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Abstract: Research and Innovation (R&I) are a key part of the EU strategy towards stronger growth
and the creation of more and better jobs while respecting social and climate objectives. In the
last decades, improvements in costs and performance of low-carbon technologies triggered by
R&I expenditures and learning-by-doing effects have increased their competitiveness compared to
fossil fuel options. So, in the context of ambitious climate policies as described in the EU Green
Deal, increased R&I expenditures can increase productivity and boost EU economic growth and
competitiveness, especially in countries with large innovation and low-carbon manufacturing base.
The analysis captures the different nature of public and private R&I, with the latter having more
positive economic implications and higher efficiency as it is closer to industrial activities. Public R&D
commonly focuses on immature highly uncertain technologies, which are also needed to achieve
the climate neutrality target of the EU. The model-based assessment shows that a policy portfolio
using part of carbon revenues for public and private R&D and development of the required skills
can effectively alleviate decarbonisation costs, while promoting high value-added products and
exports (e.g., low-carbon technologies), creating more high-quality jobs and contributing to climate
change mitigation.
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1. Introduction

Research and innovation (R&I) forms a key component of the EU’s strategy calling for the delivery
of stronger, lasting economic growth and the creation of more and higher quality jobs while respecting
and promoting social and environmental objectives. The constant creation of new ideas and their
transformation into technologies and products forms a powerful cornerstone for the 21st century
society, with universities, research institutes and innovative companies cultivating this process. The EU
R&I strategy ensures that innovative ideas are turned into new products and services in an effort
to create growth, quality jobs and address societal challenges. R&I investment directed to research
organisations, universities and innovative technology companies are key component of the EU’s
strategy, complemented with appropriate framework conditions, market regulation and the supply of
the required skills and low-cost capital. Guided by the goals of the Innovation Union flagship initiative,
the EU aims to radically change the way public and private R&I sectors cooperate, remove bottlenecks
(like expensive patenting, market fragmentation, limited access to capital and skill shortages) that
prevent the market development of innovative ideas and increase R&I investments to 3% of EU GDP.
The central role of R&I in EU policy is demonstrated by the increased budget allocations to Horizon
Europe program, the InvestEU fund (to mobilise private R&I) and the recent EU Green deal.
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The “Clean Planet for all” long-term strategy (https://ec.europa.eu/clima/policies/strategies/
2050_en) of the European Commission (EC) suggests that the acceleration of research, innovation,
entrepreneurship and human capital investment are key for the achievement of a climate neutral
Europe by mid-century while boosting the EU’s industrial competitiveness. In this context, it is
crucial to improve the understanding of how increased R&I spending in low-carbon technologies can
induce innovation and affect firms’ productivity, economic growth and societal transitions in order to
better inform policy makers on the role of low-carbon R&D towards decarbonization. In turn,
policymakers can deploy a series of policy instruments to promote low-carbon innovation directly and
indirectly, including investment and subsidies in R&D and knowledge diffusion (e.g., open access to
science results), investment in human capital upgrade (through education and training), developing a
regulatory and policy environment that stimulates the entry and exit of new businesses, promoting
venture capital and access to low-cost finance for businesses.

There is very little quantitative macro and socio-economic assessment of the impacts, costs and
benefits associated to low-carbon R&D investment and how these are financed. Existing literature has
analysed the R&D contribution to improve the costs and performance of low-carbon technologies [1,2],
but not accounting for the R&D impacts at the macro-economy level. Energy system models are commonly
used to explore low-emission transition pathways but do not capture the macro and socio-economic
impacts of climate and innovation policies; conventional Computable General Equilibrium (CGE) models
do not explicitly represent technological learning, innovation and diffusion. In order to bridge this
research, the GEM-E3-FIT CGE model is further developed to consistently assess the interactions between
energy system decarbonisation, low-carbon technology development and investment in public and
private low-carbon R&D [3]. Due to its detailed treatment of energy technologies and sectors, technical
progress, innovation and climate issues, GEM-E3-FIT model appears to be the most suitable modelling
framework for exploring the socio-economic impacts of low-carbon innovation [4].

The improved macroeconomic modelling framework with enhanced representation of low-carbon
R&I is used to analyse the synergies between climate and innovation policies, in particular how
investment in low-carbon R&I and human capital upgrade would affect the European economy and
industries within a decarbonisation context. The model-based assessment of the economic, trade and
employment impacts of low-carbon R&I can be used to provide practical recommendations to EU policy
makers on the potential allocation of ETS revenues towards R&D in low-carbon technologies to fully
exploit the clean energy innovation benefits (i.e., enhanced competitiveness and productivity growth).

The main methodological novelty of the paper is the detailed modelling of technological
change in a multi-sectoral CGE model combined with the representation of sectors manufacturing
low-carbon technologies. In this way, the analysis provides novel insights on the activity growth and
competitiveness impacts of innovation policies, capturing in detail the inter-industrial relations and
the potential industry effects that being a global technology leader might bring about [5]. In addition,
the distinction between public and private R&D in applied modelling sheds light on their differential
socio-economic impacts, while the detailed representation of knowledge spillovers provides an
enhanced framework to study the complex linkages between low-carbon innovation, human capital
upgrade and decarbonisation.

This paper is organised as follows: In Section 2, we conduct a literature review on the role of
low-carbon innovation and we provide an overview of how the modelling tools incorporate technical
change. In Section 3, we provide a detailed description of the modelling approach and scenarios
examined, focusing on the representation of low-carbon technology innovation and clean energy
manufacturing markets. Section 4 includes the analysis of model-based results focusing on the
macro-economic, employment and competitiveness impacts of low-carbon innovation. Section 5
includes a discussion and conclusions.

https://ec.europa.eu/clima/policies/strategies/2050_en
https://ec.europa.eu/clima/policies/strategies/2050_en
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2. Literature and Context

2.1. The Role of Low-Carbon Innovation in the EU

The EU aims to increase the role of R&I encouraging EU countries to invest 3% of their GDP
in R&D with specific national targets considering country differences, socio-economic priorities
and current situation. The Horizon 2020 programme is designed to support transnational and
multidisciplinary collaboration across the EU with public funds, while other initiatives, such as
VentureEU and the European Innovation Council (EIC) pilot, aim to boost capital investment in
innovative start-up companies across Europe. Governments deploy a series of instruments to promote
innovation, including subsidies to R&D, human capital development and skills upgrade, provision of
low-cost finance to innovative businesses and development of the required regulations stimulating
innovation-based firms. Policies targeting innovation can take various forms, including instruments
aimed at R&D (e.g., grants for R&D projects, tax incentives or direct subsidies for private R&D),
options facilitating human capital development (e.g., subsidies to develop the required labour skills),
R&D-specific finance instruments (e.g., low-cost loans to innovative firms) as well as measures that link
R&D with innovation and industry, e.g., programmes of collaborative R&D and IPR-related policies.

