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Abstract

The employment impacts of the transition to a post-carbon economy are
gaining increasing attention. The post-carbon transition implies fundamental
changes in the economy followed by significant changes in the structure of
labour demand. Industries with the highest carbon footprint are of utmost
importance because of the large expected changes in supply chain structures
forced by decarbonisation. The power industry is a crucial component of
the transition since its decarbonisation can also help other sectors (such as
transportation) switch to cleaner energy fuels. Renewable energy sources
are promising technologies that could significantly help foster transition in
the energy sector and to provide energy with almost zero greenhouse gas
emissions. Restructuring away from fossil fuels will bring about associated
job losses in non-renewable energy sectors together with job gains in the
renewable energy ones. Building energy infrastructure with a significantly
higher share of renewables will also require significant capital investments
in new facilities, possibly further fostering employment. Understanding
the overall net effects on employment (i.e. job gains vs. job losses) would
help inform transition policies in order to design policies guided not only
by environment and climate but also by social considerations. To estimate
the net effects on employment related to the increasing share of renewable
energy, we develop a forward-looking multi-regional input-output model that
takes into account the labour demand associated with capital investments in
renewable energy infrastructure, separately from operation and maintenance.
Modelling capital formation separately allows for a more precise assessment
of the changes in labour demand needed to deal with the transition and can
better inform related adaptation policies. The modelling consists of gradually
replacing the production of electricity from non-renewable energy sources
with production from renewables by comparing the effects of two scenarios in
five-year intervals until 2050. The model focuses on changes in the European
Union (EU) plus the United Kingdom (UK) and shows the net effects on the
number of jobs by skill level (low-, medium- and high-skilled) and gender, by
industry group and by country.

Keywords: employment, electricity sector, input-output analysis, renewable
energy transition
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Executive summary

Changes in employment due to technological shifts driven by the need to
transform our energy system (and, in particular, the electricity sector) to a
post-carbon one are of interest to many studies. However, only a limited num-
ber of them work with projections or provide detailed country- and sector-level
effects with a breakdown by skill level and by capital formation vs. operation
and maintenance. We believe it is useful to distinguish these categories in order
to obtain a more nuanced picture of labour demand during different phases
of the transition since this enables an early response to future labour demand
with appropriate measures related to employment, retraining, education
and vocational training. This helps to address the persistent or potentially
exacerbated imbalances and inequalities on the labour market and to steer
the post-carbon transformation according to the principles of just transition.

Guided by such objectives, we develop a forward-looking multi-regional
input-output model for the EU27+UK area with a detailed capital formation
module. The model allows us to track the employment changes induced by
transition in the electricity sector: 1) by operation and maintenance vs. capital
formation; 2) by domestic employment effects vs. the spill-over abroad;
3) by skill level and gender; 4) in 165 economic sectors; 5) by 13 electricity
sources; and 6) in 28 countries. We compare the employment effects of the
Stanford WWS Scenario with 100 per cent renewable energy (Jacobson et
al. 2017; Jacobson et al. 2019) with the baseline trajectory defined in the EU
2016 Reference Scenario (Capros et al. 2016) in five-year intervals over the
assumed transition period of 2015-2050.

The results show a growth in labour demand as the share of renewable
energy sources increases. In a 100 per cent renewable energy scenario, the
electricity sector would see total labour demand in the period up to 2050
which is approximately twice as high as the reference scenario. However,
the employment created by capital investments would take place only on a
temporary basis, signalling a boom in labour demand during the first phase of
the transition (approximately until 2030) followed by a decline that continues
up to 2050. The overall employment effects by the end of the assumed
transition period thus depend to a large extent on the direct (within electricity
sectors themselves) and indirect (upstream) effects of the operation and
maintenance of the 13 modelled electricity sources. Since renewables have,
in general, higher labour intensity, the 100 per cent renewable scenario would
result in an increased need for labour compared to the base year (2015) after
the transition is accomplished.

WP 2021.14 5
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Detailed breakdown by different categories further indicates that:
1) renewable energy sources generally require more high- and medium-
skilled labour and are equally as, or even more, male-dominated than the
electricity sector in 2015; 2) even if no targeted policies were implemented
in terms of changing production supply chains, a shift to 100 per cent
renewable energy would primarily create employment domestically (i.e.
within the EU27+UK) rather than leading to spill-over effects in other
regions of the world; 3) industries that are heavily involved in the process of
capital formation (such as construction or the manufacture of machinery and
equipment n.e.c.) will drive most of the job growth in the first phase of the
transition.
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1. Introduction

A 1.5°C global average temperature rise compared to preindustrial levels is
seen as the breaking point above which the impacts of climate change on the
economy, human health, ecosystems and resources will be disastrous (Hoegh-
Guldberg et al. 2019). Transforming the electricity sector' by the expansion
of renewable energy sources (RES) in order to cut global greenhouse
gas (GHG) emissions is a critical (albeit not sufficient) component of the
transition to a post-carbon economy. In line with the 2050 GHG emission
targets, renewable energy sources have the potential to provide energy with
almost zero greenhouse gas emissions. The contributions of wind and solar
photovoltaics are seen as particularly promising (e.g. EIA 2018). At the same
time, adaptive policies required to reach global climate targets, based on low-
carbon technological solutions replacing GHG emissions-intensive industrial
activities, will be very likely to have large implications for the organisation
of the economy and society in general. This will result in a change in
infrastructure, production and consumption patterns, and in the associated
allocation of jobs.

Many roadmaps to a low-carbon or post-carbon economy (the terms are
often used interchangeably but we use the latter to indicate a carbon neutral
economy), have been formulated recently which track the expected changes
in employment (e.g. Bernardo and D’Alessandro 2016; Bohringer et al. 2013;
Fragkos and Paroussos 2018). The interest in employment is logical since
the transition requires a contraction of carbon-intensive production and its
replacement by carbon neutral technologies. This would be likely to result in
major reallocations of the labour force as well as changes in the demand for
labour in general. Such a shift may therefore also raise concerns for policy-
makers related to the impacts of the transition on employers and employees
(Geels et al. 2016). Studies on the employment effects of an increased share of
production being taken by renewable energy tend to be optimistic and show
a positive net impact (e.g. Blanco and Rodrigues 2009; Montt et al. 2018);
for a meta-analysis see Stavropoulos and Burger 2020). In contrast, some
(but generally fewer) studies — for example Almutairi et al. 2018 — estimate
job losses related to the deployment of renewable (and nuclear) energy. The
overall job effects of a large-scale deployment of renewable energy sources, in
terms of their magnitude and temporal distribution as well as the impacts on
different groups within society, thus remain an open question.

1. Note that we use the terms ‘sector’ and ‘industry’ interchangeably.
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The distributional impacts are assumed to influence the societal as well as
the political acceptance of transition (Garrett-Peltier 2017). If one segment
of society is affected more strongly by transition, this may compromise (or
trigger) its support. Hence, transition has to be seen not only as a technological
and infrastructural problem but also as a socio-economic issue with explicit
considerations towards various aspects of social justice (Geels et al. 2017;
Jenkins et al. 2018). These considerations are often framed as ‘just transition’
(Goddard and Farrelly 2018; Jasanoff 2018; McCauley and Heffron 2018).
Understanding the possibilitiesin terms of the expected allocation of the labour
force and the required skills and specialisations (and, accordingly, education
and vocational training) can provide valuable information for transition
policies and, therefore, minimise the unfavourable impacts on society in
terms of (un)employment on the one hand and the lack of an available and
adequately skilled workforce on the other. For example, increased demand for
high-skilled labour because of the highly specialised production associated
with renewable energy sources can signify an increased need for education in
related fields in order that the process of transformation is not compromised
(Lucas et al. 2018). A comprehensive overview of the existing approaches to
estimating the job creation potential of various renewable energy sources and
their associated skill requirements is provided by Sooriyaarachchi et al. (2015)
while a somewhat more detailed discussion of approaching skill shortages can
also be found in Zekaria and Chitchyan (2019).

Our study reacts to this need for informed policy choices in order to formulate
sectoral transitions guided by post-carbon objectives. We outline the
expected employment impacts of the transition of the electricity industry by
different skill levels, using 100 per cent renewables as suggested in a scenario
by Jacobson et al. (2017) and Jacobson et al. (2019)? (hereafter the ‘Stanford
WWS3 Scenario’), comparing these to the more moderate, ‘baseline’ trajectory
defined in the EU 2016 Reference Scenario (Capros et al. 2016). We apply a
forward-looking multi-regional input-output (MRIO) model capturing the
assumed evolution of the employment effects over the transition period in
five-year intervals with a base year of 2015 and a target year of 2050. We
calculate net employment effects in terms of jobs (employed persons) for EU27
countries and the United Kingdom (hereafter EU27+UK) distinguishing a
range of dimensions: 1) operation and maintenance vs. capital formation;
2) EU27+UK vs. spill-over to other world regions (i.e. the employment effects
triggered by expenditure on renewables in the EU27+UK and abroad); 3) skill
levels and gender; 4) sector; 5) different electricity sources; and 6) country.

Distinguishing between direct, indirect and induced jobs is common in
classifying the types of employment change linked to changes in an economy
analysed through the input-output approach (Miller and Blair 2009). It is an
approach which is also widely used in studies dealing with renewable energy

2. An updated version has been available since 2019, expanding the scope of the scenario from
139 to 143 countries.
3. WWS stands for wind, water and solar energy.
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transition (IRENA 2017; Lambert and Silva 2012; Ortega et al. 2015). The
direct effects refer to changes in electricity generation itself (for example, a
decreasing number of employees in electricity production by coal, replaced
by an increasing number of employees in electricity production from solar
photovoltaics, wind, etc.). The indirect effects occur through the supply
chains (i.e. the inputs from other sectors necessary to maintain electricity
production). Induced jobs are created indirectly through the operation of the
economic structure and associated supply chains in other sectors through
changes in spending and do not directly support production, operation and
maintenance in renewable energy sectors (Fragkos and Paroussos 2018: 936).

Our study focuses on direct and indirect employment changes since
its forward-looking character makes estimations of the induced effects
uncertain, being dependent on many other (non-modelled) factors. We
further distinguish between domestic (in the analysed countries) and
foreign (abroad) employment effects, capturing international trade linkages
in the global economy. The employment effects are calculated in detailed
country-level results to highlight and illustrate the most important insights.
Our model does not, however, make any statement about which sectors will
absorb changes in electricity output in any of the scenarios. We therefore
track no structural changes in the economy besides those driven by changes
in electricity production (the so-called ‘upstream’).

To obtain a more detailed representation of the transition process, we separate
the employment effects of capital investments from the employment associated
with operation and maintenance (hereafter O&M). Capital investments (or
‘gross fixed capital formation’ in input-output terminology, hereafter GFCF)
are the expenditure needed to build new electricity infrastructure and
facilities (manufacturing, construction and installation). The purpose of
dealing with capital investments separately is to track the specific changes
in employment related to the gradual replacement of the non-renewable
electricity infrastructure with a renewable one during the different phases
of the transition. This is because the GFCF-dominant phase of the transition
might affect completely different industries in terms of labour demand and
would, in this instance, also require different skills.

As primary data source we use (and make minor adaptations in) EXIOBASE
3.6 (Stadler et al. 2018) — a multi-regional global input-output database with
detailed sectoral disaggregation and, crucially, detailed electricity sectors.
Such a level of detail enables us to see the effects of replacing production
technologies (the energy sources used in the production of electricity) in a
transparent way since each production technology acts as a separate industry.
This allows us to model changes in demand and calculate their employment
effects* according to the shifts in each source’s share of electricity production.
The report is organised as follows: in Section 2 we provide the broader context

4. This approach can also be used for assessing other effects such as GHG emissions,
land-use, etc.
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of the renewable energy and jobs topic by summarising the results and
recommendations to date. In Section 3 we present the methodology and data
used. First, we discuss the data used in the analysis and second, we explain
the use of an input-output framework to analyse employment changes and
describe the input-output model. Section 4 presents the results and Section 5
discusses the main results and their implications. Section 6 summarizes and
concludes.
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2. Literature review - employment
effects of renewable energy

Substantial interest has recently been directed to the employment effects of
the renewable energy transition on various scales ranging from municipalities,
regions and countries to supranational entities such as the EU or to the
global level (Kohler et al. 2019). Renewable energy is usually considered as
potentially reducing unemployment while promoting economic performance
(Fragkos and Paroussos 2018; Garrett-Peltier 2017). Wind and solar energy
are especially assumed to have positive effects on job creation (Bernardo and
D’Alessandro 2016; Blanco and Rodrigues 2009). The topic of ‘green jobs,
i.e. jobs created by the transition to renewable energy and other low-carbon
technologies, has dominated many studies (see the overview by Deschenes
2015). The renewable energy sector has already been rising in terms of labour
demand for quite some time. Recent numbers show that renewable energy
industries created 11.5 million jobs in 2019 (IRENA 2020: 5). The solar
photovoltaic (PV) industry is in the lead (with 3.75 million direct and indirect
jobs globally in 2019) followed by bioenergy (3.58 million) and wind energy
(1.17 million) (IRENA 2020). How these numbers compare to potential job
losses in non-renewable energy industries and what implications this would
have for the economy is unsurprisingly of significant interest.

There is a rather abundant amount of studies from numerous European
countries and regions: Austria (Steininger and Voraberger, 2003); Catalonia
(Rodriguez-Huerta et al., 2017); Czechia (Dvorak et al., 2017); Germany
(Bohringer et al., 2013; Jenniches, 2018; Lehr et al., 2012, 2008); Spain
(Caldés et al., 2009; Llera et al., 2013; Moreno and Lopez, 2008); Greece
(Markaki et al., 2013; Tourkolias and Mirasgedis, 2011); Croatia (Kecek et
al., 2019); Ireland (Dalton and Lewis, 2011; Kamidelivand et al., 2018); Italy
(Dell’Anna, 2021); the Netherlands (Bulavskaya and Reynes, 2018); Poland
(Bohringer and Rutherford, 2013; Wasiuta, 2018); Portugal (Oliveira et al.,
2013); Switzerland (Fiillemann et al., 2020); and the United Kingdom (Allan
and Ross, 2019). For our purposes, however, we discuss in detail only those
studies which are focused on the EU as a whole, possibly also including a
country-level breakdown.

WP 2021.14 1
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2.1 Employment effects of the renewable energy
transition at EU level

2.1.1 Ex post studies

Markandya et al. (2016) use a multi-regional input-output model to analyse
the job impacts of renewable energy between 1995-2009, finding a net total
gain of 530 000 jobs (Markandya et al. 2016: 1345). Two-thirds of the overall
effect is initiated domestically while the rest represents spill-over effects
abroad from the demand. No fewer than 21 out of 27 EU member states see
a positive total effect on employment (Markandya et al. 2016: 1345). In four
eastern European countries the change in employment represents at least
0.8 per cent of total employment in 2009: Slovakia (1.6 per cent); Latvia
(1.5 per cent); Hungary (1.4 per cent); and Poland (0.8 per cent). In contrast
the changes in western European countries do not exceed 0.5 per cent with
the largest ‘winners’ being Belgium, Austria and the Netherlands, gaining 0.5
per cent, 0.4 per cent and 0.4 per cent respectively (Markandya et al. 2016:
1346). At industry level, the main beneficiaries are: renting of machinery and
other business activities (159 000 jobs); electricity and gas supply (64 000
jobs); construction (44 000 jobs); other community, social and personal
services (41 000 jobs); and inland transport (38 000 jobs). The losing sectors
are: mining and quarrying (-28 000 jobs); public administration and defence,
and compulsory social security (-10 000 jobs); and coke, refined petroleum
and nuclear fuel (-3000 jobs) (Markandya et al. 2016: 1346).

Ortega et al. (2015), also within an input-output framework, track existing
employment changes related to the deployment of wind and solar PV energy.
The estimated net effect is 548 019 jobs created in the EU28 from 2008 to 2012
(Ortegaetal. 2015: 946). Most of the jobs are created during the manufacturing
phase (56 per cent) followed by installation (27 per cent) and then operation
and maintenance processes (17 per cent) (Ortega et al. 2015: 946). At country
level, the main growth occurs in Germany (accounting for 38.9 per cent of the
total rise in employment) followed by Denmark (11.8 per cent), Italy (11.5 per
cent), Spain (9.5 per cent) and the United Kingdom (5.7 per cent) (Ortega et al.
2015: 946). Direct employment accounts for a majority of the share of the rise
in employment (53 per cent of the total), with solar PV being relatively less
important than wind energy.

2.1.2 Ex ante studies

Fragkos and Paroussos (2018), using both a direct employment factor
approach (to assess the impacts on direct employment in energy sectors)
and a computable general equilibrium (CGE) one (to analyse the impact on
total employment across the economy), estimate that the renewable energy
transition has a positive impact on jobs given the higher labour intensity (jobs
per output in either monetary or physical terms) of RES compared to non-
renewables. The results assume an increase of jobs in the electricity sector
from 1.4 million in 2015 to 1.9 million in 2050 in the reference scenario and
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by 900 000 in the more ambitious scenario (in terms of renewable energy
deployment) (Fragkos and Paroussos 2018: 942). The overall net effect of RES
on employment in the energy sector is estimated to be 200 000 additional jobs
compared to the reference scenario by 2050 (Fragkos and Paroussos 2018:
942). In comparison to the reference scenario, the main job gains by 2050
would be in the electricity sector (+471 000 full-time equivalent — hereafter
FTE - jobs across the EU), the construction sector (+655 000) and in the
agricultural sector (+277 000), the latter by way of biofuels. The main losers
would be the non-renewable energy sectors (-323 000), other energy intensive
industries (-779 000) and services (-154 000). In total, the net effect would be
approximately 672 000 extra jobs by 2030, but a drop of 192 000 jobs in the
decade to 2040 plus an additional 147 000 in the following decade to 2050
(Fragkos and Paroussos 2018: 943). The authors attribute the drop after 2030
to the end of construction-related jobs which is further compensated after
2040 by new required investments.

