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Abstract: A widespread implicit assumption is that renewable energy options are
approximately low-carbon. However, production and life cycles of such technologies tend
to produce CO> emissions. To minimize life-cycle emissions, one should account for such
emissions and implement adequate policies to encourage innovation and adoption of well-
performing technologies in this respect. We develop a framework to analyse this issue,
grounded in the concepts of ‘energy return on energy invested’ (EROI) and ‘net energy
return on carbon invested’ (EROC). Applying these to the main PV technologies and
production regions — namely China, EU and USA — displays considerable discrepancies.
We conditionally predict the development of average EROI and EROC over time under
business-as-usual and low-carbon electricity generation scenarios. A main policy lesson
is that without a systemic policy instrument, such as carbon pricing, incentives for low-
carbon production of renewable energy options are too weak, which likely will delays a

complete transition to a low-carbon economy.
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Highlights:

e Framework developed around EROI and EROC to study lifecycle performance of
solar PV.

e (CdTe turns out to have the highest and mono-Si the lowest EROI and EROC values.

e The EU shows a better performance on EROI and EROC than China and USA.

e We predict average EROI and EROC under BAU and low-carbon electricity scenarios.

e Results show need for systemic policy instruments to stimulate transition to low-

carbon economy.



1. Introduction

To limit climate change to 2°C warming, a transition of energy systems to low-carbon
alternatives is needed. Much is expected from renewable electricity as it produces few
emissions during electricity generation. Among renewable sources, hydropower is limited
by natural conditions and also controversial because of detrimental ecological and social
consequences (Gernaat et al., 2017; Liu et al., 2015), while biomass generation is
hampered by maintenance of raw material supply chains (Sanchez et al., 2015). In view
of this, solar and wind power, possibly in combination with energy storage, are widely
regarded as the most promising renewable options permitting a low-carbon transition of
the electricity system (Chu and Majumdar, 2012; Millstein et al., 2017).

A great amount of capital and human resources have been invested in these two
alternatives already. As a result, the global installation capacities of solar and wind power
have sharply increased, from 5.8 GW and 74 GW in 2006 to 301.5 GW and 469 GW in
2016, respectively (BP, 2017). Faced with their rapid expansion momentum, it is
worthwhile to ask the question which specific technologies within each domain deserve
more support in view of total carbon dioxide emissions over their life cycles. This is
motivated by the concern that some renewable energy sub-technologies are produced in
a much more carbon-intensive manner than others. Differences in the carbon intensity of
production of renewable energy technologies can be due to the nature of the production
process, being more or less energy-efficient, or to the sources of electricity used by the
production process, being more or less carbon-intense — depending on whether electricity
is generated using coal, gas or renewables.

Here, we offer an analysis of net energy and net energy per unit of carbon (dioxide)
emitted by distinct solar photovoltaic (PV) technologies. To this end, we make use of two

indicators: energy return on energy invested (EROI) and net energy return on carbon
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invested (EROC). EROI is a well-known indicator that measures the quality of energy
options by calculating the ratio between the energy gained from the production process
and the energy invested in the life cycle (Murphy and Hall, 2010; Hall et al., 2014; Raugei
et al., 2012), inspired by the traditional economic notion of ‘return on investment’ (ROI).
EROI is widely adopted to comparative evaluation of energy projects, technologies and
sources (Bhandari et al., 2015; Fabre, 2019; Kittner et al., 2016). The new indicator
EROC was recently proposed to compare alternative energy options in terms of carbon
intensity, thus supporting effective energy choices under the constraint of climate change
and an associated limited carbon budget (King and van den Bergh, 2018). Recently, the
utilization of this indicator was extended to deal with renewable power (Huang et al.,
2019; Walmsley et al., 2017). Other indicators to assess the lifespan performance of PV
systems include energy payback time and carbon footprint. Due to EROI and EROC
sharing the same ROI root, they have the advantage of providing a consistent set of
indicators for comparative analysis of energy options with a focus on energy efficiency
and minimum carbon emissions.