Low-carbon innovation and development in the context of decarbonisation are key priorities
for EU R&I activities, as demonstrated by their large share in H2020 and other funding mechanisms
(e.g., the recent EIC €350 million programme calling for market-creating innovation contributing to the
European Green Deal (https://ec.europa.eu/easme/en/section/sme-instrument/eic-accelerator-funding-
opportunities). While the EU provides large amounts to R&I activities through various mechanisms
(outlined above), the majority of public investment in R&I comes from national funding, with diverse
performance among EU countries as measured in [6].

The Research and Innovation Observatory identifies two major challenges related to innovation,
namely: low-levels of public and private R&I funding across European countries and barriers in
industry collaboration, exploitation and commercialization of public research results. The EU needs to
deepen its innovation capability to face global societal megatrends such as digitisation, an ageing society,
sustainable development and climate action requiring innovation in a certain direction. Policy plays a
critical role in shaping the R&I contribution to address these challenges, so that the EU would remain
at the forefront.

2.2. Technology Progress

In the last decade, targeted innovation and uptake of low-carbon technologies has led to a
rapid reduction in costs of key mitigation options. The costs of PV, wind onshore and offshore have
declined significantly making renewable energy competitive with fossil fuel-based generation in many
countries [7]. This reduction is driven both by technological innovations and breakthroughs, but most
importantly by incremental learning, maturity and development of the industry and its supply chains
at scale. However, the initial technology deployment was mainly induced by dedicated policies
(e.g., German Energiewende), which were expensive but drove the PV revolution globally.

To capture these dynamics, most energy-economy models represent energy technology progress,
in particular for new technologies. A major review of innovation modelling called for additional research
in the empirical validation of technology learning due to the high prevailing uncertainty [8]. In the last
decade, evidence about low-carbon innovation has further accumulated and the direction of causality
between R&D and technology progress is clear [1]. Recent literature found that low-carbon innovation
is influenced by market conditions, relative costs and the market size of clean energy technologies [9,10]
adding further evidence and insights into their linkages. Innovation could massively reduce the cost of
tackling climate change, but specific subsidies to innovation are required [11]. Pottier et al. criticized
their study for the parameter assumptions and lack of path-dependence, being rooted in an ‘incorporeal’
world of sequential general equilibria [12]. Commonly, engineering-based models incorporate
learning-by-doing, generating more complex behaviour and often indeterminate results, which are

https://ec.europa.eu/easme/en/section/sme-instrument/eic-accelerator-funding-opportunities
https://ec.europa.eu/easme/en/section/sme-instrument/eic-accelerator-funding-opportunities
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hard to communicate and implement computationally in applied studies. However, these issues
should not be tackled using simplified exogenous technology assumptions and excluding dynamic
realism in energy-economy models, but care should be taken to appropriately integrate an endogenous
representation of innovation and technology learning.

Innovation is to a large degree a product of investment, in the form of public and private R&D or
“spilling” from other sectors (like IT and digitization) into low-carbon technologies. Several empirical
studies have confirmed the Hicks proposition that the direction of innovation is influenced by relative
prices [13]. Popp reviewed numerous studies demonstrating that the share of private R&D devoted
to energy increased after the 1970s oil price shocks [14]. Such evidence has been enhanced by more
recent studies reviewed in [15], who documented a (statistically significant) link between energy
prices and patent filing for energy innovations. Ley et al. find not only that higher energy prices
increased patenting, but disproportionately enhance low-carbon patents [16], e.g., for solar PV [17] and
electric vehicles [18]. Recent studies show a positive impact of carbon pricing and other environmental
regulation on low-carbon innovation. Calel et al., found increased patents for low-carbon technologies
across regulated firms in EU ETS [19], while Taghizadeh-Hesary et al. showed that energy price increases
had a statistically significant impact in reducing PV module prices in USA, Japan and China [20].
Thus, evidence suggests that climate policies can enhance low-carbon innovation, support subsequent
emission reductions and structural shifts.

In recent years, strong national leadership on key low-carbon technologies has played a critical role
in driving technological innovation and cost reduction. Germany’s efforts in driving PV, Denmark and
Germany’s early push for wind, and more recently the UK’s efforts to drive offshore wind have
reduced technology costs substantially. Aspiring to industrial leadership and seeking first-mover
advantage in low-carbon technologies has been a major driver of climate policies, and this is expected
to continue, especially in the decarbonisation context offering large export opportunities for low-carbon
technology manufacturers [21].

The cost reduction of low-carbon technologies is induced by various forms of learning-by-doing,
economies of scale, patentable innovations, along with the development of integrated supply chains,
and growing confidence which reduces the perceived risks and cost of capital [22]. Energy-economy
system analysis often uses “experience curves” which chart how much the cost of technologies decline
with scale typically measured in terms of ‘learning rates’—the decline of cost associated with a
doubling of capacity. Rubin et al. reviewed numerous studies and found that learning rates vary
among energy technologies and studies, but are uniformly positive [23]. Low-carbon technologies
get cheaper as their markets grow, and learning rates have been remarkably high and stable for
PV (at about 20%). Recent studies disentangle the effects of public R&D from private R&D and
learning-by-doing; industrial economies-of-scale are particularly important for PV [24] and other
low-carbon technologies [25], while the combination of all factors drives technology costs down and
helps to build up new industries.

The empirical evidence suggests that investment in R&I is a key driver for the reductions in
costs of low-carbon technologies [23]. Technological learning and innovation shape energy transitions
through reduction of costs, increase of efficiency, the creation of new services or functionalities and
promoting technology diffusion [26]. The combination of public and private R&D activities is a
success factor for new technologies with private R&D being closer to commercialisation stage of
technological development [27].