The authors of the Stanford WWS Scenario (Jacobson et al. 2017; Jacobson
et al. 2019) also provide estimates for the direct, indirect and induced job
effects per unit of energy output related to the generation, transmission and
storage of electricity, heating, cooling and hydrogen production using a basic
input-output model (Billman and Keyser 2013), comparing the effects to a
business as usual (BAU) scenario. The calculation takes into account FTE
positions related to both the construction and the operation and maintenance
phases. In terms of net employment change, the authors estimate that the
WWS scenario sees net gains by 2050 of 28.65 million long-term (permanent)
FTE jobs for the 143 countries compared to the BAU scenario. Note that due
to differences in scope (heating, cooling and hydrogen production added to
electricity generation), the results are not fully comparable to the results of
our analysis.

For a further overview of ex ante analyses (with special regard to wind and
solar PV deployment), we refer to the summary by Ortega et al. (2020: 3)
comparing six roadmaps, each projecting changes in employment under
different scenarios — and with different models — until 2030 or later
(Cambridge Econometrics 2013; Duscha et al. 2016; EWEA 2012; Ragwitz
et al. 2009; SolarPower Europe 2015; Teske et al. 2015). With the exception
of the SNP-35 and QUO-35 scenarios of Duscha et al. (2014: 106) by 2050,
all the analyses listed in Ortega et al. (2020) estimate job growth due to the
increased deployment of RES (and note that, by 2030, the results of this
roadmap also indicate job gains).

2.2 Distributional employment effects

Studies which focus explicitly on the distributional employment effects (i.e.
in terms of skill level and gender, as in our analysis) are still relatively scarce
even though the effects on various existing inequalities are crucial in avoiding
potentially negative social outcomes (Markkanen and Anger-Kraavi 2019).
Allan and Ross (2019), Blanco and Rodrigues (2009) and Cai et al. (2014)
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are among the few examples. Cai et al. focus on China and male domination
in renewable energy sector jobs, comparing it to male dominance in
extractive sectors as well as in machinery manufacture (Cai et al. 2014: 1160).
Similarly, according to Blanco and Rodrigues (2009: 2856), wind energy is
a predominantly male business in line with male dominance in associated
engineering and construction sectors. Gender balance matters because, as
previous research shows, it can further influence the general perspective on
energy use, energy policy, environmental consciousness and social awareness
(Clancy and Roehr 2003; Ryan 2014). Nevertheless, gender balance is also not
a fixed constant but rather a changing factor reflecting many policy choices as
well as cultural shifts.

Analysing the distributional effects by skill level may help avoid potential
shortages in a workforce which needs to have sufficient skills to support the
renewable energy transition (see e.g. the discussion in Lucas et al. 2018).
The requirements for high- and medium-skilled labour are of particular
importance since they typically require longer-term training and a necessary
skills-based infrastructure (vocational training, research and development,
etc.), possibly resulting in adapted education curricula in related fields (see,
for example, Comodi et al. 2019). The lack of an adequate education supply
could thus form another potential barrier to the deployment of renewable
energy if not addressed in advance. We therefore suggest that models dealing
with the transition to renewable energy and its impact on employment should
pay systematic attention to the requirements of renewable energy sources
for different skill levels (as done, for example, at detailed sectoral level, by
occupation and educational qualification, by Allan and Ross (2019) for the
UK). An input-output framework combined with EXIOBASE 3.6 allows such
a step forward as Allan and Ross (2019) also illustrate.

2.3 Existing EU analyses

The European Commission Joint Research Centre (JRC) report ‘Employment
in the Energy Sector’ also identifies the projected employment effects of
the green transition to be net positive (Czako 2020: 3). According to the
findings summarised in the report, the ‘transition to a low-carbon economy
is estimated to be positive for the EU as a whole, both in terms of GDP and
employment growth. Compared to a business-as-usual baseline, until 2030
GDP and employment show growth of 1.1 % and 0.5 % respectively’ (Czako
2020: 17; Lewney et al. 2019). Furthermore, ‘[d]irect jobs in “Electricity
supply” reached over 953 000 in the EU-28 in 2017’ (Czako 2020: 19). Latvia,
Estonia, Denmark and Finland are the leading countries in terms of renewable
energy employment per capita, predominantly biomass in Latvia, Estonia and
Finland, and wind energy in Denmark (Czako 2020: 22).

The most recent ESDE report (European Commission 2021) advocates a ‘twin
transition’ — tying the green transition together with the digital transition
with regard to the recovery of the EU economy after Covid-19 (European
Commission 2021: 125). A similar link appears in other EU policy documents
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such as European Commission (2018) and the European Investment Bank
(2021). In terms of skill requirements, this approach is in line with ‘digital
skills [being] in high demand in the energy industry as a whole’, although
there is an important argument that multidisciplinary knowledge will be
required in order to establish ‘new business models and societal initiatives’
European Commission Joint Research Centre (Czako 2020: 44). The expected
innovations in the energy sector and related training are therefore assumed to
go beyond purely technological expertise.
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3. Methods and materials

3.1 Input-output analysis (I0A)

An industry-by-industry input-output table provides a snapshot of an
economy in a given year showing transactions among and within economic
sectors. IOA allows the modelling of different scenarios representing
various pathways of the energy transition and the deployment of different
technologies alongside their environmental and socioeconomic (e.g.
employment) impacts. IOA captures interindustry linkages and the measures
which arise from such externally-imposed changes both directly (in the
sector itself) and indirectly (upstream, supply chain) (Cella 1984; Kerschner
and Hubacek 2009; Miller and Blair 2009). It also allows a tracking of the
changes worldwide through international trade links in the case of a multi-
regional input-output framework.

A major shortcoming is that IOA works with constant returns to scale and
does not consider the substitution of inputs (Fragkos and Paroussos 2018).
Moreover, some assumptions, such as ‘homogeneity of outputs’ or ‘missing
interactions between prices and quantities’ pose limitations (Markandya et
al. 2016: 1348). The method is therefore commonly suited to estimating short-
term effects or to separating out the changes in an economic structure which
are caused by specific variations in a given factor without taking into account
other developments in the economy. Nevertheless, IOA can be used even for
long-term scenario analysis as a framework which integrates different types
of information. Instead of the endogenous modelling of technological change,
we integrate exogenous information (i.e. the scenarios) and assumptions
about the future developments of key parameters (such as installed capacity
costs or the projected lifetime of technology) as well as changes in final
demand driven by policies and other relevant factors. Abstracting from
other developments in the economy puts the problem of homogenous outputs
beyond the analytical scope.

The following explanation of IO basics builds to a large extent upon
Markandya et al. (2016), Miller and Blair (2009) and Peters and Solli (2010).
The core part is a symmetric industry-by-industry input-output table with
one row and one column for each industry. The row shows the other sectors
to which a particular industry delivers while the column shows the required
inputs of that particular industry. These so-called intermediate transactions
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are usually measured in monetary termss for a given time period, usually one
year. Either we can have an IO table for a single region or a multi-regional
IO table (MRIO) showing flows within and between regions (or, indeed,
countries).

In addition to the transaction matrix, the IO table comprises a matrix of final
demand with columns indicating consumption by government, households,
non-governmental organisations, capital formation, changes in stocks and
valuables and also, in a single-region IO table, exports. Summing the rows
of intermediate transactions and the final demand matrices gives a column
vector of total output in which the rows show the total output of each sector.
Another part is the so-called value added block, which comprises rows
listing non-intermediary inputs such as the consumption of capital, wages,
subsidies, taxes and also, in a single-region IO table, imports. Finally, an IO
table can be extended by socioeconomic and/or environmental data related to
each sector’s production (e.g. employed persons, hours worked, greenhouse
gas emissions and land use). Figure 1 below shows the composition of all these
parts in a simplified example of an IO table with two regions. Note that final
demand is further broken down into different categories for each region.

Figure 1 A simplified example of a multi-regional 10 table with two regions (see description above and
Eq. 1 below for an explanation of each element)

Region A Region B
:b} ; %} E‘ Final demand Total output
55 3 53 35
oS O o T T ©
EE g E £=£ =
Industry 1
et Industry 2
Industry n
z F X
Industry 1
RegionlB Industry 2
Industry n
Value added E
Extensions

To keep the explanation simple, we describe the basic components of an
IO table based on an example with just one region with n sectors, g final
demand categories and r extensions. The main components of such a table,
according to the description above, are as follows:

5. Although not necessarily so — they can also be captured in physical units such as tons.
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Equation 1

Z11 Z12 Z1n fir fiz | Z1q X1 €11 €12 €1n

Z21 Z22 Z2n Z2q X2 €21 €22 €2n
7= : . : F= f21:f22 . ; x=" E= : ) 2

Zn1 Zn2  t Zpg fa1 faz e Znq Xn er1 €2 ey

Z represents the matrix of intermediate transactions (inter-industry as well as
intra-industry, i.e. what the industry delivers to itself). Hence z;; represents
deliveries from sector i to industry j (in a MRIO table, this applies to each of
the regions in the model). The matrix F denotes final demand. Therefore, f;,
an element of F, shows final demand for sector i’s production by final demand
category p. E is the extension matrix with r extension categories listed row-
wise. Finally x is a column vector of length i giving the total output of all
sectors:

Equation 2
x=Z1;+F1p

where 1, and 1y are column vectors of 1s, also called summation vectors, with
lengths of n and g, respectively. This serves to sum the rows of Z and F.

The inter-industry flows from sector i to j in the Z transaction matrix depend
on the total output required from sector j (the more electricity is produced, the
more coal will be required where production is based on coal, for example).
The so-called technical coefficients define the ratio of inputs to the total
output of a sector (in other words, a ‘recipe’ of inputs per unit of output). If we
denote technical coefficients matrix A with elements a;j, then:

Equation 3

Zij
aij = —
Xj

where x; denotes the total output of sector j and a;; denotes the inputs from
sector i needed to produce one unit of sector j’s output. Accordingly:

Equation 4
A=27x"1

where £7* is the inverse of the diagonal matrix of vector x, with the elements
%i placed on the main diagonal of a square matrix with zeros elsewhere, i.e:
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Equation 5

Xn

Therefore, if we substitute Z in Eq. 2 by A% derived from Eq. 4, we can write:

Equation 6
x=Ax+f
where f= F1F and is a column vector of the row sums of matrix F. From Eq. 6

we can derive the relationship of total output x and final demand f in the
demand-driven Leontief model as:

Equation 7
x=(—-A)f=Lf
and where:
Equation 8
L=(-A4)"

is the Leontief inverse matrix. The derivation of the Leontief matrix is
described in detail in Section 8.2.

Finally we define employment intensity matrix M with elements mgj;, where
d represents the six distributional employment categories obtained by
distinguishing skill level and gender:

Equation 9

M=E®)!

3.2 Data
3.2.1 Input-output data

The model works with data from EXIOBASE 3.6 (Stadler et al. 2018), the
industry-by-industry version. EXIOBASE 3.6 is a global, multi-regional
environmentally extended input-output database containing data for
1995-2016 dividing the global economy into 44 countries and five ‘rest of
the world’ regions and 163 industries based on NACE Rev. 1 (Eurostat 1996).
EXIOBASE 3.6 differentiates between 12 detailed electricity industries that
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allow the replacement of each other when modelling energy transition in
the electricity industry.® EXIOBASE 3.6 has seven final demand categories’
and contains gross value added together with the socioeconomic and
environmental accounts as the extension matrix, denoted in Eq. 1 as E.

We can further disaggregate the production of electricity from wind into
the production of electricity from wind onshore and from offshore; and the
production ofelectricity from solar photovoltaicintothe production of electricity
from utility and from residential solar photovoltaic sources.? The IO tables we
work with thus contain 165 industries in total with 13 electricity generation
sectors. The disaggregation is motivated by the differences in installation costs
for onshore and offshore wind; the different structural breakdown of capital
expenditure (hereafter capex) for onshore and offshore wind, and for utility
vs. residential solar PV (i.e. the absence of land rents in the case of residential/
rooftop installations); and the different O&M employment factors for onshore
vs. offshore wind and residential vs. utility solar PV. However, we have not
changed the structure of inputs in the technical coefficients matrix and in the
value added categories (mostly because of a lack of data for a reliable split).

3.2.2 Employment accounts data

The detailed industry resolution of the electricity sectors in EXIOBASE 3.6
has, however, been shown to be only approximate in terms of data precision
in the case of (direct) employment accounts since the basis for disaggregation
assumes equal employment per unit of value added for those industries where
only aggregated employment data is available. Additionally labour intensity
(per unit of output in millions of Euros) is not adjusted according to recent
findings and has not undergone cross-source comparison with employment
factors — that is jobs per MW installed — in respect of the operation and
maintenance of electricity production as concluded by other studies (Cameron
and van der Zwaan 2015; Ortega et al. 2020, 2015; Ram et al. 2020; Rutovitz
et al. 2015). There seems to be a general imbalance in assumptions about
employmentinthe production of electricity from non-renewable energy sectors
in comparison with renewable energy ones. In particular, direct employment
factors® (i.e. in operation and maintenance) are generally considered (see e.g.
discussion in Lambert and Silva 2012) to be higher for renewable energy than

6. Note, however, that we do not model changes in the sector “Production of electricity n.e.c.”,
giving us 11 (though see following paragraph on disaggregation).

7. Given the multi-regional structure, the column ‘exports’ is equal to zero as intermediate
exports are endogenous in the model. Exports directly for final demand are determined by
all other countries’ imports of final demand.

8. We classify power plants of over 1 MW of installed capacity as utility scale and below 1 MW
as commercial/residential.

9. Note that we are concerned here exclusively with direct employment concerning O&M
related to the production of electricity from each source, not with employment related
to installation and manufacturing (that is, linked through capital investments and the
contributing sectors in the input-output logic). Employment should thus be equivalent to
the O&M employment factors.
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for the production of electricity from coal, gas and oil/petroleum, while this is
almost the opposite in EXIOBASE 3.6.

Ram et al. (2020), using data from Rutovitz et al. (2015), Rutovitz and
Harris (2012) and SolarPower Europe (2015), provide employment factors
for electricity sources and technologies worldwide together with regional
employment multipliers adjusted for labour productivity in each region. Given
the similar structure of energy sources that Ram et al. (2020) consider, as well
as the Europe-specific information they provide, we adopt the employment
factors listed in their study. Table 1 shows a comparison of operation and
maintenance employment factors calculated from the original EXIOBASE 3.6
employment data and in the light of data on installed capacity drawn from the
EU 2016 Reference Scenario with the employment factors cited in Ram et al.
(2020). It also shows what employment in each sector would look like.

Table 1 Comparison of (direct, 0&M) employment factors based on a weighted average for the EU-
27+UK from EXIOBASE 3.6 and installed capacity from EU 2016 Reference Scenario for 2015,
compared to the employment factors reported by Ram et al. (2020) if these data were used

Region Industry Employment: Total O&M jobs per MW Employment: O&M jobs per
(000) calculated installed from Total (000) from MW installed
using data from Ram et al. (2020) EXIOBASE 3.6 from EXIOBASE
Ram et al. (2020) and Rutovitz et al. 3.6 and EU

and Rutovitz et al. (2015) 2016 Reference
(2015) Scenario

EU27+UK | Production of electricity by coal 24718 0.14 222.917 1.26

EU27+UK  Production of electricity by gas 30.748 0.14 174171 0.79

EU27+UK | Production of electricity by nuclear 72.479 0.60 127.005 1.05

EU27+UK  Production of electricity by hydro 25.494 0.20 40.406 0.32

EU27+UK  Production of electricity by onshore 39.253 0.30 14.558 0.11
wind

EU27+UK  Production of electricity by ffshore 2.148 0.20 1.349 0.13
wind

EU27+UK  Production of electricity by 7432 0.14 9.299 0.18
petroleum and other oil derivatives

EU27+UK | Production of electricity by biomass 41.863 1.50 23.269 0.83
and waste

EU27+UK  Production of electricity by utility 22.097 0.70 0.825 0.03
solar photovoltaic

EU27+UK  Production of electricity by 92.217 1.40 1.531 0.02
residential solar photovoltaic

EU27+UK  Production of electricity by solar 0.004 0.60 0.134 18.56
thermal

EU27+UK  Production of electricity by tide, 0.021 0.60 0.004 0.12
wave, ocean

EU27+UK  Production of electricity by 0.379 0.40 0.259 0.27
geothermal

Source: residential solar photovoltaic — SolarPower Europe (2015) cited in Ram et al. (2020); all other energy sources — Rutovitz et al.
(2015); EXIOBASE 3.6 data — Stadler et al. (2018); EU 2016 Reference Scenario installed capacity data - (Capros et al. 2016); own
calculation
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We further convert the employment factors from Rutovitz et al. (2015) and
SolarPower Europe (2015) listed in Ram et al. (2020), based on jobs per MW
installed, to jobs per million Euros of output of the electricity sectors using
information for the total installed capacity of each source in the reference
year of 2015 and the costs per MW installed. We input this information into
the MRIO model as the starting point for our analysis.

We must point out that even the replacement figures are not perfect and
should be interpreted with caution (see the comparison with European
Commission Joint Research Centre (Czako 2020). However, the replacement
numbers are, as a whole, more in line with existing research on the direct
employment factors for each electricity source. For the sake of consistency,
we choose to work with the full set of replacement employment factors rather
than replacing only the most problematic parts (i.e. renewables). It is also
important to keep in mind that employment factors are highly aggregated
numbers and do not take into account country-specific situations, including
not only geographical but also political factors such as, in particular, the role
of ownership and the associated scale of renewable energy plants (especially
but not exclusively PV). This may, in turn, further affect the accuracy of the
employment factors.

3.2.3 GFCF data

In its basic form, the I0 model would not be able to provide a detailed look
at capital investments in the modelled electricity sectors because GFCF
appears as one column in the final demand matrix F in the original IO tables.
Since we aim to model capital investments in infrastructure related to the
shift of electricity production from mostly non-renewable energy sources
to renewable ones (scope and pace being dependent on the scenarios), the
creation of separate GFCF columns for each electricity source is necessary.