In terms of empirical strategy, we have identified mono-Si, multi-Si, a-Si, CdTe and
CIS as the most relevant PV technologies, and China, the EU and the USA as the main
regions of production. We evaluate the performance of technologies and regions in terms
of energy use and carbon dioxide emissions in each stage of the PV life cycle. Our aim is
not to argue against solar power in a future, low-carbon electricity system, but to draw
attention to effective regulatory policies being needed to assure that good technological
choices are being made at the level of production stages and (components of) PV
technologies, as well as in associated innovation. This will contribute positively to the
speed and direction of a transition to a low-carbon electricity system. The relevance of
this issue extends to other energy technologies.
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2. Analytical approach

Our analysis framework involves four steps: (i) defining the life cycle of PV generation;
(i) comparing EROIs and EROCs for five mentioned PV technologies; (iii) comparing
emissions associated with per unit PV production in China, EU and USA; and (iv)
conducting a scenario analysis to estimate associated time patterns in the future.
Assessing the EROI is relevant as it reflects the effectiveness of using energy carriers to
harvest solar irradiation from nature and convert it into electricity (Hall et al., 2014;
Murphy and Hall, 2010). EROC serves the purpose of examining the strategy to maximize
the net energy obtained from renewable power under a carbon budget constraint (King
and van den Bergh, 2018).

The life cycle of photovoltaic generation consists of five stages, namely producing
materials comprising PV system, manufacturing PV modules and the balance of system
(BOS) (de Wild-Scholten and Alsema, 2005; Vellini et al., 2017), construction and
installation (Beylot et al., 2014; Ito et al., 2008), operation and maintenance (O&M)
(Perpinan et al., 2009), and end-of-life management (Corcelli et al., 2017; Held, 2009;
Miiller et al., 2005). The life cycle defined in our study contains all these stages while it
includes recycling, also as there is a large demand and market potential for secondary
materials deriving from decommissioning PV modules. The PV life cycle stages are
connected through transportation of production materials and products, which is also
accounted for. Related life-cycle data of crystalline silicon and thin film PV generation
are extracted from IEA (Frischknecht et al., 2015) and ESU (Jungbluth et al, 2012),
respectively.

Solar power has a high proportion of non-energy resource consumption over its
life cycle (Zhang et al., 2012), especially in terms of labour input. Moreover, the
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production of solar power is more labour-intensive than that of other electricity sources
(Ferroni and Hopkirk, 2016; IRENA, 2017a). Therefore, indirect energy consumption, i.e.
energy embodied in material and labour inputs during the lifetime of solar PV generation,
is also accounted for. Despite the difficulty to calculate energy consumption and
associated carbon dioxide emissions embodied in the use of labour (Ayres, 2004; Szargut
et al., 2002), many efforts have been undertaken to include these in the analysis of
environmental impacts of goods and services (Costanza, 1980; Kamp et al., 2016; Rugani
et al., 2012). The indirect energy use by labour input is included in this study using a
straightforward method based on national statistics including population and total and
industrial primary energy supply (Zhang and Dornfeld, 2007). As a result, the extended
boundary of the life-cycle energy investment can lead to slight differences with the results
from studies. To capture the variation in applications, two common types of PV
installation — ground-mounted and roof-integrated approaches — are considered. Hence,
we achieve a complete assessment of the carbon intensity of solar PV production and
ultimately generation. Figure 1 provides a graphical illustration of the direct and indirect
energy inputs of the PV technology life cycle (for technology 7 in region j) as well as of
associated net energy output and greenhouse gas emissions. This allows the calculation

and comparison of EROCs among PV technologies and regions.
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Figure 1. Overview of the life cycle of PV technologies
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3. Establishing a relationship between EROI and EROC

Equation 1 provides a formal expression of EROI. Here, EO in the numerator denotes the
overall energy output, while E/ in the denominator represents the commercial energy
investment in the life cycle of a solar PV technology. EROI as the ratio of EO to EI
delivers a dimensionless number with a feasible range of values greater than 0. When EO
equals E7, EROI reaches a critical value of 1 above which a technology delivers net energy
and below which it consumes net energy. The indicator EO is calculated in equation 2 as
the product of solar irradiation (S/) and related technical indicators of PV modules,
namely conversion efficiency (CE), lifetime (LT) and performance ratio' (PR); and EI is
the sum of direct and indirect energy investments as formalized in equation 3. Here, s
represents the life-cycle stages of solar PV generation; N is the number of stages of the
life cycle (as mentioned in Section 2); and M and L denote the numbers of direct energy
and non-energy resources inputs; D; s is the direct energy input in each stage; a; * R; s is
the indirect energy consumption due to embodied energy in production factors, with R; ¢
standing for the quantity of non-energy resource inputs (materials and labour), and the
conversion factor a; representing the energy intensity of factor R; g, i.e. energy embodied

per unit of non-energy resources used.