2.3. Modelling Innovation and Technology Change

Scientific findings confirm that learning effects in the form of learning-by-doing or
learning-by-research are apparent in all energy-related technologies [28]. The relevance of
learning-by-research and learning-by-doing and the relative importance of public vs. private sector
R&D, vary greatly across technologies, depending on: technology maturity, inter-industrial linkages,
and the geographical coverage of analysis. In all technology transitions, both supply-push and
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demand-pull drivers have played an important role. While a combination of both driver types seems
to be optimal, supply push measures (i.e., R&D support) are more effective to support technologies at
early development stages [15], whereas demand pull measures are better suited for technologies closer
to market readiness. R&I incentivises cost reductions at early innovation stages, while economies of
scale play an increasingly important role for technology development and diffusion as industry matures
leading to further costs reductions and enhanced competitiveness with incumbent technologies [29],
so the use of exogenous technology cost assumptions in energy-economy models is not the appropriate
way to model technology learning, as it ignores the drivers of deployment, innovation and their
complex interlinkages. The latter should be appropriately represented in models used for policy impact
assessments, as these should capture all important policy-relevant elements, including cost-effective
ways of stimulating innovation.

In addition to own R&D, spillover effects from other countries and sectors play a crucial role
in technology learning and development, as they increase the stock of knowledge in the recipient
industries and regions and contribute to improving productivity. Based on detailed statistical analysis
on patent citations, Paroussos et al. illustrated the high importance of spillovers for the speed
and magnitude of low-carbon technology innovation and knowledge diffusion [30]. Spillovers can
be cross-sectoral (e.g., electronics industry spilling to battery manufacturing) and cross-regional,
as spillovers are not uniformly distributed across countries; Japan and the US account for half of the
weighted patent citations reflecting their overall size, advanced technological state, and well-developed
system of patenting [30].

From a modelling perspective, assuming that productivity growth is driven purely by in-house
R&I expenditures would be misleading, as this neglects the impacts of cross-sectoral spillovers and
technology embodied in machinery, equipment and efficient IT structures. Griliches and Lichtenberg
argued that not accounting for inter-industry technology flows leads to biased estimates of the
contribution of R&I to productivity growth [31]. Parrado and De Cian argue that innovation is not
limited to national R&I, but it further builds on knowledge spillovers and embodied technological
progress from other regions through trade, foreign direct investment, research collaboration,
technological similarities and cultural or institutional proximity [32]. Therefore, energy-economy
models should represent both in-house innovation activities, but also knowledge spillovers across
regions and sectors.

Representations of technological change and innovation dynamics are incomplete in
energy-economy models, thus limiting their ability to assess climate policies. Missing or inadequate
representation of endogenous technical change may lead to overestimation of mitigation costs,
or findings of “optimal” mitigation strategies with too little short-term abatement [10]. The outcomes
of models without endogenous technology learning were largely based on exogenous assumptions [33],
e.g., on the presence of the so-called backstop technologies. Edenhofer et al. explored how leading
modelling frameworks represent innovation and technological change and showed that model estimates
for investment requirements for decarbonisation are lower if learning-by-doing progress is endogenised
in models [34]. The ability of models to adequately capture endogenous technological change radically
affects the conclusions drawn about e.g., costs of mitigation or the feasibility of rapid technology
diffusion [10,35].

The induced innovation theory postulates that innovation can be heavily influenced by market
conditions and policy priorities, which may drastically change the scale of new technologies.
Energy-economy models require technology projections decades ahead, but a wide variety of evidence
shows that innovation and associated cost reductions depend on investments in earlier periods,
and hence should be endogenous to modelling. Ignoring the dynamic features of technology learning
may produce misleading insights for policy-makers, potentially leading to a delay of ambitious
decarbonisation measures.
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The theory of endogenous innovation-driven growth has been developed in one-sector modelling
frameworks, while its application in large-scale multi-sectoral models is sparse. The latter can
realistically capture the high heterogeneity of sectors with respect to their cost structure, R&I intensities,
labour skills and absorptive capacities. In contrast, IAMs do not account for the sectoral impacts of
policies [36] and the potential domestic industry effects that being a global technology leader might
bring about [5] and thus their results for specific regions can be misleading.

A more disaggregated representation of innovation and its linkages with the economy will
contribute to improved assessment of policy interventions. Structural multi-sectoral macro-economic
models can adequately capture the complexity of technological progress, integrating learning and
innovation processes in a unique modelling framework and accounting for their complex interactions
with other sectors (inter-industrial linkages) and countries. Studies to date offer quantifications of R&I
impacts on economic performance at firm or sectoral level, but the comprehensive assessment of the
economic effects at country level considering sector inter-dependencies remains scarce. CGE models
can provide a robust quantification of macroeconomic impacts of R&I policies, but their application for
innovation analysis remains limited due to the data intensity and their computationally demanding
nature. Wing models induced technological change through the inclusion of knowledge capital in
the production function [37]. Advanced macroeconomic models have been recently developed to
assess the impacts of R&I policies [10,38]. Recent studies introduce international knowledge spillovers
and R&I indicators including patent counts, technology flow and knowledge proximity matrixes [39],
while spillovers are introduced in the CGE models via the trade flows of goods and services or via
bilateral patent matrices [30,40].

Overall, most energy-economy models do not fully integrate modelling of R&D and its
socio-economic impacts [4,10], while other models capture this rather simplistically, as they fail
to represent real-world innovation dynamics, like knowledge spillovers across regions and sectors,
the link to human capital and do not differentiate between public and private R&D [41]. The study
overcomes the current limitations in modelling of low-carbon innovation by further improving the
state-of-the-art GEM-E3-FIT model (see Section 3) aiming to offer novel, policy-relevant insights.

3. Methodology

In order to consistently assess the macro-economic impacts of low-carbon R&I, we further improve
the GEM-E3-FIT model to represent low-carbon R&D expenditure—differentiated into public and
private R&D—and its relation with productivity improvements, innovation spillovers, the workers’ skill
levels and the households’ decision for schooling and education linked with human capital development
and firms’ absorptive capacity [30]. In addition to model extensions, key model parameters are updated
with empirically validated evidence including the link between R&I expenditure and human capital
with productivity growth [42].