To create separate GFCF columns, we first obtain data for installed capacity
by each country and electricity source (for renewable energy and nuclear
power from Eurostat (2021a, 2021b); for non-renewable energy sources
from ENTSO-E (2021) and Kendziorski et al. (2020)). Where information is
missing, we have supplemented the datasets with other sources.*

Second, we use data on costs per MW of installed capacity (current as well
as projections, converted to million Euros per MW installed) drawn from
the ETRI 2014 report (Carlsson et al. 2014) both for each country and each

10. These are Toshkin (n.d.) for Bulgaria; Cyprus Energy Regulatory Authority (2021)
for Cyprus; Schlecht and Simic (2020) for Denmark; Ahola (2018) for Finland;
countryeconomy.com (n.d.) for Malta; Lettner et al. (2018) for the Netherlands; and Bellini
(2017) for Slovakia. Data regarding the production of electricity from each source in GWh
on an annual basis come from Eurostat (Eurostat 2021c, 2021d) and, in the case of Cyprus,
they also had to be supplemented with other sources (Cyprus Energy Regulatory Authority
2021).
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source of electricity including coal, gas, nuclear, petroleum and oil, biomass
and waste, solar thermal, tidal and wave, and geothermal energy; and from
the International Renewable Energy Agency (hereafter IRENA) for onshore
and offshore wind and for utility and residential solar PV (IRENA 2019). The
ETRI 2014 data represent reference EU values and are calculated as a linear
interpolation for 2015 (between 2013, the base year in the ETRI 2014 report,
and a 2020 projection). The IRENA data represent a 2011-2019 weighted
average (with a few minor exceptions where data for some years are missing)
with country-level detail where possible and a country approximation where
data for a specific country are not available. The country approximations follow
the criteria of geographical proximity and/or similarity of size of economy (for
detailed information, see Section 8.2.2). Since the IRENA data do not provide
an outlook up to 2050, we use them as a starting point to derive future cost
developments based on the ETRI 2014 data for the same sources (percentage
changes in installation costs).

A detailed datasheet with information about installed capacity and costs per
MW installed by country and electricity source in each considered year is
available as additional information to this paper.

Third, to distribute the installed capacity costs associated with the capital
investments flowing into the modelled sectors, we use data for capex cost
breakdown for each electricity source drawn from the ETRI 2014 report
(Carlsson et al. 2014) and create a concordance matrix (see Table 4 in Section
8.2.1). Matching the cost breakdown with the EXIOBASE 3.6 industries
through the concordance matrix is based on a detailed description of the
breakdown categories given in Carlsson et al. (2014: 10) and finding the
corresponding activities in the NACE rev. 1 detailed industry description
(Eurostat 1996).”2 Note that, for some electricity sources (i.e. coal, gas,
nuclear, petroleum and oil, biomass and waste, solar thermal, and tidal and
wave energy), the ETRI 2014 report provides data for several technologies.
Because information on installed capacity for each of these technologies is not
available in satisfactory scope and detail, for modelling purposes we adopt the
assumption of the ‘most promising technology’, i.e. the technology assumed to
take on most of the production in the considered timeframe.

Fourth, to account for the costs of periodically renewed fixed capital — the
replacement of old power plants, facilities and infrastructure — we use data on
the lifetime of the expected operation of each electricity generating technology
(see Table 2) according to the technology choices described above. To assure
data consistency, we use projections from the ETRI 2014 report that are again
assumed to fit typical geographical locations within the EU (Carlsson et al.
2014). We add the costs of capital replacement to the costs of newly-installed

11. GFCF.xlsx

12. Some of the cost items had to be distributed among more EXIOBASE 3.6 sectors. In
these cases (given the absence of detailed information), we have split these cost items
proportionally between all the EXIOBASE 3.6 industries under consideration. This is
typically the case for ‘Project indirect costs’ and ‘Owner’s costs’.
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capacity assuming that, for example, if the lifespan is 20 years, then 1/20 is
being reinstalled each year. Lifetime therefore indicates the time after which
it is necessary to account for the costs of reinvestment (according to the
installed MW).

Table 2 Projected lifetime of each energy source (associated with respective EXIOBASE 3.6 industry)
considered in the analysis according to ETRI

EXIOBASE 3.6 industry 2030
(power plants based on the given technology) onwards
Production of electricity by coal 40 40 40 40
Production of electricity by gas 30 30 30 30
Production of electricity by nuclear 60 60 60 60
Production of electricity by hydro 60 60 60 60
Production of electricity by onshore wind 20 22 235 25
Production of electricity by offshore wind 20 25 275 30
Production of electricity by petroleum and other oil derivatives 35 35 35 35
Production of electricity by biomass and waste 25 25 25 25
Production of electricity by utility solar photovoltaic 25 25 25 25
Production of electricity by residential solar photovoltaic 25 25 25 25
Production of electricity by solar thermal 30 30 30 30
Production of electricity by tide, wave, ocean 20 20 20 20
Production of electricity by geothermal 30 30 30 30

Source: Carlsson et al. (2014) '3

The values in Table 2 are modelled under certain technological assumptions
often taken from the Joint Research Centre Technology Map (see Carlsson
and Vellei 2014). The consequence is that they cannot fully account for factors
such as the legal situation affecting, for example, lifetime with a valid permit,
replacement costs, insurance, waste management costs (which could be
particularly relevant for nuclear power), etc., all of which together can have
both negative and positive impacts on operational lifetimes.

3.2.4 Scenarios

The starting point for the model is the 2015 composition of energy sources
in electricity generation and the 2015 capital investment in each electricity
source. We compare the resulting job effects of a ‘minimum effort’ EU 2016
Reference Scenario (Capros et al. 2016) with the Stanford WWS Scenario
(Jacobson et al. 2017; Mark Z. Jacobson et al. 2019). Both scenarios provide
projections of gross electricity generation and net generation capacity by each
electricity source until 2050 with a similar source structure as the sectors in

13. Values for 2015 are based on an interpolation between 2013 and 2020 since the original
data are for 2013.
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EXIOBASE 3.6. The authors of the Stanford WWS Scenario also provide their
own calculations of the employment effects. These are primarily relevant
to our discussion in Section 5 since the purpose of our study is to integrate
data from different types of scenario (modelled under different assumptions
and using different methods) into a single input-output framework that can
distinguish more detailed distributional effects on employment as outlined
above.

The EU 2016 Reference Scenario serves as a benchmark projection based on
a price-driven market equilibrium approach (Capros et al. 2016, p. 15). This
is modelled under the assumption of achieving 2020 climate and renewable
energy targets in EU countries and following the policies adopted at EU and
member state level until the end of 2014 and, in three cases,* until early 2015
(Capros et al. 2016, p. 14). In terms of justifying the resulting electricity mix,
the scenario assumes that ‘penetration of new technologies is dependent on
their techno-economic characteristics alongside other drivers such as relative
prices and costs, policies to promote energy efficiency, renewables and new
technologies and broader market trends regarding economic efficiency
and better use of resources’ (Capros et al. 2016, p. 40). The scenario uses
different learning curves for each considered electricity source assuming
that ‘[...] all power technologies known today [...] improve in terms of unit
cost and efficiency, without however assuming breakthroughs in technology
development’ (Capros et al. 2016, p. 43). Non-mature technologies are
assumed to be subject to ‘substantial research and demonstration effort
to enable economies of scale’ (Capros et al. 2016, p. 41). The key policies
modelled in the EU 2016 Reference Scenario are the EU Emissions Trading
Scheme (ETS) (Capros et al. 2016, p. 26); the Energy Efficiency Directive
(EED) (Capros et al. 2016, p. 27); legally binding targets on RES (‘20% share
of gross final energy consumption from RES by 2020 and 10% specifically in
the transport sector’ (Capros et al. 2016, p. 29)); and legally binding national
GHG emissions targets covered by the Effort Sharing Decision (ESD) (Capros
et al., 2016, p. 30). In terms of socioeconomic assumptions, the EU 2016
Reference Scenario assumes a moderate increase in the EU population; a
1.2 per cent annual GDP growth rate until 2020 and 1.5 per cent thereafter;
and a growing role for the services sector (Capros et al. 2016, pp. 33—35).

The updated 2019 version of the Stanford WWS Scenario is a Green New
Deal (GND) compatible pathway to reach 100 per cent renewables — namely
onshore wind, offshore wind, hydropower, solar photovoltaic, solar thermal,
tidal and wave, and geothermal energy — by 2050 (Jacobson et al. 2019). The
2017 version is not related to any specific policies but, in general, advocates
policy measures towards higher energy efficiency, the deployment of RES and
electrification (Jacobson et al. 2017). The common target of both versions
is, however, a transformation of the energy system to keep global warming

14. These include the Indirect Land Use Change (ILUC) amendment to the renewable energy
sources and Fuel Quality Directive (FQD) Directives and the Market Stability Reserve
Decision amending the Emission Trading Scheme (ETS) Directive (Capros et al. 2016,

p- 26).
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below 1.5°C. The WWS roadmap is one of the possible (feasible) end-state
mixes modelled in order to reach this climate target. The roadmap evaluates
the feasibility and impacts of the GND energy component but does not
explicitly take into account other policies included in GND (Jacobson et al.
2019: 450). The number of electricity generators needed to cover electricity
production is derived from resource availability and the technical potential
of each of the considered electricity sources (Jacobson et al. 2017: 38). The
scenario starts with 2012 energy use and is based on a 20 per cent conversion
rate (i.e. to power supply by WWS) by 2020; 50 per cent by 2025; 80 per cent
by 2030; and 95 per cent by 2040. We interpolate values for 2035 and 2045 to
capture the situation each five years in the 2015-2050 period and insert values
for 2015 from the EU 2016 Reference Scenario to ensure the same starting
point for both scenarios as well as the figures for electricity generation and
net generation capacity. In order to simplify the assumptions, we assume the
same conversion rates in both installed (nameplate) capacity and in end use
(electricity generation) in the case of the Stanford WWS Scenario. In terms of
socioeconomic development the study assumes moderate economic growth as
well as population growth (Jacobson et al. 2019: 461), both taken (and adapted)
from the US Energy Information Administration (EIA) (Conti et al. 2016).

The Stanford WWS Scenario is based on electrifying all the energy-using
processes that can be electrified within the assumptions of the model (the
rest refers to heat on the basis of existing technology) and therefore results
in a significant increase in electricity production (Jacobson et al. 2019). The
EU 2016 Reference Scenario also projects some (but far less ambitious)
electrification of energy-using processes (see e.g. Capros et al. 2016, p. 50). We
do not model the substitution effects in order to see only a subset of the labour
demand associated with each electricity generation sector; electrification will
certainly crowd-out some employment related to the other fuels that would be
replaced by electricity, therefore decreasing overall labour demand.

Table 3 Selected key differences between the EU 2016 Reference Scenario
and the Stanford WWS Scenario
Selected key differences between the scenarios — summary
EU 2016 Reference Scenario Stanford WWS Scenario
Total electricity production by 2050 4,063,717 GWh 7,238,915 GWh
End-state mix of electricity sources based Price-driven market equilibrium Technological and economic feasibility
primarily on... (resource availability and technical potential)
Socioeconomic assumptions Moderate economic growth, Moderate economic growth,
population growth population growth
Related policies or policy proposals EU Emissions Trading Scheme (ETS); Energy 2017 version: no specific policies but
Efficiency Directive (EED); legally binding advocating policy measures towards greater
targets on RES; legally binding national energy efficiency, deployment of RES and
GHG emissions targets covered by the Effort | electrification; 2019 version: Green New Deal
Sharing Decision (ESD)

Source: Capros et al. 2016; Jacobson et al. 2017; Jacobson et al. 2019
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Figures 2 and 3 below show a comparison of the two scenarios first in terms of
electricity production by each source (Figure 2) and then by new installed and
replaced capacity by source (Figure 3). The yearly new installed capacity and
replaced capacity are derived from projections of total installed capacity under
each scenario. Whereas the values in Figure 2 to a large extent determine
operation and maintenance-related labour demand, the numbers in Figure 3
influence the employment effects linked to capital investments.

A detailed datasheet containing information about installed capacity in
MW and GWh of electricity generation under each scenario, each country
and electricity source and in each considered year is available as additional
information to this paper.’

Figure 2 Electricity generation by source in TWh; comparison between EU 2016 Reference Scenario and
Stanford WWS Scenario

EU 2016 Reference Scenario Stanford WWS Scenario
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Source: Capros et al. 2016; Jacobson et al. 2019

15. Scenarios.xlsx
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Figure 3  Yearly new installed and replaced capacity by electricity source in GW; comparison of values
derived from EU 2016 Reference Scenario and Stanford WWS Scenario
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Source: Capros et al. 2016; Jacobson et al. 2019 and the sources for installed capacity listed in Section 3.2.3 (GFCF data)

3.3 The input-output model
3.3.1 Disaggregation of electricity sectors

To prepare the I0 data for the model, we start by disaggregating the
original EXIOBASE 3.6 wind and solar PV electricity sectors as suggested
in Section 3.2.1. The disaggregation of the rows and columns of these
sectors in Z, F and E is carried out in proportion to the total output in GWh
from the more detailed sectors. Data on electricity production in each of
the disaggregated sectors are derived from Eurostat for 2015 (Eurostat
2021d).* The disaggregation is made only for the EU27+UK. While this type

16. Note that we are pairing different datasets together here. Since the primary source of
data for electricity generation (in GWh) and for installed capacity (in MW) is the EU 2016
Reference Scenario, we would have used this instead of Eurostat if such a level of detail,
distinguishing between onshore and offshore wind, and utility and residential solar PV
utility, had been available. Because it is not, we had to use additional sources to disaggregate.
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of disaggregation has no impact on the calculations, it is essential for the
scenario analysis and the E matrix is modified in the next step of the model
derivation.

3.3.2 Adjustments of the employment accounts
in the electricity sectors

The second step consists of adjusting the employment accounts that are
part of the extension matrix (E) in the sectoral columns. We replace the
EXIOBASE 3.6 data on employment with data from Rutovitz et al. (2015) and
SolarPower Europe (2015), as discussed in Section 3.2.2. Since these data lack
detail on skill level and gender, we split it proportionally to EXIOBASE 3.6
across these categories. The resulting adjusted employment intensity matrix
is denoted as M’ distinguishing gender and three skill levels in six rows.

3.3.3 Integration of detailed capital investments
In electricity sectors

In the third step, we include information on capital investments in each sector
in the considered years. Using data for the costs of installed capacity (in
million Euros per MW installed) discussed in Section 3.2.3, and distributing
the values to individual rows (the payments of the modelled sectors for
the creation of gross fixed capital), we create matrix Kt. This has detailed
GFCF columns (k!)) for each modelled year t where [ is a subset of sectors j
representing the electricity sectors. We provide details of the calculation in
Section 8.2.1.

3.3.4 Integration of the changes in electricity generation

The electricity mix as well as the overall levels of electricity generation depend
on the country specific projections in the scenarios. To make sure that the
model properly accounts for the production of electricity also in the case that
the electricity mix in the base year did not contain a certain electricity source
in a given country, we use the respective columns of technical coefficients
as well as the employment intensities from another country. A full list of
these replacements is included in Section 8.3. The replacements are based on
criteria of geographical proximity or similarity of economic structure.

We calculate the total output x! of electricity sector [ in monetary units for
each year t, assuming that it changes proportionately to electricity production
g; in GWh between the modelled year t and the previous year considered in
the analysis (t—1), given by the scenarios:
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Equation 10

xt=(gi/gi™") = x{7"

Since in the following steps we only need the output of electricity sector I, we
create vector x*, composed of zeros and x! at the appropriate positions for the
electricity sectors.

3.3.5 Calculation of the employment effects

We calculate the upstream employment of electricity generation utilising
data on total electricity output. To avoid double counting, we set the rows
of electricity sectors in matrix A to zero (for the modelled countries). The
modified matrix (hereafter denoted as A’) is used to derive the modified
Leontief inverse matrix L' applied in the calculations. Matrix A containing the
intermediate input coefficients remains unchanged over time (and so does A'),
assuming that the technology of production does not change over time in the
model, and thus the Leontief inverse also remains the same. In this we see
only the effects of the modelled changes within the electricity sector.

Finally we calculate the employment effects for each year t considered in
the analysis, separately for each of the two interplaying effects considered
above (i.e. the effects of capital investments Rk® and of the overall change in
electricity production from each source Rx!). We calculate the employment
effects of electricity production according to each scenario for each year t:

Equation 11

Rxl = m'yL'xt
To obtain additionally the employment effects of capital investments (denoted
as Rkt), we proceed with the detailed GFCF matrix with columns for each

electricity source Kt (specific for each modelled year t):

Equation 12

RkL = m'4L'K?
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4. Results

We present here our results for the EU27+UK as a whole (Sections 4.1 to
4.5) and by country (Section 4.6), bearing in mind that the values for each
respective year considered in the analysis represent a snapshot; a static
representation of the situation in that year in terms of the number of jobs.
In detail, Section 4.1 shows the results for employment related to O&M vs.
capital formation; Section 4.2 provides results for the EU27+UK vs. the spill-
over effects abroad triggered by expenditure in the EU27+UK; Section 4.3
shows the distributional effects by skill level and gender; Section 4.4 shows
the results by sector; and Section 4.5 provides the results for each electricity
source. Finally Section 4.6 shows the relative change in employment (increase/
decrease in per cent) related to the electricity sectors in each country in the
EU27+UK compared to the 2015 values. Detailed tables for all the figures in
this section are listed in Section 8.4.1; while the results at country-level detail
for employment by O&M vs. capital investments are available in Section
8.4.2. In the case of the O&M vs. capital formation effects and effects by
energy source, we show both these for the EU27+UK and globally (denoted as
‘rest of the world’). This is motivated by the effort to show the extent to which
each energy source and the different lifecycle stages (i.e. O&M or capital
formation) influence domestic employment vs. the spill-over abroad.

It is important to note that we do not model changes in the electricity mix
outside the EU27+UK and therefore do not track employment taking place
within the EU27+UK but associated with the O&M or GFCF of electricity
sectors in other countries. At the same time, the simplified assumption that
the mix of electricity sources in the rest of the world remains unchanged
would imply that employment induced by O&M and capital formation in the
electricity infrastructure in these countries remains constant over time.