EROI = £o 1
EO = SI * CE LT = PR (2)

El = Z [zilDi's + z;(aj x Rj,s)l 3)

' PR denotes the ratio of actual energy output over theoretical energy output of a PV system which
includes all energy losses generated in the production phase.
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The concept of EROC was recently proposed to measure the performance of fossil
fuels in term of net energy output per carbon dioxide emission under the constraint of
climate change targets. A formal representation of it is given in equation 4. The numerator
and denominator represent the net energy output and amount of carbon dioxide or
greenhouse gas emissions (GE) during the life cycle, respectively. The unit of EROC is
megajoule per kilogram of carbon dioxide (equivalent) emissions. The critical value of
EROC is 0 and it is reached when EO equals EI, which is equivalent to the associated
value of EROI being equal to 1. Unlike EROI, EROC can take negative values, associated

with net energy loss. GE is calculated as equation 5. Here, B; and B; are coefficients

capturing emissions associated with direct energy and non-energy inputs, respectively.

groc = L0~ E 4
=% 4)

GE = i le(ﬁ DY (B R,-,s)] (5)

Next, we can derive a relationship between EROI and EROC, as shown in equation

6. Here, CI represents carbon intensity of the life cycle, which is the ratio of GE to EI.

EO —EI _EI«(EROI—1) EROI-1
GE GE N CI

EROC = (6)

According to this equation, EROC is proportionally increasing in EROI and
proportionally decreasing in CI. This means that if innovation or policy improves EROI
while not altering CI, it will simultaneously improve EROC. On the other hand, if also
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CI increases, EROC will increase less than proportionally or even fall. Using the equation,

we can derive that if initially we have EROI' and CI’, and there is a proportional increase

y*EROI'

— while it will
EROI' -1

in EROI' by y and of CI' by §, then EROC will increase if § <

*EROI" . . *EROI'
L — and remain constant if § = L —.
EROI'-1 EROI'-1

decrease if 6 > This explains why a certain

technology or region can at the same time have a higher EROI and lower EROC than

other technologies or regions.

4. Comparing EROI and EROC between PV technologies and regions
4.1 Values of relevant parameters
In this section, we conduct comparisons of distinct PV technologies in China, EU and
USA in terms of EROI and EROC values as defined in equations 1 and 4. To elaborate
how the life cycle of solar power is influenced we estimate for each case overall energy
output, commercial energy investment, and carbon dioxide emission — using equations 2,
3 and 5. The values of parameters to calculate the life-cycle energy output of PV
technologies and the corresponding results are shown in Table 1. The conversion factor
of crystalline silicon and thin film modules are adopted from IEA (Frankl et al., 2010),
while the performance ratio of two installation types and the lifetime of PV modules are
taken from previous review studies (Bhandari et al., 2015; Koppelaar, 2017; Peng et al.,
2013; Sherwani and Usmani, 2010).

Given that the value ranges of solar irradiation in areas where the PV panels are
mostly installed are similar (Alsema and de Wild-Scholten, 2007; Espinosa et al., 2011;
Fthenakis et al., 2012, 2009; Hou et al., 2016; Ito et al., 2010), and in view of previous
studies, we adopt a central value of solar irradiation of 1700 kWh/m?/year and an interval

of 1200-2200 kWh/m?/year (SOLARGIS, 2018; WEC, 2016). We apply the same



irradiation values to all PV panels, irrespective of where they are produced, as we are
interested in assessing the impact of differences in production, not in application or

instalment.

Table 1. Parameters to calculate life-cycle energy output of PV technologies

Performance ratio  Lifetime Solar irradiation Energy output (MJ)
Conversion factor

Roof Ground (year) (kWh/m?/year) Roof Ground
Mono-Si 0.17 0.75 0.80 30 1700 23409 24970
Multi-Si 0.14 0.75 0.80 30 1700 19278 20563
CdTe 0.10 0.75 0.80 30 1700 13770 14688
CIS 0.11 0.75 0.80 30 1700 15147 16157
a-Si 0.075 0.75 0.80 30 1700 10328 11016

4.2 Energy investment and carbon dioxide emissions for PV technologies in the

studied regions

The results for energy investments, serving as an input to calculate EROIs and EROCs in
Section 4.3, are presented in Figure 2. In this figure, electricity and fossil fuels represent
the direct energy input in the life cycle, excluding energy used in the transportation
process as this is separately shown. Labour and material represent indirect energy inputs.
Differences in energy consumption among PV technologies mainly relate to the stage of
manufacturing PV modules. Mono-Si consumes more energy than multi-Si due to
encompassing the Czochralski process to extract growing crystals from the melting pot
(de Wild-Scholten and Alsema, 2005). Due to a simpler manufacturing technique, less
energy is needed to produce thin film PV modules (CdTe, CIS and a-Si) than crystalline

silicon PV modules (Ito et al., 2008; Laleman et al., 2011).
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Figure 2. Direct and indirect energy investment of PV technologies in China, EU and