3.1. Brief Description of GEM-E3-FIT

GEM-E3-FIT is a multi-sectoral, CGE model which analyses the complex interactions between the
economy, the energy system and the environment. GEM-E3-FIT represents 46 regions (EU Member
States are represented separately) and 51 production sectors linked through endogenous bilateral
trade flows. It covers the interlinkages between productive sectors, consumption, labour and capital,
bilateral trade, innovation and investment dynamics (Figure 1). GEM-E3-FIT is dynamic driven by
accumulation of knowledge, capital and equipment until 2050. The model ensures that the economic
system remains in general equilibrium in alternative scenario simulations.
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Figure 1. Overview of the GEM-E3-FIT model.

Each national economy is formed by a set of representative firms and a representative
household whose interactions are governed by endogenously-derived prices. Firms maximize
profits, considering the possibilities of substitution between capital, labour, materials and energy.
Households maximize their intertemporal welfare under a budget constraint choosing the optimal
level for current and future consumption levels. Households receive income from labour supply and
from holding shares in companies. Firms’ decision on investments is driven by the rate of return
on capital and its replacement cost. Trade modelling is based on the Armington hypothesis that
domestic and imported goods are imperfect substitutes. In GEM-E3-FIT, the supply mix of each good
is represented as a multi-level nested constant elasticity of substitution (CES) function: at the upper
level, firms decide on the optimal mix between domestically produced and imported goods; at the
next level, the demand for imports is split by country of origin.

Technology constrains the set of paths upon which agents can make their investment and
consumption choices. The standard technology representation in CGEs uses nested CES production
functions that differentiate capital, labour, energy and material inputs, while the amount of
economy-wide physical capital is considered fixed within a period. GEM-E3-FIT includes a
detailed representation of energy system technologies as distinct sectors calibrated to recent
EUROSTAT, GTAP and IEA datasets and covers fiscal elements, including taxes, subsidies and
social security contributions.

GEM-E3-FIT includes several features that go beyond a conventional CGE approach, enabling an
enhanced representation of socio-economic implications of climate and innovation policies. Its advanced
features include: a detailed coverage of the financial sector [38], innovation-induced productivity
growth through R&D, detailed modelling of the energy system [43], and disaggregated representation
of employment by skill [42].

3.2. Endogenous Representation of Clean Energy Markets

Most global energy-economy models fail to represent the domestic industry effects that being a
global technology leader might bring about and thus their results may be misleading [5]. To address
this caveat, GEM-E3-FIT includes the manufacturing of low-carbon products and equipment as



Energies 2020, 13, 5236 8 of 29

separate production sectors. The model consistently derives the future development of low-carbon
manufacturing and trade patterns under alternative assumptions. GEM-E3-FIT database is extended to
allow for a distinct representation of low-carbon technology producers in economic terms, namely for
solar PV, wind, electric vehicles, batteries and biofuels. Data about the size, market shares, cost structure
and trade flows of the above sectors are not included in GTAP and are derived from supplementary
data sources, including Fraunhofer [44], Navigant [45], CEMAC [46] and IEA [47]. For example,
IEA data [47] is used for the demand (sales) and manufacturing volumes of EVs and batteries which
are combined with base year technology prices from [3] to estimate production and trade (in economic
terms) of EVs in each country. The cost structure of low-carbon equipment is derived from [48,49]
in terms of inputs required by other sectors (i.e., metals, electric equipment, machinery etc.) to
produce clean energy products, which are different from the cost structure of fossil-fuel technologies.
GEM-E3-FIT integrates differences in low-carbon technology production costs across countries as
derived from [46]. Detailed data handling processes (i.e., RAS routines) are developed to ensure full
consistency of GEM-E3-FIT Input-Output tables including low-carbon manufacturing with GTAP
data, e.g., the production of conventional ICE and EVs sums up to GTAP sector 43 “Manufacture
of motor vehicles, trailers and semi-trailers’ [40]. This allows capturing consistently the potential
growth effects driven by the uptake of low-carbon industries and innovation, as well as the changes in
competitiveness and trade flows induced by ambitious decarbonisation and low-carbon innovation.

3.3. Modelling of Technological Change and R&D

GEM-E3-FIT represents public and private low-carbon R&I, knowledge spillovers and absorption
linked to human capital and their impacts on technology costs. Modelling of technological change in
GEM-E3-FIT draws on the endogenous growth theory [11,50]. In GEM-E3-FIT, technology progress is
endogenous deriving from spending in R&I while productivity improvements are based on two-factor
learning curves depending on learning-by-doing and R&D expenditure from the private and public
sector. The learning-by-doing component represents the productivity gained through cumulative
production (i.e., experience and economies of scale), while R&D learning describes the cost improvement
for each doubling of cumulative R&D expenditure.

In conventional CGE modelling, total factor productivity (TFP) is determined exogenously in the
baseline scenario. In GEM-E3-FIT, TFP development is endogenised as it includes an exogenous and
an endogenous part, which represents innovation-induced growth and is composed of: (i) the learning
by doing effect, (ii) the learning by research effect, (iii) the impact of knowledge spillovers, and (iv) the
human capital stock measure. More precisely, TFP is decomposed into a part related to learning by
doing, a part related to R&D expenditure and a part related to spillovers, i.e.,:

TFPt = TFPt−1 · GTFPt
lbd
· GTFPt

R&D + GTFPt
spillover (1)

where GTFPt
lbd, GTFPt

R&D, GTFPt
spillover denote the productivity growth due to learning by doing,

learning by R&D and innovation spillovers, respectively.
Learning by doing is assumed to increase with cumulative production (“Wrights law”), so that

GTFPt
lbd =

(
Qt

Qt−1

)1+lbd

(2)

where Qt represents cumulative production up to period t and the parameter lbd denotes the percentage
cost reduction induced by an increase in cumulative production given by learning rate LR. Namely:

lbd = −
log(1− LR)

log(2)
(3)
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Learning rates for low-carbon technologies are based on a comprehensive literature review in [3]
and are presented in Table 1.

Table 1. Learning rates used in GEM-E3-FIT.