Since each of the scenarios assumes different volumes of electricity generation
(as well as installed net capacity), the results are not fully comparable if
understood as ‘what electricity mix brings more jobs’. Rather, they should be
considered as two different pathways for the future of the electricity sector
and its role in the overall EU27+UK economy, based on the assumptions lying
behind each scenario.
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4.1 Employment effects of operation and
maintenance vs. capital formation

The overall labour demand by 2050 for the EU27+UK in the Stanford WWS
Scenario (approximately 8.2 million jobs for O&M and GFCF combined) is
more than twice as high as the EU 2016 Reference Scenario on the same
basis (approximately 3.7 million jobs). Spill-over employment settles at more
similar level in both scenarios (Stanford WWS Scenario again reports slightly
higher labour demand) by 2050 but reaches multiple times higher levels in
between in the Stanford WWS Scenario due to the effects related to capital
formation.

O&M employment in the EU27+UK rises sharply until 2030 and then
continues to grow at a moderate pace until 2050 in the Stanford WWS
Scenario, resulting in more than 3.3 times more jobs (5.6 million) related to
electricity production (in the electricity sector and upstream) compared to
2015. Even though O&M employment in the EU 2016 Reference Scenario also
grows, the growth is rather linear and does not exceed 1.5 times the number
of 2015 jobs by 2050 (below 2.5 million). In the rest of the world, O&M
employment is within a comparable range in both scenarios (2.5 million jobs
in the Stanford WWS Scenario and 1.9 million jobs in the EU 2016 Reference
Scenario), which is in contrast to the rise of domestic jobs in the Stanford
WWS Scenario.

GFCF jobs follow a different pattern. The Stanford WWS Scenario creates
more GFCF jobs in general than the EU 2016 Reference Scenario — for
example, approximately six times more in 2025 for employment within the
EU27+UK. However, after the ‘wave’ culminates between 2025 and 2030,
there is a sharp drop and a further decrease until 2050 when labour demand
is again approaching the 2015 values. A very similar trajectory is observed for
spill-over employment. GFCF employment in the EU 2016 Reference Scenario
follows the opposite trend (declining after 2015 and only showing a slightly
rising trend from 2035 on) and leads to approximately half the values of the
Stanford WWS Scenario by 2050, both domestically and for the rest of the
world. In total, the Stanford WWS Scenario induces GFCF-related labour
demand which is 5-6 times higher around 2025 and 2030 compared to the
EU 2016 Reference Scenario, but falls to only approximately 2 times higher
in 2050.
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Figure 4 Direct and indirect employment effects related to changes in the energy mix in electricity
production in the EU27+UK by capital formation vs. operation and maintenance
(domestic vs. rest of the world)
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Source: EXIOBASE 3.6, Stanford WWS Scenario, EU 2016 Reference Scenario and the sources for employment accounts and installed
capacity listed in Section 3, own calculation (Capros et al. 2016; Jacobson et al. 2019; Stadler et al. 2018)

4.2 Employment effects in the EU27+UK and abroad
triggered by expenditure in the EU27+UK

In the Stanford WWS Scenario, all regions gain. The main beneficiary by far is
the EU27+UK, with a 127 per cent increase in electricity related jobs by 2050
followed by Australia (+77 per cent), Africa (+60 per cent), Asia (+58 per cent),
Latin America (+57 per cent), the Middle East (+39 per cent), North America
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(+23 per cent) and the rest of Europe (+18 per cent). In the EU 2016 Reference
Scenario, all regions except for Africa (+12 per cent) and the EU27+UK (+3 per
cent) lose jobs by 2050 with North America being by far the biggest ‘loser’
by 2050 (-29 per cent), followed by Latin America (-20 per cent), the rest of
Europe (-18 per cent), Asia (-14 per cent) and the Middle East (-13 per cent).

Figure 5 Direct and indirect employment effects related to changes in the energy mix in electricity
production in the EU27+UK and abroad triggered by expenditure in the EU27+UK
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Source: EXIOBASE 3.6, Stanford WWS Scenario, EU 2016 Reference Scenario and the sources for employment accounts and installed
capacity listed in Section 3, own calculation (Capros et al. 2016; Jacobson et al. 2019; Stadler et al. 2018)

Note that we do not model any changes by geographical origin concerning
the spill-over employment effects. Therefore the results should be considered
rather as a ‘zero option’ with no differences to the current international supply
chain linkages. Nevertheless the results show that, even in the absence of any
targeted policy by the EU (and the UK) attempting to allocate renewable energy
supply chains domestically, the EU27+UK would benefit in both scenarios.
In particular, the number of domestic O&M jobs is significantly higher in
the Stanford WWS Scenario suggesting that, in terms of job creation, it is
convenient to make the switch to renewables (and associated electrification in
other sectors, as assumed in the Stanford WWS Scenario). This isin accordance
with a majority of previous studies. The domestic job gains under the Stanford
WWS Scenario are also clearly visible in the country-level breakdown as seen
in Figure 11 (note that there we sum the O&M and GFCF employment effects).
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4.3 Employment effects by skill level and gender

If the current structure of skill requirements and gender balance for each
electricity source persists, the biggest share as well as the biggest increase
(in the Stanford WWS Scenario) or the smallest decrease (in the EU 2016
Reference Scenario) would be occupied by high-skilled labour for men and
women alike according to the projections. High-skilled male is the category
with the relatively highest expected increase in the Stanford WWS Scenario
(+165 per cent by 2050 and even +229 per cent by 2030 compared to 2015)
and this is the one that also gains the most in the EU 2016 Reference Scenario
(6 per cent). In the Stanford WWS Scenario, medium-skilled male (+137 per
cent by 2050 compared to 2015) ranks second followed by high-skilled female
(+107 per cent). Low-skilled labour would be the main ‘loser’ in both scenarios.
The least benefiting category is low-skilled female, with +79 per cent in the
Stanford WWS Scenario and -7 per cent in the EU 2016 Reference Scenario
by 2050 compared to 2015 (in this scenario, it is the only category that loses).
In the Stanford WWS Scenario, medium-skilled female follows (+83 per cent)
whereas the second biggest ‘loser’ in the EU 2016 Reference Scenario is high-
skilled female with o per cent change by 2050 compared to 2015.

Figure 6 Direct and indirect domestic employment effects related to changes in the energy mix

Employment total — employed persons (1000p)
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Source: EXIOBASE 3.6, EU 2016 Reference Scenario, Stanford WWS Scenario and the sources for employment accounts and installed
capacity listed in Section 3, own calculation (Capros et al. 2016; Jacobson et al. 2019; Stadler et al. 2018)

WP 2021.14 35



Martin Cern)’/, Martin Bruckner, Jan Weinzettel, Kirsten Wiebe, Christian Kimmich, Christian Kerschner and Klaus Hubacek

As for gender, there is an overwhelming male dominance throughout the
analysed period. This means that, if the current gender imbalance in (and
related to) the electricity sector is not addressed, male dominance associated
with the sector would endure or even strengthen. At the same time, given
that no changes in the proportions between different skill levels and gender
are considered in the model, the resulting effects depend entirely on the mix
of electricity sources and their current employment distribution structure.
As such, the results should be seen as a ‘zero option’ if no targeted policy is
adopted to tackle this imbalance.

4.4 Employment effects by sector

The sectoral breakdown follows a similar pattern as the overall employment
for O&M and GFCF added together (see Section 4.1). In the Stanford WWS
Scenario, there is a sharp increase at the beginning and then either a moderate
one after 2030 or a drop back to lower levels in those sectors with the highest
expected job gains (Figures 7a and 7b). A similar but reverse logic applies to
many of the industries with the most significant employment declines (Figures
8a and 8b). In general, the most loss-making sectors are those associated with
the production of electricity from fossil fuels. The sectors closely associated
with the GFCF are a somewhat special case — the initial rise is followed by
a fall back to lower levels or even a decline (see for example construction or
manufacture of machinery and equipment n.e.c. — Figure 7 — or computer
and related activities — Figure 8). Most of the effects observed in the EU 2016
Reference Scenario in the gaining sectors are more balanced in the sense that
they start in the base year and continue at roughly the same rate until 2050. In
the case of ‘losing’ sectors, there is usually a decline after 2015 and a recovery
after 2030-35. This is especially true for the GFCF-related sectors, which
also end up as the major ‘losers’ in this scenario. Production of electricity by
residential solar PV is expected to gain the most in both scenarios, followed
by utility solar PV, onshore and offshore wind in the Stanford WWS Scenario;
and onshore wind, biomass and waste, and utility solar PV in the EU 2016
Reference Scenario. The average change in employment between 2015 and
2050 (see Figures 9a and 9b) offers a similar picture — the main ‘winners’ are
the electricity sectors with the largest increase in the share in the electricity
mix in both scenarios.

Let us stress that since EXIOBASE 3.6 works with very narrowly defined
sectors, which in this case are divided by electricity sources, it may seem
somewhat confusing that we report employment changes in the electricity
sectors together with other sectors. For example, the sector “Production of
electricity by solar photovoltaic residential” in Figure 7 consists entirely of
the production of electricity by solar PV residential and shows employment
directly in this sector. In contrast, what we show in Section 4.5 are the impacts
along the entire upstream supply chains (i.e. direct and indirect together)
that are induced by each source of electricity, but which appears as a sector
(industry) in the EXIOBASE 3.6 structure.
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Figure 9a Employment effects related to changes in the energy mix in the EU27+UK by sector — average

over the 2015-2050 period (domestic)
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Source: EXIOBASE 3.6, Stanford WWS Scenario, EU 2016 Reference Scenario and the sources for employment accounts and installed
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Figure 9b Employment effects related to changes in the energy mix in the EU27+UK by sector — average
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capacity listed in Section 3, own calculation (Capros et al. 2016; Jacobson et al. 2019; Stadler et al. 2018)

4.5 Employment effects by electricity sources

In the Stanford WWS Scenario, the highest (direct and indirect together)
number of jobs within the EU27+UK is generated in residential solar PV
(3 million) followed by utility solar PV (2.4 million), onshore wind (1.7 million)
and offshore wind (0.8 million) with the same four sources in the lead (in a
slightly different order; see Figure 10) abroad. Utility solar PV may additionally
dominate the Stanford WWS Scenario because of its higher O&M employment
factor (1.4 per MW installed; see Table 1 in Section 3.2.2) compared to the
other sources which have significant shares under this Scenario. In the
EU 2016 Reference Scenario, gas dominates by 2050 within the EU27+UK
(with approximately 1 million jobs) followed by onshore wind (0.6 million),
residential solar PV (0.6 million), nuclear (0.3 million) and biomass and waste
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Figure 10 Direct and indirect employment effects related to changes in the energy mix in electricity
production in the EU27+UK by each electricity source (domestic vs. rest of the world)
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(0.3 million). Gas also dominates employment abroad followed by onshore
wind, biomass and waste, residential solar PV and nuclear.

Regarding the relative changes (percentage increase/decrease compared to
2015), the Stanford WWS Scenario anticipates the highest increase within
the EU27+UK by 2050 to be for tidal and wave power followed by utility solar
PV, residential solar PV and solar thermal energy. The tidal and wave power
sector also dominates the spill-over effects abroad followed by utility solar PV
and the geothermal power sector. The massive growth of jobs associated with
electricity production from tidal and wave, solar thermal and geothermal
power is likely to be due to their low share in the electricity mix in the base
year. Even so, their role in the overall electricity mix remains relatively
marginal in terms of the absolute number of jobs (see Table 8 in Section 8.4.1).
Electricity production from solar thermal and tidal and wave power is also
expected to undergo the highest domestic increase in labour demand under
the EU 2016 Reference Scenario.

Recall that Figure 10 shows the direct and indirect employment effects
together that are induced by each source of electricity, which in the
EXIOBASE 3.6 structure corresponds to a sector (industry) — see note at the
end of Section 4.4.

4.6 Employment effects by country

The Stanford WWS Scenario would trigger massive labour demand in most
EU27+UK countries, rising sharply at the beginning of the transition and
peaking around 2030 followed by either a slight decline or a steady state
continuation. The major ‘winners’ by 2050 would be Hungary and Cyprus
(over eleven and ten times more jobs in electricity sectors than in 2015),
followed by Latvia (over seven times), Lithuania (a little more than four times)
and Belgium (approximately three times as many). Only one country would
lose jobs related to the electricity sectors by 2050 (-10 per cent in Romania).

The EU 2016 Reference Scenario shows that 15 countries would end up as
net gainers and 13 as net losers. The biggest increase is expected in Slovenia
(almost 1.5 times higherlabour demand in electricity sectors by 2050 compared
to 2015, with values 2.5 times higher by 2040) followed by Luxembourg
(1.7 times higher by 2050) and Malta (1.6 times higher by 2050). Following
these countries are Hungary (an increase of 56 per cent), Italy (32 per cent)
and Slovakia (31 per cent). In contrast Lithuania, Estonia, Finland and Greece
are expected to lose most jobs related to electricity — all over 50 per cent by
2050.

The projections in the case of the Stanford WWS Scenario show the
largest increases in countries where: 1) there are currently relatively low
levels of WWS deployment (i.e. the current mix relies on either fossil fuels
or bioenergy); and 2) sources with relatively higher employment factors
(compared to the 2015 mix of electricity sources) are expected to take on the
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majority of electricity generation. For example, this would apply to Cyprus
with offshore wind and residential solar PV leading electricity production in
2050 (compared to petroleum and oil derivatives in 2015); to Hungary with
solar PV (both residential and utility), onshore wind and geothermal; and to
Latvia, again with solar PV (both categories) and wind (both onshore and
offshore). In general the major winners are usually also those countries with
the highest absolute expected increases in electricity generation which would
be triggered (perhaps mostly, but not exclusively) by growing demand from
other industries as given under the Stanford WWS Scenario. Since the results
show direct and indirect employment changes together, the increase may
also indicate the presence of parts of the supply chains in the production and
installation of WWS sources of electricity (but this is uncertain and cannot
reliably be asserted based on the results). Finally, the overall growth in
electricity-related jobs is also driven by the increase in electricity consumption
that the Stanford WWS Scenario assumes (see Section 3.2.4).

The figures from the EU 2016 Reference Scenario show two things in
particular. First, most of the employment gains would be generated by the
capital replacement of existing infrastructure which could be particularly
significant for nuclear power plants (in the cases of Slovenia and Hungary).
It is important to bear in mind that the Scenario does not foresee massive
infrastructure changes but rather models nearly status quo development. The
rest of the changes in labour demand thus depend on the changing mix of
electricity sources and their respective employment factors and the associated
supply chains — or their respective parts within EU27+UK countries. Total
electricity demand - and therefore electricity generation - is also much lower
in the EU 2016 Reference Scenario than in the Stanford WWS Scenario (again,
see Section 3.2.4 for a discussion of the differences between the scenarios).
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5. Discussion

5.1 'Nowcasting’' comparison of the projections with
current developments (2020 situation)

The scenarios incorporated in the model take 2015 as the baseline (mainly due
to the time lag in reporting the relevant data), while the values for 2020 and
beyond are already subject to projections. Consequently we start our discussion
by comparing the projected values of electricity generation and installed
capacity by source for the EU27+UK with the actual values and developments
up to 2019, as reported by Eurostat (2021d, 2021¢, 2021a, 2021b) and from
ENTSO-E (2021) and Kendziorski et al. (2020), supplemented by other
sources mentioned in Section 3.2.3.” We do not compare actual employment
figures by electricity sector because data at such a level of comparative detail
are not yet available (Eurostat only provides aggregate data for NACE Rev. 2
sector “Electricity, gas, steam and hot water supply” and a significant amount
of detailed data at country level is missing). Figures 12 and 13 summarise
developments up to 2019 and compare these with the values for 2020 in the
two scenarios.

The out-turns generally correspond better to the EU 2016 Reference Scenario.
However, there are a few exceptions. Coal’s share of electricity generation is
significantly lower than projected (467305 GWhin 2019, according to Eurostat
data, compared to767 262 GWh as assumed in the EU 2016 Reference Scenario)
while the share of gas has increased more than the Scenario assumed (696 719
GWh in 2019, according to Eurostat data, compared to 580 998 in 2020 as
assumed in the Scenario). As far as the evolution of electricity generation
is concerned, the other sources seem to correspond fairly well to the actual
evolution (see Figure 12). The trends described above for coal and gas are
also matched by trends in new installed and replaced annual capacity (i.e.
not total installed capacity but the annual additions) — see Figure 13 — where
the figures for both coal and gas follow the same trend (i.e. coal declining
and gas increasing) up to 2019. In fact the share of installed capacity of gas
plants is higher than expected in the scenarios. This indicates a trend of a
shift from coal to gas in electricity generation. The graph of annual installed
and replaced capacity also shows that PV (both utility and residential) is on a
much stronger upswing than assumed in the EU 2016 Reference Scenario but
still much lower than in the Stanford WWS Scenario.

17. 2019 is the latest available year with complete data from the respective Eurostat databases.
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Figure 12 Electricity generation by source: comparison of the 2020 projections for each scenario
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supplementary sources

So far, EU27+UK countries seem to be stalling when it comes to embarking on
a massive transformation of the electricity sector towards a post-carbon one.
The increasing installations of solar photovoltaics offer some promise in this
respect, as does the apparent decline in coal-fired power generation (although
it is unclear how this trend will be affected by the currently rocketing gas
prices). It is not yet possible to assess the impact on employment changes due
to the lack of sufficiently detailed recent data.
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Figure 13 Yearly new installed and replaced capacity by source; comparison of the 2020 projections
under each scenario
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5.2 Policy implications

Given the main objectives of the analysis, i.e. to contribute to the debate on
the skills required by a bold post-carbon transformation (here focusing on the
electricity sector) in the EU27+UK, we suggest that policy-makers consider
the following.