Us

Differences between regions are small with respect to direct consumption of fossil
fuels. Given that the EU has higher share of renewable power, as well as advanced
generation technologies, less primary energy is embodied in electricity used during the
production cycle of solar power than in China and USA. As shown in Figure 2, due to the
additional demand for structure and foundations, more energy is consumed (per square
meter) in producing the construction and supporting materials (Rahman et al., 2017) for
a ground-mounted installation than for a building-integrated one. Labour is an additional
source of indirect energy investment integrated into the life-cycle assessment of solar
power. The energy embodied in labour input is calculated based on the sum of worker-
hour required for the life cycle of solar power (IRENA, 2017b) and the energy use per

worker-hour in the studied regions (IEA, 2018; Zhang and Dornfeld, 2007).
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On this basis, we derive Table 2. It reports the energy use per unit of labour input in
China, EU and USA. It also mentions carbon intensity of regional energy consumption
and of power generation, allowing for estimation of the carbon dioxide emissions. China
has the least energy use per worker-hour, followed by the EU and then the USA. The
regional difference in indirect energy use by labour reflects mainly differences in energy
use by commuting options: in the EU and USA car ownership and average driving
distances are higher than in China (Sieminski, 2014). This contributes to more energy
being indirectly consumed in the life cycle of PV technologies in the USA, followed by

the EU, as shown in Figure 2.

Table 2. Units and values of parameters for comparative analysis of regions

(2016)
Carbon intensity
Energy use by labour
Energy consumption Electricity
(MJ/worker-hour)
(kg CO2/MJ) (kg CO2/kWh)

China 0.073 0.673 5.1

EU 0.047 0.354 11.6
USA 0.053 0.478 26.5

Data sources: IEA (2018) and IRENA (2017b).

Next, we compare carbon dioxide emissions over the life cycle of solar power, the
results of which are shown in Figure 3. The differences of carbon dioxide emissions
among PV technologies are mostly due to the use of electricity (Fthenakis et al., 2009).
As a result, more carbon dioxide emissions are embodied in mono-Si than multi-Si. In
terms of thin film PV modules, CIS emits more carbon dioxide over its lifetime, followed
by a-Si, while CdTe has the lowest emissions.
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Carbon dioxide emissions embodied in solar power are determined by the carbon
intensity of energy and non-energy inputs to the life cycle. Table 2 also reports the carbon
intensity of power generation in the three regions, showing that the EU has a lower value
than other two regions. In line with this, less carbon dioxide is embodied in the electricity
used over the life cycle of PV technologies in the EU, followed by the USA. By 2016,
over 50% of electricity supply in the EU was renewable and nuclear power (IEA, 2017a.),
which contributed to lowest carbon intensity of electricity. Limited by the national
resource endowment, the share of coal power in China’s electricity system has been over
50% since 1949, which is the main reason for a higher carbon intensity of electricity than
the USA and EU. The USA has the lowest share of renewable power in national

generation structure. However, 50% of its fossil power is generated by gas, which emits
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less carbon dioxide than coal. In addition, its nuclear power has a share of 20%, all
together leading to a carbon intensity of electricity in between that of China and the EU.
Differences in carbon intensity of regional energy consumption are another cause for
divergences between regions in terms of energy consumption and carbon dioxide
emissions, especially associated with indirect energy use by labour. The net effect of all
these differences is that, as shown in Figure 3, more carbon dioxide is emitted in the life

cycle of solar power in China, followed by the USA and then the EU.

4.3 EROIs and EROC:s of PV technologies in China, EU and USA

To assess the effectiveness of PV technologies to harvest solar irradiation into electricity
in China, EU and USA, we calculate their EROIs. Thanks to enduring subsidy policies
and efficient and interconnected regional electricity grids, the EU has achieved the highest
share (0.579) (Jungbluth et al, 2012) of building-integrated panels in domestic installed
capacity of solar power among the three regions, followed by the USA (0.4) (EIA, 2018)
and then China (0.17) (NEA, 2017). Here we provide the final results considering the
ratio of two installation types in the studied regions. Figure 4 shows the range of EROIs
for the interval of solar irradiation of 1200-2000 kWh/m?/year and for the central value
of 1700 kWh/m?/year. In this figure, results for the studied regions are indicated by
different colours, while the grey parts of the bars represent the EROIs under the solar
irradiation below 1200 kWh/m?/year.