Learning by Doing Learning by Research

Ethanol 0.10 0.11
Bio-diesel 0.10 0.11

Advanced Electric Appliances 0.10 0.10
wind technology 0.12 0.10

PV panels 0.23 0.12
CCS power technology 0.11 0.11

Other Advanced Heating and
Cooking Appliances 0.10 0.10

Electric Vehicles 0.10 0.20

All parameters related to specification of endogenous TFP growth in GEM-E3-FIT are estimated using advanced
panel data econometric techniques with cross country data for EU and non-EU countries over 2000–2016 [9].

GEM-E3-FIT separates public from private R&D expenditures. Public R&D is set exogenously,
while private firms decide upon the optimal R&D spending so as to increase productivity and maximize
their profits. Each sector optimizes allocation of resources in R&D simultaneously with decisions
about acquiring capital, labour, materials and energy. R&D expenditures create demand for R&D
services addressed to the R&D supply sector, which is represented as a separate sector in GEM-E3-FIT.
Private R&D expenditure are undertaken by firms to develop product, process or other types of
innovations, enhance firm productivity, reduce their production costs and improve their competitive
position relative to other firms. R&D expenditures generate a stock of knowledge that in turn is linked
to productivity increase, which is provided in the following Equations (4) and (5), where RDPrivate

j is

the optimal demand of firms for R&D, θrd
j is the value share of R&D expenditures in production costs,

Q j represents the total sales of the firm, PQ j is selling price and PRD is the unit cost of R&D:

RDPrivate
j = θrd

j · Q j ·

( PQ j

PRD j

)rho

(4)

RDPublic
j = (Exogenous) (5)

Public and private R&D expenditures accumulate over time increasing the stock of knowledge
that leads to TFP growth:

GTFPt
R&D =

(
CRDt

CRDt−1

)1+lbr

(6)

where CRDt represents the cumulative investment in R&D and lbr denotes the percentage cost reduction
associated with a doubling in cumulative R&D, which is derived from [3]. TFP growth may also be
induced by spillovers from R&D performed in other regions and sectors which may be driven by
foreign direct investment, trade and transfers of intellectual property [51]. Kirchherr and Urban focus on
international technology transfer schemes [52]. The impact of spillovers on TFP growth follows:

GTFPi,r,t
spillover =

∑
j,s

TFPspillover
i, j,r,s,t (7)

TFPspillover
i, j,r,s,t = absorptioni,r · spilloveri, j,r,s·

(
GTFPR&D

j,s,t −GTFPR&D
j,s,t−1

)
(8)

where absorptioni,r represents the absorption capacity of sector i in region r and spilloveri,j,r,s, denotes
the rate of spillover from sector j in region s to sector i in region r. These spillover rates are estimated
in [30] by using the patent citation methodology of Verspagen [53].
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The availability of human capital is essential to enable productivity growth induced by R&D and
knowledge spillovers. The index of human capital stock is constructed based on the shares of each skill
type to the total labour force; these indicate that the respective skills embodied at high skill type are
more productive relative to those in lower skill types [9]. The capacity of firms to absorb knowledge
spillovers is linked to human capital availability, especially related to skilled labour. The accumulation
of public R&D knowledge stock is global assuming perfect spillovers to other regions, while private
R&D can be diffused through bilateral trade of goods and services and through knowledge spillovers
based on a patent citations approach for low-carbon technologies. R&D expenditure has been widely
used as an indicator of innovation, while patents are also widely used as output-based indicators.
Generation of patents does not only have a direct positive effect on the industry that produces them,
but also impacts positively other industries through knowledge spillovers. These spillovers benefit
the country and industry that receives them, increase the income of innovator through royalties and
reduce the monopoly rents of the innovator.

Productivity generated through R&D is diffused into other sectors and countries according to:

TFP_SPILLi, j,r,s = TFPi · spilloveri, j,r,s (9)

3.4. Scenario Design

R&D investment is a key driver for cost reduction for low-carbon technologies, with clean energy
R&D increasing in recent years and in 2017 amounted to $9.9 bn [54]; however, government R&D
spending stayed flat at $5.1 billion despite the creation of Mission Innovation at the Paris conference
in 2015. Europe maintained its lead in low-carbon R&D rising to $2.7 billion, with the US and
China following closely; China leads the R&D in solar technologies. Among the leading economies,
Japan registers the largest energy R&D expenditure as a share in GDP, ahead of China and Europe [55].

The EU strategy calls for increased R&D expenditure to stimulate growth and create quality jobs,
with an increasing part of them directed to low-carbon technologies. To assess the socio-economic
impacts of low-carbon R&D, a series of policy scenarios are modelled with GEM-E3-FIT (Table 2).
These aim to explore the complex interactions between decarbonisation and low-carbon innovation,
with EU carbon revenues used to finance R&D in low-carbon technologies. In all scenarios, public budget
neutrality is ensured with the general equilibrium modelling framework. In the policy scenarios,
the exogenous part of TFP does not change from Baseline levels, while changes in the endogenous
part are driven by increased R&D expenditure and human capital upgrade in alternative scenarios.
All other exogenous parameters (i.e., trade or substitution elasticities, value shares, price elasticities
etc.) do not change from baseline levels.

To analyse the macro-economic and competitiveness effects of climate and innovation policies,
we consider eight scenarios:

• A “baseline scenario” (BASE), where all regions implement their current energy, climate and
innovation policies by 2030 and do not intensify their efforts beyond 2030. Low-carbon R&D
remains constant as a percentage of GDP to 2015 levels. In this scenario, limited climate policies are
adopted worldwide in line with the current fragmentation and lack of ambition in the international
climate policy landscape.

• A “global well-below 2 ◦C scenario” (2DEG) assuming cost-efficient implementation of the
1000 Gt carbon budget over 2010–2050 (considered equivalent to “well-below 2 ◦C”) based on
the imposition of a global carbon price across all countries. In this scenario the EU achieves a
GHG emission reduction of at least 80% over 1990–2050. Low-carbon R&D does not increase from
Baseline levels.
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Table 2. Scenarios examined with GEM-E3-FIT.