First, jobs related to the construction of new infrastructures (gross fixed
capital formation) tend to be temporary and are created in sectors other than
those involved in O&M supply chains. The Stanford WWS Scenario clearly
divides the transition into two phases with the first characterised by massive
capital investments and an associated employment ‘wave’. This trend is
consistent with the 80 per cent conversion to wind, water and solar energy
by 2030 assumed by the Scenario, i.e. much faster changes in the electricity
mix at the beginning than during the rest of the analysed period. At the same
time, the trend followed by the EU 2016 Reference Scenario (of a declining
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demand for labour between 2015 and 2030 followed by a moderate increase)
is likely to be a result of the lack of new infrastructure investments. Overall,
the employment associated with GFCF tends to fluctuate more while O&M
employment depends on the employment factors of each electricity source
and is thus more or less stable (depending on the energy mix). This is also
reflected in the sectoral results: the ‘winners’ and ‘losers’ depend largely
on whether labour demand for each respective year is dominated by GFCF
or O&M. This is, in particular, the case under the Stanford WWS Scenario
where typically industries with a strong link to capital formation (most
significantly illustrated by construction and the manufacture of machinery
and equipment n.e.c.) appear as the main ‘winners’ in the first phase only to
drop back by 2050. In both scenarios, the main ‘winners’ are those electricity
sectors with the largest representation in the energy mix. As a result, the
overall effects in the long run depend rather on O&M employment factors
whereas the massive labour demand wave related to capital investments
creates relatively more, but only temporary, jobs. These findings are in
accordance with Montt et al. (2018: 545) who conclude that (by 2030) ‘[t]he
positive effect on employment is driven in particular by an increase in jobs
related to the manufactured capital of renewable energy technologies, and is
visible through growth in employment in the construction, manufacturing
and renewables sectors’.

Second, the difference between the two transition phases and O&M vs. GFCF
jobs also has implications for educational policies and vocational training.
Each of these sectors has a different structure of skills requirements, so the
first issue is that timing needs to be taken into account. Additionally the
biggest growth in labour demand is expected in high- and medium- skilled
categories, suggesting that renewable energy sources generally require a
more specialised workforce. Such findings are in accordance with Consoli et
al. (2016) who state that green jobs are, in general, more intensive in terms
of high-skilled labour. They are also in line with the projections presented
in the JRC report: ‘Different skill levels will benefit from different stages
of the greening process. Initially higher-skilled roles are favoured (e.g. in
technology research). As the green economy develops, demand will increase
also for lower skilled labour’ (Czako 2020: 37). Our analysis does not provide
detailed results by O&M vs. GFCF jobs together with skill level so we cannot
conclude from the data whether later phases of the transition may also require
increased numbers of medium- to low-skilled workers, as the JRC report
argues. This is an important topic for further research.

Supporting education and vocational training in related fields will be
necessary in order to ensure that the transition is not held back by a shortage
of sufficiently skilled labour. In other words, even though the Stanford WWS
Scenario indicates much higher labour demand, whether labour materialises
also depends on whether people with the required skills are available. So far,
skills shortages seem to be a problem in areas other than the EU27+UK (Lucas
et al. 2018) but are mentioned as a possible bottleneck in media publishing on
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the topic of the renewable energy transition.® However, this can change quickly
if the transition is accelerated and curricula are not adapted in advance (or are
not already being adapted) as training of sufficient quality also takes time. In
this respect, science, technology, engineering and mathematics (STEM) skills
are ‘generally in high demand in the energy sector, and in the clean energy
transition’ (Czako 2020: 38). Among them, digital and computer knowledge,
in particular, are not exclusively a requirement of high- and medium-skilled
occupations (Czako 2020: 38) and it is clear that skill shortages of this type
may also happen in supporting non-technical jobs as shown by Nasirov et al.
(2021: 10) using the example of Chile: ‘skill shortages were identified in non-
technical occupations, such as legal advisors, sales specialists, inspectors, and
economists, which are all critical for RE development’. This again corresponds
to the JRC report which suggests that ‘[a] simultaneous shift in demand
towards more multidisciplinary knowledge is also likely in the context of new
business models and societal initiatives, including social enterprises’ (Czako
2020: 37).

Third, the impacts on employment in industries other than electricity
(especially service sectors) depend to a large extent on supply chains and the
structure of international trade links. If no targeted measures are taken to
change supply chains, the analysis suggests two impacts in particular for the
EU27+UK region: a decline in the computer and related activities sector in
the long term and an increase in wholesale and retail trade (see Figures 7,
8 and 9) both in the long and in the short term. These results may sound
somewhat counter-intuitive as the usual assumption is that RES uptake is
mutually reinforcing — or at least not mutually exclusive — with digitalisation
(see Section 2.3). However, they may simply suggest that key parts of digital
business related to renewables (unrelated to the capital investment behind
the employment boom in this sector in the first phase) are allocated outside
the EU27+UK while domestic wholesale and retail may also serve as an
intermediary.

In summary, to avoid an imbalance between the skills on offer and those
needed in the context of the renewable energy transition (specifically in
electricity sectors), we propose up-skilling and re-skilling programmes not
only in the renewable electricity generation sector, but also in other sectors
that are linked to their supply chains to ensure that the transition to the post-
carbon economy is not compromised.

18. Examples include:
https://energymonitor.ai/policy/just-transition/investment-in-skills-is-key-to-realising-
the-clean-energy-transition
https://energymonitor.ai/policy/just-transition/why-equipping-workers-is-key-to-the-
energy-transition
https://www.taylorhopkinson.com/wp-content/uploads/Skills-shortage-Report-Taylor-
Hopkinson.pdf
https://www.euractiv.com/section/energy/news/skilled-workers-shortage-could-stall-
germanys-progress-on-climate-targets/
https://www.switchtogreen.eu/the-green-employment-initiative/
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Policies aimed at creating green jobs in the renewable energy sector should also
take into account the growing controversy over continued economic growth
and its climate impacts (see e.g. Hickel and Kallis 2020; Parrique et al. 2019).
This would decouple the ‘double dividend’ of employment and GDP growth
associated with renewable energy deployment which is usually, often even
implicitly, assumed to be a desirable goal. While the large-scale investments
needed to facilitate the transition and related infrastructure changes are
perhaps likely to lead to further GDP growth, it is important to rethink the
usual way these jobs are created to avoid further reinforcing the growth spiral
(an outline of how to do this is provided, for example, by Hickel 2020) and
also take into account some of the constraints that renewable energy-based
job growth may actually pose to economic growth (see e.g. Kallis 2017).

5.3 Limitations

Most of the limitations result from the static nature of the IO model. However,
it should be noted that the whole model is built more as a skeleton for
integrating various kinds of external assumptions, of which we model only
selected ones that describe the chosen scenarios (see our Introduction in
Section 1). As such, the model allows us theoretically to include a number of
other factors or variables.

First, the model works with constant returns to scale. Regarding for example
labour intensity (Where economies of scale may occur in the future, especially
for technologies that are not yet widely in use such as electricity production
from solar thermal or tidal and wave energy), such an assumption may lead to
a certain overestimation of the job effects.

Second, we work with the assumption of fixed production technologies since
this is an uncertain factor in the long run. Accounting for changes in technical
coefficients would especially affect the indirect job effects because of the
upstream linkages of electricity sectors with regard both to capital formation
and to the requirements of intermediate inputs. Furthermore, factors such
as changing legislation (RES support, etc.) can also be included in the model
through different assumptions regarding production technology (specifically,
for example, taxes or subsidies, or the total cost of electricity).

Third, as already mentioned, we do not model any changes in the proportions
of different skill levels and gender nor changes in the trade structure and
thus the geographical distribution of employment effects for any electricity
sector. Whereas skill level proportions may, in general, be more ‘predictable’
by assuming certain learning curves for the modelled technologies, the other
two items remain largely in the domains of political and economic choices.
This is particularly relevant for international trade flows: if the EU decided
to allocate more renewable energy production internally, the demand for
labour in indirectly related sectors (see e.g. Figure 9) would grow much more
domestically and might not create as much demand for labour abroad (see
Figure 5). In considering the resulting employment effects, international
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trade linkages and associated geographical origin of employment play an
important role. For example, if we have electricity sources that are mostly
linked to domestic production (i.e. within the EU27+UK, in this case) and
therefore domestic jobs, they are perhaps a convenient tool to foster domestic
employment where this is the policy goal. Since we do not model any such
fluctuations, the results should be understood again in the sense rather of
what would happen if the current supply chains related to the electricity
sectors in the EU27+UK remained unchanged.

Fourth, the inclusion of changes in electricity demand would allow for a more
nuanced assessment to be modelled. However, this is beyond the scope of our
analysis as this focuses solely on the production side (electricity supply) and
does not track downstream flows (i.e. which sectors consume the supply of
electricity).

Apart from these limitations of the IO framework, the model does not account
for decommissioning jobs that could be particularly relevant for nuclear power
(see e.g. Ram et al. 2020). Jobs related to decommissioning would probably
arise in similar sectors as jobs related to capital formation (and would be
very likely to accompany them in a similar phase of the transition), thereby
giving a further boost to temporary employment linked to the restructuring
of the electricity infrastructure. Furthermore, we do not take into account
investments in storage and transmission systems that would certainly have to
be accommodated in the case of a 100 per cent renewable energy transition.
This would be likely to result in investments in the sectors referred to in
EXIOBASE 3.6 as transmission of electricity and the distribution and trade
of electricity and might be also implicitly present through the supply chains of
capital investments in electricity sectors. This would further boost jobs related
to the capital formation-dominated phase of the transition (assumingly until
2030-35 when the capital investments-intensive phase is assumed in the
Stanford WWS Scenario to have concluded). However, both these factors
could, at a later stage, be included within the input-output framework we
present here.
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6. Key conclusions

In a transition to 100 per cent renewable energy, the demand for labour in
European electricity sectors could increase significantly. All except two of
the investigated European countries would end up as net gainers in terms of
jobs. This would be the case even in the absence of targeted policy measures
aiming to shape the structure of the production supply chains related to
renewable energy sources in favour of domestic production (i.e. even if their
current structure is maintained). This qualifies renewable energy as a suitable
instrument to support domestic job creation within the EU27+UK.

The most significant gains would materialise in the electricity sector together
with retail and wholesale trade and the construction and manufacturing
sectors. However, the surging employment effects in construction and
manufacturing, for all their significance, would only be temporary and, after
2035, labour demand in these sectors would decline significantly. Given the
different distribution of labour demand at sector level, we suggest that the
two phases of the transition should be treated separately. The first phase is
characteristic of high capital investments where it is crucial to ensure an
adequate labour supply in construction and manufacturing. In the second
phase, the overall ‘new’ demand for labour is driven more by the operation
and maintenance activities of the respective electricity sectors. This will
particularly affect the electricity sectors themselves and their upstream
suppliers.

Furthermore, if the current structure of the skills required in each of the
modelled electricity sectors is maintained, the transition will result in
increased demand for high- and medium-skilled labour. We therefore suggest
that greater attention be paid to related training and retraining activities
in order to ensure an adequate labour supply for those sectors that will
benefit most from the transition. At the same time, the skills and abilities of
employees in declining industries should be taken into account. Ideally, the
arising imbalances on the labour market, with an excess labour force in some
sectors and a situation of additional demand in others, should be prevented
or absorbed by appropriate measures in order to minimise the negative
social impacts of restructuring the electricity sector towards 100 per cent
renewables. The detailed results of this study, indicating which sectors could
benefit or lose in which phase of the transition, possibly supplemented by an
assessment of the skills and preferences of workers from the sectors at risk,
can help to develop appropriate policy strategies for this purpose.
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8. Supplementary materials

8.1 Input-output analysis - derivation of the Leontief
matrix

To construct the so-called total requirements matrix to find a unique solution

to the set of n linear equations in the n unknowns from x;,x,,...x, we have

first to define identity matrix I with 1s on the main diagonal and zeros in all

other places:

Equation 13

The Leontief matrix is then constructed as:

Equation 14

(1-ay;) . —Qin
(1 _ A) — : . : ]

—an v (T—aum)

Which means, in the nxn matrix representation, combined with Eq. 4 in
Section 3.1:

Equation 15

I-Ax=f

The unique solution to the set of equations can be found if (I—4)™ exists, i.e.
whether (I—A) # 0. (I-A)™ is called the Leontief inverse (L). The calculation
of L is as follows:

Equation 16

L=(-A4)"

Finally, output x can be denoted as:
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Equation 17

x=-A)'f = Lf

8.2 GFCF data operations
8.2.1 Construction of the detailed GFCF columns

To assemble the respective k, columns for each modelled electricity sector [,
we first calculate the difference in total installed capacity between individual
years. Since installed capacity is given in the scenarios for every five years, we
assume that the relevant capital investments will be evenly distributed over
each five-year period.

Equation 18

Ct—C(t—
Act =%forAcf >0

Act indicates how much capacity needs to be installed in the five-year period
before t so that the given source can cover the required electricity production
according to the modelled scenario. We convert these numbers (given in
MW) into millions of 2015 Euros by multiplying them by the costs of installed
capacity for each source of electricity and country (denoting them as p{ as for
the price in the given year) given in million Euros per MW (see the datasheet
available as supplementary information®). With this, we obtain the GFCF k!
for each modelled sector [ in each given year t:

Equation 19

i = pf + acf

Then we use the concordance matrix (see Table 4) to distribute klt to the 165
sectors of the model, resulting in t matrices with the dimension 165xl, i.e.
not distinguishing country of origin. We spread the values for each of the 165
sectors to the originating countries according to each country’s share in the
supply of the respective sector to GFCF in the original data of EXIOBASE (from
the F matrix). For example, assume that the wind power sector in country A
has a total investment of 10 million Euros into the outputs of the construction
sector and that the original GFCF column in EXIOBASE shows that countries
A, B, and C contribute 50 per cent, 30 per cent and 20 per cent respectively
to country A’s GFCF in construction services. The 10 million Euros will thus
be split between these countries accordingly, i.e. 5, 3 and 2 million Euros will
be attributed to the construction sectors of countries A, B and C respectively.
This yields the detailed GFCF columns k!, that allow an analysis of the GFCF-
related employment effects, as explained in Section 3.3.5.

19. GFCF.xlsx
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Table 4

Source
Coal

Gas

Nuclear

Hydro

Employment effects of the renewable energy transition in the electricity sector. An input-output approach

Concordance matrix matching the capex breakdown for each electricity generation technology
according to the ETRI 2014 report with the EXIOBASE 3.6 industries

Category EXIOBASE 3.6 industry Share
Civil and structural costs Construction (45) 11.0%
Mechanical equipment supply and Manufacture of machinery and equipment n.e.c. (29) 40.0%
installation costs
Electrical and 1&C supply and installation  Manufacture of electrical machinery and apparatus n.e.c. (31) 6.0%
Project indirect costs Financial intermediation, except insurance and pension funding (65) 6.5%
Activities auxiliary to financial intermediation (67) 6.5%
Computer and related activities (72) 6.5%
Other business activities (74) 6.5%
Owner's costs Construction (45) 4.3%
Insurance and pension funding, except compulsory social security (66) 4.3%
Real estate activities (70) 4.3%
Computer and related activities (72) 4.3%
Civil and structural costs Construction (45) 4.0%
Mechanical equipment supply and Manufacture of machinery and equipment n.e.c. (29) 46.0%
installation costs
Electrical and I&C supply and installation = Manufacture of electrical machinery and apparatus n.e.c. (31) 6.0%
Project indirect costs Financial intermediation, except insurance and pension funding (65) 7.5%
Activities auxiliary to financial intermediation (67) 7.5%
Computer and related activities (72) 7.5%
Other business activities (74) 7.5%
Owner's costs Construction (45) 3.5%
Insurance and pension funding, except compulsory social security (66) 3.5%
Real estate activities (70) 3.5%
Computer and related activities (72) 3.5%
Civil and structural costs Construction (45) 15.0%
Mechanical equipment supply and Manufacture of machinery and equipment n.e.c. (29) 28.0%
installation costs
Electrical and 1&C supply and installation ~ Manufacture of electrical machinery and apparatus n.e.c. (31) 5.0%
Project indirect costs Financial intermediation, except insurance and pension funding (65) 8.5%
Activities auxiliary to financial intermediation (67) 8.5%
Computer and related activities (72) 8.5%
Other business activities (74) 8.5%
Owner's costs Construction (45) 4.5%
Insurance and pension funding, except compulsory social security (66) 4.5%
Real estate activities (70) 4.5%
Computer and related activities (72) 4.5%
Civil and structural costs Construction (45) 30.0%
Mechanical equipment supply and Manufacture of machinery and equipment n.e.c. (29) 33.0%
installation costs
Electrical and I&C supply and installation ~ Manufacture of electrical machinery and apparatus n.e.c. (31) 4.0%
Project indirect costs Financial intermediation, except insurance and pension funding (65) 2.3%
Activities auxiliary to financial intermediation (67) 2.3%
Computer and related activities (72) 2.3%
Other business activities (74) 2.3%
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Category EXIOBASE 3.6 industry Share
Owner's costs Construction (45) 6.0%
Insurance and pension funding, except compulsory social security (66) 6.0%
Real estate activities (70) 6.0%
Computer and related activities (72) 6.0%
Civil and structural costs Construction (45) 12.0%
Mechanical equipment supply and Manufacture of machinery and equipment n.e.c. (29) 65.0%
installation costs
Electrical and I&C supply and installation  Manufacture of electrical machinery and apparatus n.e.c. (31) 15.0%
Project indirect costs Financial intermediation, except insurance and pension funding (65) 1.3%
Activities auxiliary to financial intermediation (67) 1.3%
Computer and related activities (72) 1.3%
Other business activities (74) 1.3%
Insurance and pension funding, except compulsory social security (66) 1.3%
Real estate activities (70) 1.3%
Civil and structural costs Construction (45) 18.0%
Mechanical equipment supply and Manufacture of machinery and equipment n.e.c. (29) 51.0%
installation costs
Electrical and I&C supply and installation = Manufacture of electrical machinery and apparatus n.e.c. (31) 9.0%
Project indirect costs Financial intermediation, except insurance and pension funding (65) 4.4%
Activities auxiliary to financial intermediation (67) 4.4%
Computer and related activities (72) 4.4%
Other business activities (74) 4.4%
Insurance and pension funding, except compulsory social security (66) 4.4%
Civil and structural costs Construction (45) 3.0%
Mechanical equipment supply and Manufacture of machinery and equipment n.e.c. (29) 46.0%
installation costs
Electrical and 1&C supply and installation ~ Manufacture of electrical machinery and apparatus n.e.c. (31) 9.0%
Project indirect costs Financial intermediation, except insurance and pension funding (65) 6.0%
Activities auxiliary to financial intermediation (67) 6.0%
Computer and related activities (72) 6.0%
Other business activities (74) 6.0%
Owner's costs Construction (45) 4.5%
Insurance and pension funding, except compulsory social security (66) 4.5%
Real estate activities (70) 4.5%
Computer and related activities (72) 4.5%
Civil and structural costs Construction (45) 16.0%
Mechanical equipment supply and Manufacture of machinery and equipment n.e.c. (29) 63.0%
installation costs
Electrical and 1&C supply and installation ~ Manufacture of electrical machinery and apparatus n.e.c. (31) 8.0%
Project indirect costs Financial intermediation, except insurance and pension funding (65) 1.0%
Activities auxiliary to financial intermediation (67) 1.0%
Computer and related activities (72) 1.0%
Other business activities (74) 1.0%
Owner's costs Construction (45) 2.3%
Insurance and pension funding, except compulsory social security (66) 2.3%
Real estate activities (70) 2.3%
Computer and related activities (72) 2.3%
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Utility solar
PV