As shown in the figure, CdTe have a better performance on EROI than other
technologies, followed by CIS. Mono-Si has the lowest EROIs due to requiring the largest
amount of energy investment. In terms of comparisons among studied regions, more
energy return is obtained for investment in any of the five PV technologies in the EU. An
important reason is that the EU has high generation efficiency, causing less energy to be
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used by electricity than in China and USA during its life time. As a result, the EU has the
highest EROIs for PV technologies among studied regions. Moreover, China has higher
EROIs than the USA due to having lower indirect energy investment by labour.

A thermal conversion factor is often applied to assess the corresponding “primary
energy equivalent” of renewable power (Garcia-Valverde et al., 2009; Laleman et al.,
2011) based on the assumption that renewable power displaces thermal generation. Since
the conversion factor is creating transformation losses that do not really exist (IEA,
2017¢.), excluding it may be argued to give more reliable results. But opinions on this
differ (Alsema et al., 1998; IEA, 2017c; Raugei et al., 2007). As we calculate the energy
output of PV technologies excluding this conversion factor, EROIs in this study are

somewhat lower than previous studies (Bhandari et al., 2015; de Wild-Scholten, 2013).
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Figure 4. EROI value range for PV technologies in China, EU and USA (for 1200-

2000 kWh/m2/year solar irradiation)

Next, we compare the different PV technologies and regions in terms of the indicator

EROC. This can be seen as a test of carbon efficiency of net energy production, as shown
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in Figure 5. CdTe has the highest EROCs compared to other technologies, followed by
CIS. The differences between multi-Si and a-Si are small. Due to having the largest
amount of life-cycle carbon dioxide emissions (Figure 3), mono-Si has the lowest EROC
among all PV technologies. In terms of comparisons among China, EU and USA, EROC
values show more variation than EROI values. The generation structure of the EU, which
mainly consists of renewable power and nuclear power, has resulted in the least carbon-
intensive production cycle. Additionally, in line with equation 6, having the highest
EROIs causes the EU to also have a higher EROC than the other two regions. The over-
reliance on coal by China gives rise to the highest carbon intensity of domestic energy
use and the lowest EROC among the studied regions. If we compare the EROCs between
PV and fossil fuel technologies (King and van den Bergh, 2018), we find that all PV
technologies in the EU as well as CdTe and CIS in China and USA are higher than those

of fossil fuels power, while the rest are lower than gas power with CCS.
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A large proportion of PV panels installed in the EU and USA are produced in China.
We also consider the EROIs and EROCs of solar power under such circumstances. In this
case, the values of energy investments and carbon dioxide emissions during
manufacturing stage reflect China, data for the remaining stages reflect where the panels
are installed. In addition, we account for emissions due to transregional transportation of

PV panels.

4.4 Sensitivity analysis

We conduct a sensitivity analysis of EROIs and EROCs of PV technologies in China, EU
and USA with respect to solar irradiation. This is motivated by the trend that further
diffusion of solar power will mean PV panels are installed in areas with medium or even
low solar irradiation. We consider a variation of solar irradiation from 1200 to 2200
(kWh/m?/year) are shown in Figure 6. CdTe shows the most drastic change in both
indicators over this range of solar irradiation, followed by CIS. Due to having the largest
amount of life-cycle energy investment and carbon emissions, mono-Si has EROI and
EROC values that are less sensitive to changes in solar irradiation than other technologies.
In terms of studied regions, variances between China, EU and USA derive from
differences in the regional parameters capturing life-cycle energy investment and carbon
dioxide emissions. Due to having the highest generation efficiency and the lowest carbon
intensity among the studied regions, the EU’s solar power turns out to be more sensitive
to changes in solar irradiation than those of China and USA. China has a higher rate of
decrease in EROIs for low values of solar irradiation than the USA, while the USA is

more sensitive than China in EROCs because of its low life-cycle carbon intensity.
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Figure 6. Sensitivity analysis of EROIs and EROC: to solar irradiation

The life time of PV modules was assumed to be 30 years in the comparative
analysis. Admittedly, in some studies especially thin-film modules are reported to have a
shorter lifetime (Kato et al., 2001; Raugei et al., 2007). We undertake sensitivity analysis
of life time to clarify its influence on EROI and EROC. Figure 7 shows the impact of a
variation of life time between 15 to 30 (years). In this figure, bars are divided into three
parts by reflecting the effect of an additional 5 years lifespan, hence 15 years in total. The
EROIs of CdTe and CIS in the studied regions remain higher than that of crystalline
silicon modules as long as they have a life time of more than 20 years and 25 years,
respectively. The values of EROC are more sensitive to life time than those of EROIL. The
EROC:s of CdTe and CIS are gradually overtaken by those of multi-Si if their life time

falls below 25 years.
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Notes: Figure 7 shows the EROIs and EROCs with a variation of life time between 15 and 30

(years); bars are divided into three parts reflecting each additional 5 year lifespan.