Scenario EU Climate Target R&D Investment

BASE Baseline
(business-as-usual
trends)

Continuation of trends Current R&D intensities

2DEG Decarbonisation to 2 ◦C
with all options available

40% GHG emission
reduction in 2030, at least
80% reduction in 2050
(relative to 1990 levels)

No additional R&D from
Baseline

2DEG_GRD Decarbonisation with
increased EU public
R&D

10% of EU carbon
revenues are used for
public low-carbon R&D

2DEG_GRDW Decarbonisation with
higher global public
R&D

10% of global carbon
revenues are used for
public low-carbon R&D

2DEG_GRDH Decarbonisation with
increased EU public
R&D & higher learning
rates

10% of EU carbon
revenues used for public
low-carbon R&D, public
R&D learning rates are
same as private R&D

2DEG_PRD Decarbonisation with
increased EU private
R&D

10% of EU carbon
revenues are used for
private low-carbon R&D

2DEG_SK Decarbonisation with
human capital upgrade

10% of EU carbon
revenues used to
subsidise wages and
social security for
high-skilled labour

2DEG_COMB Decarbonisation with
low-carbon innovation
and education

30% of EU carbon
revenues are used for
private and public
low-carbon R&D and to
subsidise highly-skilled
labour

We further consider six low-carbon innovation policy scenarios building on 2DEG specifications
but assuming that EU countries implement additional investment in low-carbon R&I, either public
or private, or/and increase expenditure to human capital development. The split of increased R&D
spending in specific low-carbon technologies (PV, wind, biofuels, EVs, batteries and CCS) is determined
by their base-year share in global clean energy market. Budget neutrality is ensured in all scenarios;
increased low-carbon R&D is financed using a certain share of carbon revenues, while remaining
carbon revenues are used to reduce the global interest rate, thus promoting investment required in the
decarbonisation context. Innovation and human capital policy interventions can be simulated through
various channels in GEM-E3-FIT, including direct government subsidisation to R&D and wages
(i.e., for highly-skilled labour), tax credits, reduced barriers to buy patents, facilitation of spillovers
and reduced risk premiums through provision of low-cost finance directed to R&D. In the current
set-up, we use direct subsidisation of low-carbon R&D and high-skilled workforce as a policy driver,
directly influencing productivity improvement and enhanced adoption of low-carbon technologies:

• In the “2DEG_GRD” scenario, EU countries use 10% of ETS carbon revenues to finance public
low-carbon R&D, which leads to TFP growth in clean energy manufacturing and hence reduced
low-carbon technology costs.

• In the “2DEG_GRDW” scenario, all countries use 10% of carbon revenues to finance public R&D
in clean energy, which leads to an improved TFP and cost reduction globally, which is reinforced
by spillovers across regions.
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These scenarios reflect the major role of governments in energy innovation, often funding basic
and higher-risk research as well as novel low-carbon technologies, which are costly and have uncertain
market value.

• In the “2DEG_PRD” scenario, EU countries use 10% of carbon revenues for private low-carbon
R&D, resulting in improved productivity in the country and industry performing the R&D.
Non-EU countries benefit indirectly from EU low-carbon R&D spending through partial diffusion
of knowledge spillovers and trade. This reflects intellectual property protection, obstacles for
knowledge diffusion and patent spillovers, lack of human capital and costly replication of patents.
Each country benefits from increased R&D spending only when its cumulative R&D stock increases
beyond a certain threshold (set at 10% of the current global R&D stock). Countries with very
limited knowledge stock cannot fully exploit innovation-induced productivity gains due to
limitations in human capital, infrastructure, institutions, industrial and innovation base etc.

Public and private R&D can have different effects on the cost and/or performance of clean energy
technologies [56,57]. Shinnosuke et al. developed a three-factor learning curve for PV costs as a
function of cumulative capacity and the knowledge stock accumulated by public and private R&D
spending [58]. They found that public R&D has a lower impact on PV cost reduction in Japan, implying
a lower learning rate than private R&D (of about 30%). In addition, various empirical studies point
to the different nature and impacts of public and private R&D [15,24,27]. Based on these empirical
data, GEM-E3-FIT uses lower learning rates for public R&D relative to their default levels (Table 1).
The 2DEG_GRDH variant is designed to explore this uncertainty and it is assumed that the values of
learning rates for public and private R&D are set to be the same.

• In the “2DEG_SK” scenario, EU countries use 10% of ETS revenues to subsidise high-skilled jobs
required for the clean energy transition in the form of direct wage subsidisation and a reduction
of social security contributions for highly-skilled jobs. The subsidisation incentivises households
to educate more in order to acquire additional skills needed for the low-carbon transition.

• The “2DEG_COMB” scenario combines all policy measures assessed in previous scenarios to
quantify the socio-economic impacts of a variety of innovation and education policies. In particular,
EU countries use 30% of carbon revenues for financing R&D in low-carbon technologies and
for subsidising highly-skilled labour. In this scenario, the policy measures are simultaneously
implemented in the model, thus simulating the adoption of a policy portfolio (based on low-carbon
innovation and human capital upgrade) in order to boost EU’s economic growth and employment
in the decarbonisation context.

4. Results

Public budget neutrality is ensured in the general equilibrium framework and scenario results
show the impact of resources shift within the economy (i.e., towards R&D and education), rather than
just the impact of additional government spending on specific sectors.

4.1. Energy System Restructuring

The decarbonisation scenarios simulate a future consistent with the Paris Agreement goal to
limit global warming to well-below 2 ◦C relative to pre-industrial levels, with a global CO2 budget of
1000 Gt over 2010–2050; the EU meets its target to reduce domestic GHG emissions by at least 80% in
the period 1990–2050. This is achieved through the imposition of universal carbon price reflecting the
cost-optimal mitigation pathway equalizing marginal abatement costs across countries and sectors.
To reflect increasing climate policy stringency, the global carbon price increases over time to about
80€/tn CO2 in 2030 and 290€/tn in 2050, which is consistent with the results of multi-model comparison
exercises on mitigation pathways [59].
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Ambitious climate policies lead to structural transformation of global and EU energy systems with
increased expansion of renewable energy, accelerated energy efficiency in end-uses and electrification
of energy, mobility and heating services. Low-carbon technologies are massively deployed to substitute
fossil fuel use, while their costs improve as a result of accelerated learning-by-doing induced by their
increased deployment. GEM-E3-FIT incorporates several emission abatement technological options,
including RES power generation technologies (wind onshore and offshore, PV, hydro, biomass), EVs,
batteries, advanced biofuels, energy efficiency and electrification in end-uses, fuel substitution, and
technologies to capture and store carbon dioxide (CCUS) emitted from power plants. Through its
wide coverage, GEM-E3-FIT can provide a rigorous assessment of interlinkages between the various
mitigation options, i.e., interplay between RES expansion and electrification, competition between
advanced biofuels and EVs etc., and can assess the complex dynamics related to energy demand and
supply, technology innovation and uptake of low-carbon technologies.