Residential
solar PV

Solar
thermal
(CSP)

Tide, wave,
ocean
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Category EXIOBASE 3.6 industry Share
Civil and structural costs Construction (45) 17.0%
Mechanical equipment supply and Manufacture of machinery and equipment n.e.c. (29) 45.0%
installation costs
Electrical and 1&C supply and installation ~ Manufacture of electrical machinery and apparatus n.e.c. (31) 10.0%
Project indirect costs Financial intermediation, except insurance and pension funding (65) 4.5%
Activities auxiliary to financial intermediation (67) 4.5%
Computer and related activities (72) 4.5%
Other business activities (74) 4.5%
Owner's costs Construction (45) 2.5%
Insurance and pension funding, except compulsory social security (66) 2.5%
Real estate activities (70) 2.5%
Computer and related activities (72) 2.5%
Civil and structural costs Construction (45) 17.0%
Mechanical equipment supply and Manufacture of machinery and equipment n.e.c. (29) 45.0%
installation costs
Electrical and I&C supply and installation ~ Manufacture of electrical machinery and apparatus n.e.c. (31) 10.0%
Project indirect costs Financial intermediation, except insurance and pension funding (65) 4.5%
Activities auxiliary to financial intermediation (67) 4.5%
Computer and related activities (72) 4.5%
Other business activities (74) 4.5%
Owner's costs Construction (45) 3.3%
Insurance and pension funding, except compulsory social security (66) 3.3%
Computer and related activities (72) 3.3%
Civil and structural costs Construction (45) 58.0%
Mechanical equipment supply and Manufacture of machinery and equipment n.e.c. (29) 8.0%
installation costs
Electrical and 1&C supply and installation ~ Manufacture of electrical machinery and apparatus n.e.c. (31) 8.0%
Project indirect costs Financial intermediation, except insurance and pension funding (65) 4.0%
Activities auxiliary to financial intermediation (67) 4.0%
Computer and related activities (72) 4.0%
Other business activities (74) 4.0%
Owner's costs Construction (45) 2.5%
Insurance and pension funding, except compulsory social security (66) 2.5%
Real estate activities (70) 2.5%
Computer and related activities (72) 2.5%
Civil and structural costs Construction (45) 38.0%
Mechanical equipment supply and Manufacture of machinery and equipment n.e.c. (29) 42.0%
installation costs
Electrical and 1&C supply and installation ~ Manufacture of electrical machinery and apparatus n.e.c. (31) 8.0%
Project indirect costs Financial intermediation, except insurance and pension funding (65) 1.8%
Activities auxiliary to financial intermediation (67) 1.8%
Computer and related activities (72) 1.8%
Other business activities (74) 1.8%
Owner's costs Construction (45) 1.3%
Insurance and pension funding, except compulsory social security (66) 1.3%
Real estate activities (70) 1.3%
Computer and related activities (72) 1.3%
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Category EXIOBASE 3.6 industry Share
Civil and structural costs Construction (45) 5.0%
Mechanical equipment supply and Manufacture of machinery and equipment n.e.c. (29) 51.0%
installation costs
Electrical and I&C supply and installation ~ Manufacture of electrical machinery and apparatus n.e.c. (31) 7.0%
Project indirect costs Financial intermediation, except insurance and pension funding (65) 4.0%
Activities auxiliary to financial intermediation (67) 4.0%
Computer and related activities (72) 4.0%
Other business activities (74) 4.0%
Owner's costs Construction (45) 5.3%
Insurance and pension funding, except compulsory social security (66) 5.3%
Real estate activities (70) 5.3%
Computer and related activities (72) 5.3%

Source: Carlsson et al. (2014); own elaboration using NACE rev. 1 industry description
(Publications Office of the European Union 1996)

8.2.2 Installed capacity costs: country-to-country replacements

To replace the missing values of costs per MW of installed capacity we
used data from Germany for Austria, Belgium,?° Czech Republic, Denmark,
Luxembourg, Poland and Slovakia; data from Italy for Bulgaria, Cyprus,
Greece, Croatia, Malta and Slovenia; data from Sweden (onshore and
offshore wind) and from the United Kingdom (solar PV) for Estonia, Finland,
Lithuania and Latvia; data from Italy (onshore and offshore wind) and from
France (solar PV) for Hungary and Romania; data from the United Kingdom
for Ireland; data for Germany (onshore wind and solar PV) and from Belgium
(offshore wind) for the Netherlands; data for Spain for Portugal; and, finally,
data from the United Kingdom for Sweden. Furthermore, data from Greece
were used to replace values for coal in Cyprus; data from Finland were used
to replace values for coal in Estonia, Lithuania, Latvia and Sweden; data from
Belgium to replace values for coal in Luxembourg; and data from Italy for coal
in Malta.

8.3 Technical coefficients and employment intensities:
country-to-country replacements

We replaced the following missing columns of technical coefficients (part of A)
and/or employment intensity (part of M) in the electricity sectors accordingly:

— Austria: Nuclear - Czechia; Offshore wind - Germany; Solar thermal -
Spain; Tide, wave, ocean - France

— Belgium: Solar thermal - Spain; Tide, wave, ocean - France;
Geothermal - Austria

20. Except for offshore wind where country-specific data were available.
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—  Bulgaria: Offshore wind - Portugal; Solar thermal - Spain; Tide, wave,
ocean - France; Geothermal - Ttaly

—  Cyprus: Coal - Greece; Gas - Greece; Nuclear - Bulgaria; Hydro -
Greece; Offshore wind - Portugal; Solar thermal - Spain; Tide, wave,
ocean - France; Geothermal - Ttaly

—  Czechia: Offshore wind - Germany; Biomass and waste - Slovakia;*
Solar thermal - Spain; Tide, wave, ocean - France; Geothermal - Austria

—  Germany: Solar thermal - Spain; Tide, wave, ocean - France

—  Denmark: Nuclear - Sweden; Solar thermal - Spain; Tide, wave, ocean -
France; Geothermal - Austria

—  Estonia: Nuclear - Sweden; Offshore wind - Germany; Utility solar
PV - Sweden; Residential solar PV - Finland; Solar thermal - Spain; Tide,
wave, ocean - France; Geothermal - Austria

— Spain: Offshore wind - Portugal; Tide, wave, ocean - France;
Geothermal - Portugal

—  Finland: Utility solar PV - Sweden; Solar thermal - Spain; Tide, wave,
ocean - France; Geothermal - Austria

—  France: Offshore wind - Portugal; Solar thermal - Spain; Geothermal -
Italy

—  Greece: Nuclear - Bulgaria; Offshore wind - Portugal; Solar thermal -
Spain; Tide, wave, ocean - France; Geothermal - Italy

—  Croatia: Nuclear - Bulgaria; Offshore wind - Portugal; Utility solar
PV - Italy; Residential solar PV - Italy; Solar thermal - Spain; Tide, wave,
ocean - France; Geothermal - Ttaly

—  Hungary: Offshore wind - Germany; Solar thermal - Spain; Tide, wave,
ocean - France; Geothermal - Austria

— Ireland: Nuclear - United Kingdom; Offshore wind - United Kingdom,;
Utility solar PV - United Kingdom; Residential solar PV - United Kingdom;
Solar thermal - Spain; Tide, wave, ocean - France; Geothermal - Austria

—  Italy: Nuclear - France; Offshore wind - Portugal; Solar thermal - Spain;
Tide, wave, ocean - France

— Lithuania: Coal - Estonia; Nuclear - Sweden; Offshore wind - Germany;
Utility solar PV - Sweden; Residential solar PV - Finland; Solar thermal -
Spain; Tide, wave, ocean - France; Geothermal - Austria

— Luxembourg: Coal - Germany; Nuclear - Germany; Offshore wind -
Germany; Utility solar PV - Germany; Solar thermal - Spain; Tide, wave,
ocean - France; Geothermal - Austria

— Latvia: Nuclear - Sweden; Offshore wind - Germany; Petroleum and
oil - Estonia; Utility solar PV - Sweden; Residential solar PV - Finland;
Solar thermal - Spain; Tide, wave, ocean - France; Geothermal - Austria

—  Malta: Coal - Italy; Gas - Italy; Nuclear - France; Hydro - Italy; Onshore
wind - Italy; Offshore wind - Portugal; Utility solar PV - Italy; Residential
solar PV - Italy; Solar thermal - Spain; Tide, wave, ocean - France;
Geothermal - Ttaly

— Netherlands: Coal - Germany; Nuclear - Germany; Offshore
wind - Germany; Solar thermal - Spain; Tide, wave, ocean - France;
Geothermal - Austria

21. Employment intensity only.
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— Poland: Nuclear - Germany; Offshore wind - Germany; Utility solar
PV - Czechia; Residential solar PV - Czechia; Solar thermal - Spain;
Tide, wave, ocean - France; Geothermal - Austria

—  Portugal: Nuclear - Spain; Solar thermal - Spain; Tide, wave, ocean -
France

— Romania: Offshore wind - Portugal; Residential solar PV - Hungary;
Solar thermal - Spain; Tide, wave, ocean - France; Geothermal - Italy

—  Sweden: Solar thermal - Spain; Tide, wave, ocean - France; Geothermal -
Austria

—  Slovenia: Onshore wind - Italy; Offshore wind - Portugal; Residential
solar PV - Austria; Solar thermal - Spain; Tide, wave, ocean - France;
Geothermal - Ttaly

—  Slovakia: Offshore wind - Germany; Solar thermal - Spain; Tide, wave,
ocean - France; Geothermal - Austria

—  United Kingdom: Solar thermal - Spain; Tide, wave, ocean - France;
Geothermal - Austria

8.4 Detailed results
8.4.1 Tables

Table 5  Employment effects related to changes in the energy mix in electricity production in the
EU27+UK by operation and maintenance vs. capital formation (domestic vs. rest of the world)

Employment effects by operation and maintenance
vs. capital formation

Employment total - employed persons (000)

Scenario Origin Effect 2015 2020 2025 2030 2035 2040 2045 2050
Stanford Domestic (EU27+UK) o&M 1687.0 2477.2 3660.1 4843.0 51387 54345 55331 56316
Stanford Domestic (EU27+UK) GFCF 1942.3 40883 5951.7  6221.6 33156 33184 2666.8 2606.6
Stanford Rest of the world 0&M 1554.3 17479 20378 23277 2400.2 24726 2496.8 25209
Stanford Rest of the world GFCF 2275.7 5000.1 73504 77157 40982 41073 32944 32183
EU Reference Domestic (EU27+UK) 0o&M 1687.0 18479 19495 19875 2165.2 2364.8 2419.1 24572
EU Reference Domestic (EU27+UK) GFCF 1942.3 1403.0 1004.8 1099.6 892.8 1035.6 1170.6 1277.1
EU Reference Rest of the world o&M 1554.3  1602.3 16786 1672.0 1823.0 1994.8 19639 1909.3
EU Reference Rest of the world GFCF 22757 1880.7 1140.0 1223.8 9873 1195.2 1353.7 14913
Change in employment compared to 2015 (%)
Stanford Domestic (EU27+UK) 0&M 47% 117% 187%  205%  222%  228%  234%
Stanford Domestic (EU27+UK) GFCF 110% 206%  220% 71% 71% 37% 34%
Stanford Rest of the world o&Mm 12% 31% 50% 54% 59% 61% 62%
Stanford Rest of the world GFCF 120%  223%  239% 80% 80% 45% 41%
EU Reference Domestic (EU27+UK) o&M 10% 16% 18% 28% 40% 43% 46%
EU Reference Domestic (EU27+UK) GFCF -28% -48%  -43% -54% -47% -40% -34%
EU Reference Rest of the world 0&M 3% 8% 8% 17% 28% 26% 23%
EU Reference Rest of the world GFCF -17%  -50% -46% -57% -47% -41% -34%
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Table 6  Employment effects related to changes in the energy mix in electricity production
in the EU27+UK and abroad triggered by expenditure in the EU27+UK

Employment effects in the EU27+UK and abroad
triggered by expenditure in the EU27+UK

Employment total - employed persons (000)

Scenario Origin Region 2020 2025 2030 2035 2040 2045 2050
(destination)
Stanford Domestic (EU27+UK) | Africa 598.7 10326 1413.0 15251 10521 1068.6 964.4 959.5
Stanford Domestic (EU27+UK) | Asia 2211.8 4066.7 5751.2 61849 3958.6 40149 3520.2 3489.1
Stanford Domestic (EU27+UK)  Australia 1.3 19.4 273 30.1 214 219 20.0 20.0
Stanford Domestic (EU27+UK) ~ EU27+UK 36294 65654 9611.8 11064.6 84544 87529 8199.9 82382
Stanford Domestic (EU27+UK)  Latin America 146.9 243.2 3317 358.7 250.8 255.1 2313 2303
Stanford Domestic (EU27+UK) ~ Middle East 85.4 154.5 215.0 226.6 1389 140.0 1204 118.8
Stanford Domestic (EU27+UK) ~ North America 159.1 2481 3251 3384 2231 223.8 198.0 195.7
Stanford Domestic (EU27+UK) = Rest of Europe 616.9 9834 13248 13795 8534 855.7 736.9 725.9
EU Reference  Domestic (EU27+UK)  Africa 598.7 603.0 5172 5340 5444 6323 6629 6689
EU Reference = Domestic (EU27+UK)  Asia 2211.8 2035.0 1579.5 1628.8 1553.6 1761.3 1851.7 1911.7
EU Reference Domestic (EU27+UK) = Australia 11.3 10.0 8.9 9.2 9.2 10.2 10.5 10.7
EU Reference Domestic (EU27+UK) EU27+UK 3629.4 3250.9 2954.3 3087.0 3058.0 3400.3 3589.7 37342
EU Reference  Domestic (EU27+UK)  Latin America 146.9 127.9 1047 1046 1015 113.8 116.7 177
EU Reference  Domestic (EU27+UK)  Middle East 85.4 75.9 61.9 63.7 62.3 70.5 72.6 74.3
EU Reference | Domestic (EU27+UK) = North America 159.1 1440 109.2 109.7 1023 1070 109.6 112.3
EU Reference Domestic (EU27+UK) Rest of Europe 616.9 487.3 437.2 4458 436.9 4950 493.6 505.0
Change in employment compared to 2015 (%)
Stanford Domestic (EU27+UK)  Africa 72%  136% 155% 76% 78% 61% 60%
Stanford Domestic (EU27+UK) = Asia 84% 160%  180% 79% 82% 59% 58%
Stanford Domestic (EU27+UK) | Australia 72% 141%  166% 89% 94% 77% 77%
Stanford Domestic (EU27+UK) EU27+UK 81% 165%  205% 133% 141% 126% 127%
Stanford Domestic (EU27+UK) Latin America 66% 126%  144% 71% 74% 57% 57%
Stanford Domestic (EU27+UK) = Middle East 81% 152%  165% 63% 64% 41% 39%
Stanford Domestic (EU27+UK) ~ North America 56%  104% 113% 40% 41% 24% 23%
Stanford Domestic (EU27+UK)  Rest of Europe 59% 115% 124% 38% 39% 19% 18%
EU Reference Domestic (EU27+UK)  Africa 1% -14% -11% -9% 6% 11% 12%
EU Reference  Domestic (EU27+UK)  Asia -8% -29% -26% -30% -20% -16% -14%
EU Reference Domestic (EU27+UK)  Australia -12% 21% -19% -19% -10% 7% -6%
EU Reference Domestic (EU27+UK) | EU27+UK -10% -19% -15% -16% -6% -1% 3%
EU Reference Domestic (EU27+UK)  Latin America -13% -29% @ -29% -31% -23% 21% -20%
EU Reference Domestic (EU27+UK)  Middle East -11% -28% -25% -27% -17% -15% -13%
EU Reference Domestic (EU27+UK) ~ North America -9% -31% -31% -36% -33% -31% -29%
EU Reference Domestic (EU27+UK) = Rest of Europe 21% -29% 28% -29%  -20% -20% -18%
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Employment effects related to changes in the energy mix in electricity production
in the EU27+UK by skill level and gender (domestic)

Employment effects by skill level and gender

Scenario

Stanford
Stanford
Stanford
Stanford
Stanford
Stanford
EU Reference
EU Reference
EU Reference
EU Reference
EU Reference

EU Reference

Stanford
Stanford
Stanford
Stanford
Stanford
Stanford
EU Reference
EU Reference
EU Reference
EU Reference
EU Reference

EU Reference

Origin

Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)

Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)

72

Skill level and
gender

High-skilled male
Medium-skilled male
Low-skilled male
High-skilled female
Medium-skilled female
Low-skilled female
High-skilled male
Medium-skilled male
Low-skilled male
High-skilled female
Medium-skilled female