5. Prospects for EROI and EROC of solar power

We are now interested in analysing the development of average EROI and EROC per

region over time. This will allow us to assess any divergent or convergent patterns. To

this end, we perform scenario analysis. This involves two scenarios, namely a business-

as-usual (BAU) and a low-carbon electricity (LCE) scenario, both of which take

IEA/IRENA scenarios as a reference (IEA, 2017b). Table 3 shows forecasts of core

parameters for each region and scenario, based on multiple data sources (Frankl et al.,

2010; IEA, 2017b).

Table 3. Parameter values for scenario analyses

1. Regional indicators

BAU LCE
Regional [Energy use Emission rate Regional | Energy use Emission rate
generation |per worker- |Power generation | Overall energy | generation | per worker- Power Overall energy
efficiency [hour (MJ) (kg CO2/kWh) | consumption | efficiency | hour (MJ) generation consumption

18




(kg CO2/MJ) (kg CO2/kWh) | (kg CO2/MJ)
China 0.42 6.13 0.07 0.66 0.43 5.80 0.06 0.62
2020 EU 0.43 11.14 0.05 0.31 0.43 10.71 0.04 0.27
USA 0.44 26.38 0.05 0.42 0.45 24.87 0.05 0.36
China 0.43 7.37 0.06 0.6 0.47 5.99 0.05 0.33
2030 EU 0.46 10.97 0.04 0.28 0.46 9.51 0.03 0.14
USA 0.46 24.90 0.05 0.38 0.51 20.46 0.04 0.17
China 0.44 8.28 0.06 0.56 0.49 6.17 0.03 0.08
2040 EU 0.48 10.89 0.04 0.24 0.48 8.64 0.02 0.06
USA 0.48 24.02 0.05 0.34 0.51 17.81 0.02 0.05
2. Technological indicators
Conversion efficiency mono-Si multi-Si CdTe CIS a-Si
2020 0.21 0.17 0.12 0.14 0.10
2030 0.23 0.19 0.14 0.15 0.12
2040 0.25 0.21 0.15 0.18 0.15

Sources: IEA (2017b) and Frankl et al. (2010).

By applying equations 1 and 4 and using parameter values as specified in the BAU

and LCE scenarios (Table 3) we can derive patterns of EROI and EROC of solar power

for the three regions. The results are shown in Figure 8. Given that the patterns are rather

similar among the five PV technologies and two installation types, we only show results

for multi-Si of roof-integrated installation.
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Figure 8. Patterns of EROI and EROC for roof-integrated multi-Si produced in China,

EU and USA, under BAU (left) and LCE (right) scenarios

As shown in Figure 8, EROIs in the LCE scenario are higher than in the BAU,
because of a higher generation efficiency as well as a lower energy intensity due to the
low-carbon transition (Wang et al., 2017, 2014). Moreover, the high share of renewable
power installed in the studied regions contributes to higher EROCs in the LCE scenario
than that in the BAU scenario. In terms of the studied regions, the EROIs of China and
USA will approach the EU in the BAU scenario and even surpass it in the LCE scenario.
As shown in the right panel of Figure 8, the EROC of the USA will surpass the EU in
2040 in the LCE scenario. In other cases, the order of EROCs among the studied regions
in both scenarios is consistent with the results for 2016.