Global CO2 emissions from fossil fuel combustion are projected to decline from 52 Gt CO2 in
Baseline to about 14 Gt CO2 in 2DEG scenario in 2050 induced by increased carbon pricing (Figure 2).
The power generation sector is the first to decarbonize and contributes to about 55% of emission
reduction effort by 2050 through large-scale expansion of several low-carbon technologies, with are
already cost-competitive with fossil-fired power plants in many countries. The electricity sector
is rapidly transformed towards a low-emission paradigm with the share of fossil fuels declining
from 68% in 2015 to only 8% in 2050 (Figure 2) accompanied by a rapid expansion of renewable
energy and CCS (in specific countries) which is consistent with the projections of prior research using
as suite of national energy-economy models [60]. The electrification of energy services combined
with decarbonized power supply is a key mitigation option in hard-to-abate sectors (i.e., industries,
heating, transport). Energy efficiency improves considerably relative to Baseline, while low-carbon
and efficient energy forms (RES-based electricity, advanced biofuels) substitute fossil fuels in end-uses.
The system transformation is even more pronounced in the EU, with a rapid coal phase-out by 2040,
massive deployment of PV and wind (onshore and offshore) and a nearly emission-free electricity
production by mid-century.

Figure 2. Global energy system restructuring in 2DEG: (i) Global power generation mix (in %), (ii)
Emission reduction from Baseline by sector (Gt CO2).

The global market for low-carbon technologies is growing fast driven by technology uptake,
innovation dynamics, technological improvements and climate policies and regulations. In 2015 the
size of the global low-carbon technology market is estimated at about €250bn and is dominated by PV
panels, biofuels and wind turbines. The global low-carbon market increases constantly in the baseline
scenario and amounts to 18.7 trillion EUR over 2020–2050. In the 2DEG scenario, the high carbon
pricing and accelerated uptake of low-carbon technologies induce an increase in the global low-carbon
market, which amounts to €39 trillion cumulatively by 2050. EV and battery manufacturing are the
largest sectors, accounting for 42% of the global market, with PV and wind representing about 35%.
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The EU accounts for 15% of the global low-carbon market, but has very small shares in the production
of PV and batteries (Figure 3).

Figure 3. Global clean energy market (cumulative over 2020–2050).

The size of the low-carbon market is driven by the number of equipment units sold and technology
costs that tend to decline as a result of learning by doing. Thus, the low-carbon market does not
increase proportionally with technology uptake, as this is moderated by lower technology costs. In the
baseline scenario, the deployment of PV and wind drives down their costs significantly, and hence
their additional deployment in 2DEG leads to a relatively limited cost reduction from baseline.
On the other hand, EVs and batteries will not reach maturity in terms of cost reductions in baseline
scenario; thus they have high potential for cost improvements in the decarbonisation context.

Climate policies (and the imposition of carbon pricing) drive energy system restructuring towards
a more capital-intensive structure, with increased investment to renewable energy, EVs and energy
efficiency projects. High carbon prices increase the cost of energy services and hence production costs
throughout the economy and have a depressing effect on private consumption and GDP, which is partly
alleviated by increased investment in low-carbon and energy-efficient technologies. Ambitious climate
policies in 2DEG lead to a 1.5% decline in cumulative global GDP over 2020–2050 (Figure 4) and 3.2%
reduction in 2050.

Many macroeconomic models that have computed the costs of decarbonisation provide evidence
of net mitigation costs; for example the modelling results reported in the IPCC WG3 AR5 estimated
global consumption losses of 2–6% in 2050 associated with an emissions trajectory that limit global
warming to less than 2 ◦C by 2100. Our model-based projection lies in the middle of these estimates
and shows differential macro-economic impacts across countries:

• Major fossil fuel exporters, like Saudi Arabia and Russia, would face large negative economic
impacts due to their high carbon intensity (per unit of GDP) and the reduced revenues from fossil
fuel exports

• Mitigation costs in large developing countries (China and India) are generally higher than
developed economies, as the former have higher carbon intensities and the imposition of universal
carbon price results in higher relative mitigation effort for developing countries.
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Figure 4. GDP impacts of 2DEG (% change from Baseline cumulatively over 2020–2050).

The macro-economic impacts across developed economies are limited, on average less than 1% of
their cumulative GDP. Mitigation costs are higher in economies with relatively high carbon intensities
(i.e., Bulgaria, Poland), while costs are very limited in countries with low carbon intensities (Japan,
France, UK) that already implement climate policies and in countries that can benefit from increased
low-carbon technology exports (e.g., Germany).

4.2. Impacts of Public Low-Carbon R&D

Energy innovation depends on public sector contribution, with governments funding basic
research and novel low-carbon technologies, which are costly and have uncertain market value. This is
reflected in the allocation of energy R&D [55], where public R&D represents more than 50% of R&D
directed to renewable technologies, while its share in conventional energy is about 20%. In the last
decade, energy-related R&D expenditure accounted for about 1–2% of total R&D expenditure in the
EU-28 and US, with fossil fuels and nuclear having the biggest share till the early ‘80s, but innovation
in renewables and energy efficiency is steadily gaining ground, enabling a more diverse and balanced
energy R&D portfolio.

To construct base-year R&D stocks (to be used in GEM-E3-FIT modelling), R&D data from the
IEA R&D database were used for low-carbon technologies, including PV, wind, batteries, biofuels and
electric cars. In 2014, R&D on biofuels accounted for more than 50% of total low-carbon R&D in OECD
economies, followed by PV and wind. This R&D structure changes considerably when China is added,
as the Frankfurt School finds that solar technologies constitute 50% of global renewable energy R&D,
followed by wind (20%) and biofuels (18%) [61]. Building on data from IEA R&D database, the R&D
stock for low-carbon technologies in OECD countries is constructed following the methodology of [62]
that consider R&D depreciation to develop consistent estimates for low-carbon R&D stock. For China,
we have used estimates for public R&D in PV, wind and batteries from World Bank [63]. GEM-E3-FIT
estimates for public R&D spending for PV, wind, biofuels and batteries are consistent with [54].