Low-skilled female

High-skilled male
Medium-skilled male
Low-skilled male
High-skilled female
Medium-skilled female
Low-skilled female
High-skilled male
Medium-skilled male
Low-skilled male
High-skilled female
Medium-skilled female

Low-skilled female
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2015

893.7
1311.8
173.0
4921
622.4
136.4
893.7
1311.8
173.0
492.1
622.4
136.4

Employment total - employed persons (000)

2020 2025 2030 2035 2040 2045
16456 24777 29397 2366.0 2466.9 23491
2503.8 36972 4256.6 32108 33233 31015

316.0 455.0 512.2 3734 3843 354.4

828.8 11964 13679 1046.0 10817 1013.2
10416 1460.8 16278 1198.7 12304 11374

229.7 3246 3605 2594 2662 2442

8085 7290 7686 7634 8547 9059
1193.9 10791 11242 11064 12278 1302.8

153.9 142.2 148.7 144.8 160.2 169.9

4196 3895 411.2 411.0 457.0 477.6

559.8 509.2 524.5 5234 5826 6109

115.1 105.4 109.8 109.0 1181 122.7

Change in employment compared to 2015 (%)
84% 177%  229% 165% 176% 163%
91% 182%  224% 145% 153% 136%
83% 163%  196% 116%  122%  105%
68%  143% 178% 113% 120% 106%
67%  135%  162% 93% 98% 83%
68% 138%  164% 90% 95% 79%

-10% -18% -14% -15% -4% 1%

9% -18% -14% -16% -6% -1%

-11% -18%  -14%  -16% 1% -2%

-15% -21% -16% -16% 1% -3%

-10% -18% -16% -16% -6% -2%

-16%  -23% -19%  -20% -13% -10%

2050

2368.5
3114.8
354.9
1017.6
1138.2
2442
947.3
1361.1
176.2
492.8
630.1
126.7

165%
137%
105%
107%
83%
79%
6%
4%
2%
0%
1%
7%



Table 8
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Employment effects related to changes in the energy mix in electricity production in the
EU27+UK by sector — the 10 sectors with the most significant increase vs. the 10 sectors
with the most significant decrease (domestic; sorted by 2050 values)

Employment effects by sector - the 10 sectors

with the most significant increase vs. the 10 sectors

with the most significant decrease (sorted by 2050 values)

Scenario
Stanford

Stanford

Stanford

Stanford

Stanford

Stanford

Stanford

Stanford

Stanford

Stanford

Stanford

Stanford

Stanford

Stanford

Stanford

Stanford

Stanford

Stanford

Stanford

Stanford

Destination
Domestic
(EU27+UK)

Domestic
(EU27+UK)

Domestic
(EU27+UK)

Domestic
(EU27+UK)

Domestic
(EU27+UK)

Domestic
(EU27+UK)

Domestic
(EU27+UK)

Domestic
(EU27+UK)

Domestic
(EU27+UK)

Domestic
(EU27+UK)

Domestic
(EU27+UK)

Domestic
(EU27+UK)

Domestic
(EU27+UK)

Domestic
(EU27+UK)

Domestic
(EU27+UK)

Domestic
(EU27+UK)

Domestic
(EU27+UK)

Domestic
(EU27+UK)

Domestic
(EU27+UK)

Domestic
(EU27+UK)

Sector

Production of electricity by residential
solar photovoltaic

Production of electricity by utility solar
photovoltaic

Production of electricity by onshore wind

Production of electricity by offshore wind

Retail trade, except motor vehicles and
motorcycles; repair of personal and
household goods (52)

Wholesale trade and commission trade,
except motor vehicles and motorcycles (51)

Production of electricity by solar thermal
Production of electricity by tide, wave,
ocean

Incineration of waste: metals and inert
materials

Real estate activities (70)

Supporting and auxiliary transport
activities; activities of travel agencies (63)

Manufacture of gas; distribution of gaseous
fuels through mains

Manufacture of fabricated metal products,
except machinery and equipment (28)

Manufacture of electrical machinery and
apparatus n.e.c. (31)

Activities auxiliary to financial
intermediation (67)

Production of electricity by nuclear
Construction (45)

Other business activities (74)

Computer and related activities (72)

Manufacture of machinery and equipment
n.e.c.(29)

370.7

3313

74.8

134.6

400.0

460.1

1371

-14.5

Change in employment compared to 2015
(employed persons, 000)

925.0

828.2

186.9

267.2

712.6

859.8

265.4

491

2121

156.1

356

328.1

-12.4

-15.4

-18.7

-21.0

-20.2

-36.4

2030
1479.3

1325.2

299.1

3236

762.2

925.2

309.5

78.6

2272

166.0

30.5

339.8

-19.8

-24.6

-30.3

3816

-33.2

-58.2

2035
1617.9

1449.4

3271

194.8

289.2

309.2

162.6

79.1

54.9

49.2

-21.6

-26.9

=37/

-36.8

-37.7

-63.6

2040
1756.5

1573.6

355.2

205.8

289.2

310.9

170.1

93.3

47.3

285

-29.2

-36.6

3919

-41.0

-69.1

2045
1802.7

1615.0

364.5

178.0

185.2

171.8

137.9

95.8

46.1

-18.3

-18.0

-24.1

-30.0

-37.6

-41.0

424

-70.9

WP 2021.14

1848.8

1656.5

373.8

178.6

176.5

158.5

1371

98.2

43.0

272

-19.7

-24.4

-24.7

-30.7

-38.6

-42.0

-43.5

-72.7

73
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Employment effects by sector — the 10 sectors with

the most significant increase vs. the 10 sectors with LR L A

(employed persons, 000)

the most significant decrease (sorted by 2050 values)

Scenario  Destination  Sector 2025 2030 2035 2040 2045

EU Domestic Production of electricity by residential 3707 9250 14793 16179 1756.5 1802.7 1848.8
Reference (EU27+UK)  solar photovoltaic

EU Domestic Production of electricity by onshore wind 331.3 8282 1325.2 14494 15736 16150 1656.5
Reference = (EU27+UK)

EU Domestic Production of electricity by biomass and 748 1869 2991 3271 3552 3645 3738
Reference (EU27+UK)  waste

EU Domestic Production of electricity by utility solar 1346 2672 3236 1948 2058 1780 1786
Reference = (EU27+UK) | photovoltaic

EU Domestic Production of electricity by gas 400.0 7126 7622 2892 2892 1852 176.5
Reference  (EU27+UK)

EU Domestic Production of electricity by solar thermal 460.1 859.8 9252 3092 3109 171.8 1585
Reference  (EU27+UK)

EU Domestic Forestry, logging and related service 1371 2654 3095 1626 1701 137.9 1371
Reference | (EU27+UK)  activities (02)

EU Domestic Manufacture of gas; distribution of gaseous 19.6 491 78.6 85.9 93.3 95.8 98.2
Reference  (EU27+UK)  fuels through mains

EU Domestic Supporting and auxiliary transport 116.4 2121 227.2 79.1 79.6 46.1 43.0
Reference  (EU27+UK)  activities; activities of travel agencies (63)

EU Domestic Production of electricity by offshore wind 86.0  156.1 166.0 549 54.8 297 27.2
Reference | (EU27+UK)

EU Domestic Wholesale trade and commission trade, -1.5 -3.8 -6.1 -6.7 7.3 7.4 -7.6
Reference = (EU27+UK) | except motor vehicles and motorcycles (51)

EU Domestic Mining of coal and lignite; extraction of -0.3 -1.3 -3.7 -6.9 -7.6 -8.4 -8.6
Reference  (EU27+UK)  peat (10)

EU Domestic Financial intermediation, except insurance 21.1 35.6 30.5 -14 -9.5 -18.3 -19.7
Reference  (EU27+UK)  and pension funding (65)

EU Domestic Manufacture of fabricated metal products, 156.5 328.1 339.8 49.2 47.3 -18.0 -24.4
Reference = (EU27+UK) | except machinery and equipment (28)

EU Domestic Manufacture of electrical machinery and -4.9 -12.4 -19.8, -21.6  -235 -24.1 -24.7
Reference  (EU27+UK) apparatus n.e.c. (31)

EU Domestic Activities auxiliary to financial -6.1 -15.4 246 -269  -29.2 -300 -30.7
Reference (EU27+UK)  intermediation (67)

EU Domestic Other business activities (74) -14 -18.7 -30.3 -33.7 -36.6 -37.6 -38.6
Reference @ (EU27+UK)

EU Domestic Construction (45) -84 -21.0 -33.6 -36.8 -39.9 -41.0 -42.0
Reference | (EU27+UK)

EU Domestic Computer and related activities (72) -7.8 -20.2 -33.2 -37.7 -41.0 -42.4 -43.5
Reference = (EU27+UK)

EU Domestic Manufacture of machinery and equipment -14.5 -36.4 -58.2 -63.6 -69.1 -70.9 -72.7
Reference | (EU27+UK) | n.e.c.(29)
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Table 9  Employment effects related to changes in the energy mix in electricity production

in the EU27+UK by electricity source (domestic vs. rest of the world)

Employment effects by electricity source Employment total - employed persons (000)

Scenario
Stanford
Stanford
Stanford
Stanford
Stanford
Stanford
Stanford

Stanford
Stanford
Stanford
Stanford
Stanford
Stanford
Stanford
Stanford
Stanford
Stanford
Stanford
Stanford
Stanford

Stanford
Stanford
Stanford
Stanford
Stanford
Stanford
EU Reference
EU Reference
EU Reference
EU Reference
EU Reference
EU Reference

EU Reference

EU Reference
EU Reference
EU Reference
EU Reference
EU Reference
EU Reference
EU Reference

EU Reference

Destination

Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)

Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Rest of the world
Rest of the world
Rest of the world
Rest of the world
Rest of the world
Rest of the world
Rest of the world

Rest of the world
Rest of the world
Rest of the world
Rest of the world
Rest of the world
Rest of the world
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)

Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Rest of the world

Rest of the world

Electricity source

Geothermal

Tide, wave, ocean
Solar thermal
Residential solar PV
Utility solar PV
Biomass and waste
Petroleum and other
oil derivatives
Offshore wind
Onshore wind
Hydro

Nuclear

Gas

Coal

Geothermal

Tide, wave, ocean
Solar thermal
Residential solar PV
Utility solar PV
Biomass and waste
Petroleum and other
oil derivatives
Offshore wind
Onshore wind
Hydro

Nuclear

Gas

Coal

Geothermal

Tide, wave, ocean
Solar thermal
Residential solar PV
Utility solar PV
Biomass and waste
Petroleum and other
oil derivatives
Offshore wind
Onshore wind
Hydro

Nuclear

Gas

Coal

Geothermal

Tide, wave, ocean

5.6
1.8
7.3
270.7
149.2
308.6
367.7

206.8
410.8
208.9
350.6
769.9
5715
7.9
1.4
35
210.7
163.1
414.6
480.3

2421
518.6
147.0
239.0
753.8
648.2
5.6
1.8
73
270.7
149.2
308.6
367.7

206.8
410.8
208.9
350.6
769.9
571.5

7.9

1.4

2020
12.8
124.3
63.2
1578.8
1076.1
112.3
84.7

849.9
1315.2
158.6
272.4
505.4
411.8
19.4
128.6
332
1174.0
1067.9
143.3
127.3

1124.8
1651.6
109.2
183.6
509.7
475.5
12.3
6.0
16.6
360.1
119.5
3288
62.6

125.9
484.4
186.4
349.7
7221
476.4
323
5.9

2025
18.8
204.6
98.7
2792.6
1974.0
69.4
52.9

1354.0
2138.3
166.5
168.7
BII519;
257.4
312
198.9
497
1896.6
1830.7
88.5
79.6

1755.5
2614.9
113.5
113.4
318.5
297.2
10.3
6.2
37.8
3443
101.5
215.1
118.1

45.5
409.1
166.2
343.8

770.1
386.3
30.5
5.3

2030
224
236.0
11.2
3569.8
2574.8
27.4
21.2

1497.3
2534.3
174.1
66.9
126.4
102.9
40.6
2121
53.0
21723
2224.6
35.0
31.8

1891.8
2973.6
117.4
44.8
127.4
118.9
104
9.1
48.4
368.6
113.7
229.7
117.0

46.8
4534
171.7
4394
754.5
3243

30.6

74

2035
18.6
156.6
736
29216
2248.7
17.0
13.2

885.7
1759.4
175.2
41.3
79.0
64.3
38.1
113.5
30.3
1379.1
1731.8
21.6
19.9

1038.2
1826.7
117.6
27.6
79.6
74.3
10.5
12.3
50.0
3491
99.9
243.1
100.6

39.2
J23)
173.6
392.2
990.9
243.5

30.8

9.3

2040
19.4
1475
76.5
3104.2
23973
6.7

5.3

916.0
1829.3
177.1
16.4
31.6
25.7
40.3
97.0
309
1436.0
1828.3
8.6
8.0

1064.6
1875.3
118.6
10.9
31.9
29.7
10.9
15.6
543
402.6
121.5
299.5
77.8

45.5
458.7
178.7
365.2

1191.8
178.1
31.6
10.6

2045
18.5
1379
69.2
2978.8
23364
33

2.6

782.6
1656.0
177.5
8.2
15.8
12.9
399
84.0
26.4
1264.4
17235
4.2
4.0

876.7
1613.1
118.8
5.4
158
14.9
104
17.2
40.2
547.8
154.5
3225
72.8

61.0
553.8
188.7
3575
1135.0
128.3
31.0

10.3

WP 2021.14

18.6
137.8
70.3
3026.6
2370.7
0.0

0.0

780.5
1655.4
178.2
0.0
0.0
0.0
40.5
819
26.7
1270.1
1736.9
0.0
0.0

868.8
1595.4
119.1
0.0
0.0
0.0
10.2
15.4
64.4
642.7
176.0
311.0
46.8

61.9
653.4
191.2

3385
1028.2
194.5
30.7
7.8
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Employment effects by electricity source

Scenario

Destination

Electricity source

Employment total - employed persons (000)

EU Reference
EU Reference
EU Reference
EU Reference

EU Reference

EU Reference
EU Reference
EU Reference
EU Reference
EU Reference

EU Reference

Stanford
Stanford
Stanford
Stanford
Stanford
Stanford
Stanford

Stanford
Stanford
Stanford
Stanford
Stanford
Stanford
Stanford
Stanford
Stanford
Stanford
Stanford
Stanford
Stanford

Stanford
Stanford
Stanford
Stanford
Stanford
Stanford
EU Reference
EU Reference
EU Reference
EU Reference
EU Reference

EU Reference

Rest of the world
Rest of the world
Rest of the world
Rest of the world
Rest of the world

Rest of the world
Rest of the world
Rest of the world
Rest of the world
Rest of the world
Rest of the world

Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)

Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Rest of the world
Rest of the world
Rest of the world
Rest of the world
Rest of the world
Rest of the world
Rest of the world

Rest of the world
Rest of the world
Rest of the world
Rest of the world
Rest of the world
Rest of the world
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)

76

Solar thermal
Residential solar PV
Utility solar PV
Biomass and waste
Petroleum and other
oil derivatives
Offshore wind
Onshore wind
Hydro

Nuclear

Gas

Coal

Geothermal

Tide, wave, ocean
Solar thermal
Residential solar PV
Utility solar PV
Biomass and waste
Petroleum and other
oil derivatives
Offshore wind
Onshore wind
Hydro

Nuclear

Gas

Coal

Geothermal

Tide, wave, ocean
Solar thermal
Residential solar PV
Utility solar PV
Biomass and waste
Petroleum and other
oil derivatives
Offshore wind
Onshore wind
Hydro

Nuclear

Gas

Coal

Geothermal

Tide, wave, ocean
Solar thermal
Residential solar PV
Utility solar PV

Biomass and waste

WP 2021.14

35
210.7
163.1
414.6

480.3

2421
518.6
147.0
239.0
753.8
648.2

2020 2025 2030 2035 2040 2045
8.8 204 254 252 26.5 17.8
257.2 1914 1845 1546 1909 2764
98.2 66.3 67.4 534 69.9 88.0
499.8 3044 3221 356.0 4378 4753
84.1 135.0 129.9 1004 81.8 75.4
202.7 68.2 66.1 56.4 65.3 86.1
679.3 449.3 4904 3486 4743 5804
126.0 113.6 117.0 119.5 123.2 130.8
259.1 2354 3158 266.0 2559 2502
708.1 790.2 800.1 1027.3 1239.0 1173.1
521.3 4086 3390 262.8 183.0 1227
Change in employment compared to 2015 (%)
128% 234%  298% 231%  244%  230%
6937% 11487% 13265% 8767% 8251%  7712%
770% @ 1259% 1431% 914%  954%  854%
483% 932% 1219% 979% 1047% 1001%
621% 1223% 1626% 1407% 1507% 1466%
-64%  -78%  -91% -95% -98% -99%
-77% -86% -94% -96% -99%  -99%
311% 555%  624% 328% 343% 278%
220% 421%  517% 328%  345%  303%
-24% -20% -17%  -16% -15% -15%
-22% -52% -81% -88% -95% -98%
-34%  -59% -84% -90% -96%  -98%
-28% -55% -82% -89% -95% -98%
146% 297%  417% 385%  412%  407%
9232% 14329% 15285% 8135% 6939% @ 5991%
853% 1329% 1422% 769%  789%  659%
457%  800%  931% 555% 582% 500%
555% 1023% 1264% 962% 1021%  957%
-65%  -79%  -92% -95% -98% -99%
-73% -83% -93% -96% -98% -99%
365% 625% 681% 329% 340%  262%
219%  404%  473% 252%  262% < 211%
-26% -23%  -20% -20% < -19% -19%
-23%  -53% -81% -88% -95% -98%
-32% -58% -83% -89% -96%  -98%
-27% -54% -82% -89%  -95%  -98%
119% 83% 85% 87% 94% 86%
241% 253%  414% 594%  786% < 873%
129% 421%  567% 589% 648% 453%
33% 27% 36% 29% 49%  102%
-20%  -32% -24% -33% -19% 4%
7% -30% -26% -21% -3% 4%