Details of differences between regions over time are shown in Figure 9. The
difference of EROIs between the studied regions are stable in both scenarios, which is
caused by the similar extent of changes in related parameters, such as the regional
generation efficiency and energy use per worker-hour. In terms of EROCs, the gaps
among the studied regions are relatively consistent in the BAU within the considered time
interval, while the LCE scenario shows more variation because of the huge changes in
regional generation structure. With the substitution of coal power by renewable
alternatives in the LCE scenario, China can acquire a significant decrease in its carbon
intensity. As a result, the gap of EROCs between China and other two regions will get
relatively narrower over time. By contrast, due to the EU having the leading position of
using renewable power at present, future opportunities for carbon reduction are smaller
than in the other two regions under the LCE scenario. Consequently, the gap between
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EROC:s for the EU and the other two regions will become smaller under the LCE scenario,

resulting in the USA ultimately overtaking the EU, and obtaining the highest value of

EROC before 2040.
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Figure 9. Comparative analysis of regional EROI and EROC patterns under BAU

(left) and LCE (right) scenarios

Regional differences as shown in Figure 9 are due to differential changes in EROIs
and EROC:s between the regions. The growth of EROIs in the three intervals of the BAU
scenario is stabilized between 10% and 20%, with the USA having the highest increase
rate of EROIs from 2016 to 2040, followed by the EU and China. The increase rates of
EROC:s of the studied regions are around 25% for each time interval. The order of EROCs
growth among the studied regions is consistent with that of EROIs. In terms of the LCE
scenario, there is more significant growth of both indicators between 2020 and 2030 than
in the other two time periods. The most significant feature of the LCE scenario is the high
share of renewable power over the entire period, which causes increases in EROC for the
regions to be much higher than under the BAU scenario. Overall, the USA has the highest
growth potential of EROIs and EROCs under the LCE scenario. Additionally, China is
estimated to achieve a higher increase rate for both indicators than the EU due to having
more unused opportunities to develop low-carbon power.

21



6. Lessons for climate policy

Here insights are derived about potential policies to enhance the performance of solar
power for a low-carbon electricity system. This is achieved by considering the
connections between energy demand, supply, carbon intensity, EROI and EROC. The
related policies are presented based on two main functions of solar power in future
electricity systems, namely, supplying energy and reducing carbon dioxide emissions. In
line with the framework developed in sections 2 and 3, We take into account energy use
and emissions during the distinct life-cycle stages of solar PV. Applying equation 1 from
Section 3 to describe the overall net energy generated by a multitude of renewable and
fossil energy sources gives rise to equation 7. It illustrates the composition of power
supply needed to satisfy a given demand. Assuming market clearing, Q,.; denotes
simultaneously societal energy demand and the amount of net electricity output the
system needs to supply to society; EROI,. and EI,. represent the EROI and energy
investment of renewable generation approaches; EROI; and Elf refer to similar
indicators for non-renewable generation (fossil fuels and other energy sources); and P
and 7 denote the numbers of renewable and non-renewable generation approaches in the
system. Next, applying equation 6 from Section 3 to the multitude of renewable and fossil
energy sources leads to equation 8. It describes how average carbon intensity of electricity
generated by all energy sources (Cl,yg) depends on the carbon intensity share of each
approach in the structure of power generation. Here, EROC, and EROCy denote the
EROC:s of renewable and non-renewable generation approaches; according to equation 4
and 5 from Section 3, EROC, is co-determined by the emission coefficients of energy and
non-energy inputs in the life cycle; the shares of renewable and non-renewable electricity

generation approaches are denoted by u, and u; (with P e+ Z]Ll us = 1), defined
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in equations 9 and 10, respectively. Here, EROI, * El,. and EROI * E¢ denote the overall
energy output of renewable and non-renewable generation approaches; Q,yerqu presents
the overall energy output of the system. Applying equation 1 from Section 3 to describe

the overall energy output of this system results in equation 11.

P T
z(EROIr — 1EI + z(EROIf — 1) Elf = Quet (7)
r=1 f=1
P T
z (EROI. — 1) * u, N z (EROI; — 1) » pp i ®)
EROI, x EROC, EROI; » EROC; ~ ~ 9
r=1 f=1
EROI, = EI
oy =———- 9)
Qoverall
EROI; * EI
pp=—pt—r (10)
Qoverall
P T
Qoverait = Qnet + z EL + z EIf (11)
r=1 f=1

When renewable power does not meet the requirement of net energy supply as in
equation 7, three response options are available: (i) increase the installed capacity of
renewable power by additional investment and financial subsidies, reflected by an
increase in E1,; (ii) reduce the direct and indirect energy consumption over the life cycle
by improving production and upgrading organizational structure; and (iii) improve energy
output by technical innovation of conversion efficiency. The latter two options come
down to improving EROI,.

