power plants. Energy 52, 210–221.
de Wild-Scholten, M.J., 2013. Energy payback time and carbon footprint of commercial
photovoltaic systems by M. J. de Wild-Scholten. Sol. Energy Mater. Sol. Cells 119
(2013), 296–305.
Yao, Y., Chang, Y., Masanet, E., 2014. A hybrid life-cycle inventory for multi-crystalline
silicon PV module manufacturing in China. Environ. Res. Lett. 9 (2014), 114001,
(11pp).

505