30.8
321.8
99.7
457.8
45.4

89.9
688.1
132.8
2404

1083.1
1723

231%
7706%

868%
1018%
1489%
-100%
-100%

277%
303%
-15%
-100%
-100%
-100%
415%
5841%
666%
503%
965%
-100%
-100%

259%
208%
-19%
-100%
-100%
-100%
81%
772%
787%
137%
18%
1%
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Employment effects by electricity source

Scenario

EU Reference

EU Reference
EU Reference
EU Reference
EU Reference
EU Reference
EU Reference
EU Reference
EU Reference
EU Reference
EU Reference
EU Reference
EU Reference

EU Reference

EU Reference
EU Reference
EU Reference
EU Reference
EU Reference

EU Reference

Destination
Domestic (EU27+UK)

Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Domestic (EU27+UK)
Rest of the world
Rest of the world
Rest of the world
Rest of the world
Rest of the world
Rest of the world
Rest of the world

Rest of the world
Rest of the world
Rest of the world
Rest of the world
Rest of the world
Rest of the world

Electricity source

Petroleum and other
oil derivatives
Offshore wind
Onshore wind
Hydro

Nuclear

Gas

Coal

Geothermal

Tide, wave, ocean
Solar thermal
Residential solar PV
Utility solar PV
Biomass and waste
Petroleum and other
oil derivatives
Offshore wind
Onshore wind
Hydro

Nuclear

Gas

Coal

Change in employment compared to 2015 (%)

2020
-83%

-39%
18%
-11%
0%
-6%
-17%
311%
331%
152%
22%
-40%
21%
-82%

-16%
31%
-14%
8%
-6%
-20%

2025
-68%

-78%
0%
-20%
-2%
0%
-32%
288%
288%
486%
-9%
-59%
-27%
-72%

-72%
-13%
-23%
-1%
5%
-37%

2030
-68%

-77%
10%
-18%
25%
-2%
-43%
289%
440%
629%
-12%
-59%
-22%
-73%

-73%
-5%
-20%
32%
6%
-48%

2035
-73%

-81%
-14%
-17%
12%
29%
-57%
291%
573%
623%
-27%
-67%
-14%
-79%

-77%
-33%
-19%
11%
36%
-59%

2040
-79%

-78%
12%
-14%
4%
55%
-69%
302%
666%
662%
-9%
-57%
6%
-83%

-73%
-9%
-16%
7%
64%
-72%

2045
-80%

-711%
35%
-10%
2%
47%
-78%
294%
647%
410%
31%
-46%
15%
-84%

-64%
12%
-11%
5%
56%
-81%

Table 10 Employment effects related to changes in the energy mix in electricity production in the

Scenario
Stanford
Stanford
Stanford
Stanford
Stanford
Stanford
Stanford
Stanford
Stanford
Stanford
Stanford
Stanford
Stanford
Stanford
Stanford
Stanford
Stanford
Stanford

Origin

Domestic
Domestic
Domestic
Domestic
Domestic
Domestic
Domestic
Domestic
Domestic
Domestic
Domestic
Domestic
Domestic
Domestic
Domestic
Domestic
Domestic

Domestic

Employment effects by country

Country
Austria
Belgium
Bulgaria
Croatia
Cyprus
Czechia
Denmark
Estonia
Finland
France
Germany
Greece
Hungary
Ireland
Italy
Latvia
Lithuania

Luxembourg

63.9
54.4
432
58.6
5.1
979
382
26.1
64.0
360.5
817.4
106.4
69.3
18.1
414.3
16.2
48.9
2.0

EU27+UK by country (domestic; relative increase/decrease compared to 2015 values

Employment total - employed persons (000)

2020
124.4
1271
142.5

66.0
19.8
205.3
54.0
304
874
686.6
13356
104.7
308.9
36.3
773.3
50.7
85.8
37

2025
186.5
198.1
2173
97.7
39.0
297.8
774
53.7
136.8
979.2
1935.2
152.5
586.1
58.4
1054.1
93.5
169.6
52

2030
2194
2413
2457
112.3
55.6
3347
87.1
72.3
162.0
1110.8
2188.4
172.6
811.0
72.8
1154.6
128.9
239.5
5.9

2035
172.9
202.7
164.5
84.8
54.9
2396
63.9
68.0
1233
839.9
1605.0
1255
771.8
62.1
839.0
1239
230.8
4.6

2040
180.1
212.8
170.0
88.0
589
246.7
65.6
72.5
128.8
866.0
1655.2
129.0
826.7
65.4
856.1
132.6
2478
4.8

WP 2021.14

2045
170.3
205.1
152.3
82.2
59.2
225.8
60.7
72.0
1205
808.6
1528.1
1191
8237
63.4
787.1
1324
2477
4.5

-87%

-70%
59%
-8%
-3%
34%

-66%

290%
465%

786%
53%

-39%
10%

-91%

-63%
33%
-10%
1%
44%
-73%

1714
207.3
152.3
82.6
60.5
225.8
60.7
73.3
1214
811.7
1530.2
1194
839.9
64.2
785.9
135.0
252.9
4.6

77
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Employment effects by country Employment total - employed persons (000)
Scenario Origin Country 2020 2025 2030 2035 2040 2045 2050
Stanford Domestic Malta 7.9 13.5 17.6 18.7 137 13.9 12.8 12.8
Stanford Domestic Netherlands 870 1822 266.6 3041 2294 2376 2217 2226
Stanford Domestic Poland 199.3 4194 5952 6456 4206 4287 3786 3765
Stanford Domestic Portugal 728 1183 1635 1824 1378 141.0 1317 1319
Stanford Domestic Romania 2047 2761 3484 3509 2194 2176~ 1876  184.2
Stanford Domestic Slovakia 531 98.2 1431 169.1 139.9 145.7 139.7 140.9
Stanford Domestic Slovenia 351 45.5 67.9 78.3 58.5 60.7 56.5 56.7
Stanford Domestic Spain 2543 4462 6104 6875 5425 5572 5267 5285
Stanford Domestic Sweden 714 1254 189.8 2236 175.1 1825 1723 1734
Stanford Domestic United Kingdom 339.1 598.1 8713 9898 7402 7609 7095 7117
EU Reference Domestic Austria 63.9 63.8 66.0 65.6 65.5 731 76.6 794
EU Reference Domestic Belgium 544 60.9 49.2 50.7 47.8 54.4 56.4 61.3
EU Reference Domestic Bulgaria 432 34.8 46.9 434 379 41.5 52.1 50.3
EU Reference Domestic Croatia 58.6 30.3 39.0 35.0 38.8 419 44.7 45.9
EU Reference = Domestic Cyprus 5.1 4.1 4.0 4.4 4.3 47 5.4 5.6
EU Reference Domestic Czechia 97.9 85.1 76.0 76.5 83.1 83.3 78.9 85.0
EU Reference Domestic Denmark 38.2 343 25.3 28.6 244 30.7 29.3 33.0
EU Reference Domestic Estonia 26.1 9.3 8.8 8.3 9.1 8.3 10.4 11.1
EU Reference Domestic Finland 64.0 39.7 28.1 29.8 28.0 326 334 30.5
EU Reference Domestic France 360.5 391.2 3266 3177 304.1 389.7  396.4 4344
EU Reference Domestic Germany 8174 673.5 5372 589.8 5554 5853 6320 683.0
EU Reference Domestic Greece 106.4 44.4 53.2 48.9 474 45.2 53.7 53.5
EU Reference Domestic Hungary 69.3 87.6 84.6 75.6 964 1007 1040 1078
EU Reference Domestic Ireland 18.1 15.7 13.6 13.9 14.0 15.2 16.2 17.0
EU Reference Domestic Italy 4143 4071 4034 4004 4050 4772 5574 5455
EU Reference Domestic Latvia 16.2 14.4 18.0 16.4 17.8 17.6 18.8 18.7
EU Reference Domestic Lithuania 48.9 11.9 14.3 37.3 15.4 15.7 16.9 19.0
EU Reference Domestic Luxembourg 2.0 2.0 2.0 2.2 2.5 3.0 35 34
EU Reference Domestic Malta 7.9 9.1 9.4 9.9 9.9 10.3 11.5 12.7
EU Reference Domestic Netherlands 87.0 1034 84.7 86.1 88.7 957 1002 106.8
EU Reference Domestic Poland 199.3 166.5 2179 2212 2534 2464 2429 2542
EU Reference Domestic Portugal 72.8 71.7 60.5 65.3 53.1 55.7 56.3 56.2
EU Reference Domestic Romania 204.7 1574 1484 1309 1345 1463 1564 166.9
EU Reference Domestic Slovakia 53.1 62.6 60.4 62.5 50.7 52.9 72.6 69.7
EU Reference Domestic Slovenia 35.1 223 29.2 59.6 87.9 124.0 95.4 87.5
EU Reference = Domestic Spain 2543 253.5 2672 2886  288.1 315.3 318.1 3337
EU Reference Domestic Sweden 714 51.0 50.0 51.8 52.8 64.9 57.7 61.7
EU Reference Domestic United Kingdom 3391 3434 2302 2667 2419 2686 2924 3005
Change in employment compared to 2015 (%)
Stanford Domestic Austria 95% 192%  243% 171% 182% 166%  168%
Stanford Domestic Belgium 133%  264% 343% 272% 291%  277% 281%
Stanford Domestic Bulgaria 230% | 403% @ 469% | 281% 294% | 252% = 252%
Stanford Domestic Croatia 13% 67% 92% 45% 50% 40% 41%
Stanford Domestic Cyprus 287%  662%  986% | 973%  1051% 1058% | 1082%
Stanford Domestic Czechia 110% | 204% | 242% 145% 152% 131% 131%
Stanford Domestic Denmark 41%  103%  128% 67% 72% 59% 59%
Stanford Domestic Estonia 16%  106% 177%  160% 178% 176% 181%
Stanford Domestic Finland 37% 114%  153% 93%  101% 88% 90%
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Employment effects by country

Scenario Origin Country
Stanford Domestic France
Stanford Domestic Germany
Stanford Domestic Greece
Stanford Domestic Hungary
Stanford Domestic Ireland
Stanford Domestic Italy
Stanford Domestic Latvia
Stanford Domestic Lithuania
Stanford Domestic Luxembourg
Stanford Domestic Malta
Stanford Domestic Netherlands
Stanford Domestic Poland
Stanford Domestic Portugal
Stanford Domestic Romania
Stanford Domestic Slovakia
Stanford Domestic Slovenia
Stanford Domestic Spain
Stanford Domestic Sweden
Stanford Domestic United Kingdom
EU Reference Domestic Austria

EU Reference Domestic Belgium

EU Reference = Domestic Bulgaria

EU Reference Domestic Croatia

EU Reference Domestic Cyprus

EU Reference Domestic Czechia

EU Reference Domestic Denmark
EU Reference Domestic Estonia

EU Reference Domestic Finland

EU Reference Domestic France

EU Reference Domestic Germany
EU Reference Domestic Greece

EU Reference Domestic Hungary

EU Reference Domestic Ireland

EU Reference Domestic Italy

EU Reference Domestic Latvia

EU Reference Domestic Lithuania
EU Reference Domestic Luxembourg
EU Reference Domestic Malta

EU Reference Domestic Netherlands
EU Reference Domestic Poland

EU Reference Domestic Portugal

EU Reference Domestic Romania

EU Reference Domestic Slovakia

EU Reference Domestic Slovenia

EU Reference Domestic Spain

EU Reference Domestic Sweden

EU Reference Domestic United Kingdom

Change in employment compared to 2015 (%)

2020
90%
63%

-2%

346%

100%
87%

214%
75%
86%
70%

109%

110%
63%
35%
85%
29%
75%
75%
76%

0%
12%

-20%

-48%

-19%

-13%

-10%

-65%

-38%

9%

-18%

-58%
26%

-13%

-2%
-1%
-76%

0%

14%

19%
-16%

-2%

-23%
18%

-37%

0%

-29%

1%

2025
172%
137%
43%
746%
223%
154%
478%
247%
164%
122%
206%
199%
125%
70%
170%
93%
140%
166%
157%
3%
-10%
9%
-33%
-21%
-22%
-34%
-66%
-56%
-9%
-34%
-50%
22%
-25%
-3%
11%
-71%
0%
18%
-3%
9%
-17%
-27%
14%
-17%
5%
-30%
-32%

2030
208%
168%
62%
1070%
302%
179%
697%
389%
200%
136%
250%
224%
151%
71%
219%
123%
170%
213%
192%
3%
7%
1%
-40%
-14%
-22%
-25%
-68%
-53%
-12%
-28%
-54%
9%
-23%
-3%
2%
-24%
10%
24%
-1%
1%
-10%
-36%
18%
70%
13%
-28%
-21%

2035
133%
96%
18%
1014%
243%
102%
667%
371%
136%
72%
164%
111%
89%
7%
164%
66%
113%
145%
118%
2%
-12%
-12%
-34%
-15%
-15%
-36%
-65%
-56%
-16%
-32%
-55%
39%
-23%
-2%
10%
-69%
28%
25%
2%
27%
-27%
-34%
-4%
150%
13%
-26%
-29%

2040
140%
102%
21%
1093%
262%
107%
720%
406%
144%
75%
173%
115%
94%
6%
175%
73%
119%
155%
124%
14%
0%
-4%
-28%
-8%
-15%
-20%
-68%
-49%
8%
-28%
-57%
45%
-16%
15%
9%
-68%
54%
30%
10%
24%
-24%
-29%
0%
253%
24%
-9%
-21%

2045
124%
87%
12%
1089%
250%
90%
719%
406%
130%
61%
155%
90%
81%
-8%
163%
61%
107%
141%
109%
20%
4%
21%
-24%
6%
-19%
-23%
-60%
-48%
10%
-23%
-50%
50%
-10%
35%
16%
-66%
78%
45%
15%
22%
-23%
-24%
37%
172%
25%
-19%
-14%

125%
87%
12%

1112%

255%
90%

735%

417%

131%
61%

156%
89%
81%

-10%

165%
61%

108%

143%

110%
24%
13%
17%

-22%
10%

-13%

-14%

-58%

-52%
20%

-16%

-50%
56%
-6%
32%
16%

-61%
71%
60%
23%
28%

-23%

-18%
31%

149%
31%

-14%

-1%

Source: EXIOBASE 3.6, Stanford WWS Scenario, EU 2016 Reference Scenario and the sources for employment accounts and installed
capacity listed in Section 3, own calculation (Capros et al. 2016; Jacobson et al. 2019; Stadler et al. 2018)
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8.4.2 Results by countries (operation and maintenance

vs. capital formation employment effects)

Figure 14 Direct and indirect employment effects related to changes in the energy mix in electricity
production in the EU27+UK by capital formation vs. operation and maintenance
(domestic for Austria, Belgium, Bulgaria and Cyprus)
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Source: EXIOBASE 3.6, Stanford WWS Scenario, EU 2016 Reference Scenario and the sources for employment accounts and installed
capacity listed in Section 3, own calculation (Capros et al. 2016; Jacobson et al. 2019; Stadler et al. 2018)
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Figure 15 Direct and indirect employment effects related to changes in the energy mix in electricity
production in the EU27+UK by capital formation vs. operation and maintenance
(domestic for Czechia, Germany, Denmark and Estonia)
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Source: EXIOBASE 3.6, Stanford WWS Scenario, EU 2016 Reference Scenario and the sources for employment accounts and installed
capacity listed in Section 3, own calculation (Capros et al. 2016; Jacobson et al. 2019; Stadler et al. 2018)
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Figure 16 Direct and indirect employment effects related to changes in the energy mix in electricity
production in the EU27+UK by capital formation vs. operation and maintenance
(domestic for Croatia, Hungary, Spain and Finland)
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Stanford WWS Scenario EU 2016 Reference Scenario Stanford WWS Scenario EU 2016 Reference Scenario
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Source: EXIOBASE 3.6, Stanford WWS Scenario, EU 2016 Reference Scenario and the sources for employment accounts and installed
capacity listed in Section 3, own calculation (Capros et al. 2016; Jacobson et al. 2019; Stadler et al. 2018)
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Figure 17 Direct and indirect employment effects related to changes in the energy mix in electricity
production in the EU27+UK by capital formation vs. operation and maintenance
(domestic for France, Greece, Ireland and Italy)
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Source: EXIOBASE 3.6, Stanford WWS Scenario, EU 2016 Reference Scenario and the sources for employment accounts and installed
capacity listed in Section 3, own calculation (Capros et al. 2016; Jacobson et al. 2019; Stadler et al. 2018)
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Figure 18 Direct and indirect employment effects related to changes in the energy mix in electricity
production in the EU27+UK by capital formation vs. operation and maintenance
(domestic for Lithuania, Luxembourg, Latvia and Malta)
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Source: EXIOBASE 3.6, Stanford WWS Scenario, EU 2016 Reference Scenario and the sources for employment accounts and installed
capacity listed in Section 3, own calculation (Capros et al. 2016; Jacobson et al. 2019; Stadler et al. 2018)
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Figure 19 Direct and indirect employment effects related to changes in the energy mix in electricity
production in the EU27+UK by capital formation vs. operation and maintenance
(domestic for the Netherlands, Poland, Portugal and Romania)
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Source: EXIOBASE 3.6, Stanford WWS Scenario, EU 2016 Reference Scenario and the sources for employment accounts and installed
capacity listed in Section 3, own calculation (Capros et al. 2016; Jacobson et al. 2019; Stadler et al. 2018)
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Figure 20 Direct and indirect employment effects related to changes in the energy mix in electricity
production in the EU27+UK by capital formation vs. operation and maintenance
(domestic for Sweden, Slovenia, Slovakia and the United Kingdom)
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Source: EXIOBASE 3.6, Stanford WWS Scenario, EU 2016 Reference Scenario and the sources for employment accounts and installed
capacity listed in Section 3, own calculation (Capros et al. 2016; Jacobson et al. 2019; Stadler et al. 2018)
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