To limit the carbon intensity of renewable power within the constraint given by
equation 8, three paths can be followed. As most electricity consumed in the life cycle of
renewable power is generated from non-renewable approaches, one can try to reduce the
carbon intensity of non-renewable power, resulting in a higher EROC;. Two options are

available for this: (v) reduce the carbon dioxide emission of fossil fuels power through
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technical approaches, such as carbon capture and storage; and (vi) increase the share of
other forms of low-carbon generation, such as nuclear power, in the structure of power
supply. In terms of reducing emissions associated with indirect energy inputs through use
of non-energy production factors, there is a final option, namely (vii) striving for a diverse
energy structure with a high share of total renewable power (YXF_; u,) to reduce emissions
from non-energy resources.

One instrument can contribute to stimulating all these changes simultaneously,
namely carbon pricing: i.e. through a carbon tax or emission permit market putting a
charge on each use of carbon or each emission of CO;. This would make both direct and
indirect energy use more expensive, proportional to the indirect effects in terms of CO»
emissions. Thus, policy stimulates a movement away from fossil fuels and towards
renewable energy, as well as a rise in the EROCs of all PV technologies. Such a
development will be reinforced by adoption of, and innovation in, these technologies,
encouraged indirectly by the carbon price. Both product and process innovations play a
role in this. In addition, buyers of PV technologies will be encouraged to purchase the
ones that have a relatively low total carbon charge, which in turn will drive firm decisions
in production and innovation directions. Governments could complement a carbon price
with rules for subsidizing innovation and adoption that focus on improving EROC scores
of technologies, along with the requirement that producers of such equipment provide

information on EROC performance.

7. Conclusion and Policy Implications

We have presented a systematic assessment of PV technologies in three regions, China,
EU and USA. This made use of the well-known measure of net energy production EROI
(‘energy return on energy invested’) and the recently proposed indicator of carbon
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efficiency EROC (‘net energy return on carbon invested’). We have derived a formal
framework including an expression relating the two, interposed by a critical third variable,
namely carbon intensity.

We applied the framework to the main solar PV technologies and regions. CdTe
turns out to have the highest EROIs and EROC:s. It is further found that mono-Si has the
lowest EROI and EROC values, which is caused by it having the largest amount of energy
investment and associated carbon dioxide emissions during its life time. In terms of
regions, the EU shows the best performance on EROIs, followed by China. The lowest
net average energy return is achieved by the USA, caused by its high amount of energy
use by labour and electricity. Due to large differences in carbon intensity of the production
cycle, the order of EROC values among regions differs from that of EROI values. That
is, the EU has the highest EROC, while China has the worst performance.

A second step in the empirical analysis involved a scenario analysis for the period
between 2016 to 2040 to assess potential future patterns of EROI and EROC of solar
power under business-as-usual and low-carbon electricity scenarios for the three regions.
It was found that values of EROI and EROC are generally higher under the LCE than the
BAU scenario. Under the BAU scenario, the relative values of future EROIs and EROCs
between China, EU and USA are consistent with those in 2016; under the LCE scenario,
the USA will gradually overtake the EU, achieving the highest EROI and EROC values
in the long term, while the gaps between China and other two regions in terms of EROC
values become narrower.

According to the International Energy Agency (IEA) and The International
Renewable Energy Agency (IRENA), a massive deployment of energy storage equipment
is required in the near future to address the impact of intermittency and fluctuation of
renewable power (IEA, 2009). Associated energy investment and carbon dioxide
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emissions were not accounted for in this study. Including these would reduce EROIs and
EROC:s of PV technologies.

Based on a formal model analysis of the life cycle of solar power within the larger
electricity system, a number of actions and policies were derived as contributing to
improving the EROI and EROC values of solar power. This is summarized in Table 4. A
general conclusion is that carbon pricing affects most of these changes and actions, and

thus represents the most effective policy to achieve a low-carbon production of electricity.

Table 4. Actions and policies to improve EROI and EROC values of solar power

for a low-carbon electricity system

Component EROI EROC

Solar power generation Technical innovation of conversion -

efficiency and organizational upgrade

Other renewable generation approaches Financial subsidy Grid connection

Fossil fuel power generation Improving generation efficiency Reducing carbon intensity

Non-renewable low-carbon generation approaches - Scale-up; Security control

Regional level Optimizing industrial structure; Diversity energy structure;
Improving generation efficiency Carbon pricing

Our analysis shows that we cannot assume all renewable energy technologies to be
equally low-carbon. We have to implement policies to assure that the better performing
technologies, over the entire production and life cycle, are recognized as such and are

stimulated to be adopted and diffused. Similar stories can be told for wind turbines or
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electric batteries in electric vehicles. This is a neglected topic which deserves serious

attention in research on climate and energy policies.
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