In Baseline and 2DEG scenarios, it is assumed that the R&D intensity of clean energy sectors
(i.e., R&D expenditures as a percentage of value added) remains constant at 2015 levels in all countries
implying that low-carbon R&D increases in line with the size of the clean market. Public R&D spending
in low-carbon technologies increases significantly in “2DEG_GRD” scenario as 10% of EU carbon
revenues are directed to public low-carbon R&D, triggering increased innovation and learning in PV,
wind and EVs. As EU carbon revenues increase to about 3% of GDP by 2050, the low-carbon R&D stock
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accumulates rapidly triggering cost reductions of 27% for wind, 18% for PV and 37% for batteries in
2050 relative to 2DEG. TFP growth induced by public low-carbon R&D is diffused across EU countries,
with high amounts of R&D directed to wind, as the R&D split is determined by technological shares in
global low-carbon market in 2015.

Increased public R&D expenditure would lead to improved productivity and cost reductions for
low-carbon technologies resulting in positive macro-economic effects, with EU GDP increasing by 0.01%
in 2030 and 0.05% in 2050 relative to 2DEG. The scenario impacts increase over time as low-carbon
R&D stock accumulates and productivity improvements become more visible. Differential impacts
are projected across EU countries depending (among others) on the country position in low-carbon
manufacturing and trade and the amount of carbon revenues directed to public R&D. Energy system
decarbonisation would create market opportunities for countries and industries that manufacture clean
energy products, as already manifested by large export surpluses in China and the EU (major PV and
wind manufacturers respectively). The explicit modelling of low-carbon products and equipment in
GEM-E3-FIT allows to consistently capture the trade, competitiveness and inter-industrial production
effects of decarbonisation. The largest GDP increase is projected for Denmark (0.11% in 2050), which is
the leading wind turbine producer and highly benefits from productivity improvements and increased
turbine exports. Leading producers of PV (China), wind turbines (Germany, Denmark), batteries
(Japan, Korea) and biofuels (Brazil) register larger GDP impacts than the global average. As public
R&D diffuses globally, all countries benefit and register positive GDP growth relative to 2DEG
(global average of 0.05%), while leading EU low-carbon technology producers benefit the most from
increased public R&D in terms of exports, production and employment. For example the implicit
multiplier of low-carbon R&D (ratio of GDP gains to public R&D spending) is particularly high in
key wind manufacturers (Denmark, Germany); note that most of low-carbon R&D is directed to wind
turbine manufacturing as technology shares in R&D investment are determined by their shares in
2015 global low-carbon market. Technology importers register lower economic benefits, as financial
resources are limited in the general equilibrium framework and R&D expenditures can exert a crowding
out effect in investment in other sectors at least temporarily (Figure 5). However, productivity gains
induced by R&D enlarge the market prospects and can induce higher investment and activity in the
long term. Our findings reinforce prior research on the topic, as Edenhofer et al. illustrated positive
GDP impacts from low-carbon R&D spending [34], while Dechezleprêtre et al. argue that increased
public low-carbon R&D is required for the transition to a low-emission economy while providing
socio-economic benefits [64].

In case that all countries use 10% of their carbon revenues to finance low-carbon public R&D
(2DEG_GRDW), the accumulation of knowledge and innovation accelerates leading to increased
productivity growth via leaning by research. Productivity improvements are diffused to other countries
and industries based on knowledge spillovers of public R&D. As global carbon revenues amount
to about 7 trillion EUR in 2050 (i.e., about 3.5% of global GDP), the public low-carbon R&D stock
increases significantly leading to cost reductions of 52% for wind, 43% for PV and 60% for batteries
in 2050 relative to 2DEG. As productivity improvements induced by public low-carbon R&D diffuse
globally, higher public R&D expenditures have positive economic and employment impacts for EU
and non-EU countries. Global GDP increase is significantly higher than 2DEG_GRD (Figure 6), as the
additional low-carbon R&D spending is 10 times higher than 2DEG_GRD. The economic impacts differ
across countries depending on their low-carbon technology innovation potential. Leading producers
and exporters of PV (China), wind (Denmark, Germany), biofuels (Brazil, USA) and batteries (Japan,
Korea) register the largest GDP gains. On the other hand, GDP gains are low in countries with limited
innovation dynamics and low clean energy manufacturing base (as observed in [39]).
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Figure 5. GDP Changes in 2DEG_GRD in 2050 (% difference from 2DEG).

Figure 6. GDP Changes in 2DEG_GRDW in 2050 (% difference from 2DEG).

To explore the uncertainty surrounding R&D learning rates, the variant 2DEG_GRDH is developed
where the learning rates of public low-carbon R&D are assumed to be the same as private R&D (Table 2).
This variant shows larger macro-economic benefits, with global GDP increasing by 0.3% relative to
2DEG, with even higher growth in large low-carbon technology manufacturers (Denmark, China,
Germany, Brazil, Japan etc.). The uncertainty regarding the link between R&D expenditures and cost
reduction is more relevant to new, currently immature technologies like batteries. Paroussos et al.
implemented a full-scale sensitivity analysis to quantify the macro-economic impacts of uncertain
low-carbon R&D learning rates [30].
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4.3. Impacts of Private Low-Carbon R&D

Several low-carbon technologies do not have global system boundaries, as e.g., the learning
system of photovoltaics is national or regional with spillovers across regions [65], while wind turbines
were analysed both at the national and global basis [66]. Clas-Otto argues that public and private R&D
have different objectives, as the former focuses on basic higher-risk research and novel low-carbon
technologies with uncertain market value [56]. Private R&D focuses is commonly directed to mature
technologies with limited risk and high market value. As government and private R&D have different
nature and impacts on technology costs and performance [56], our analysis differentiates between
public and private low-carbon R&D.

Private R&D expenditure can increase knowledge stocks and is linked with positive externalities
of technological progress. To construct the private R&D stock for low-carbon technologies, we combine
R&D data from [54] with estimates on the share of corporate to government R&D by technology for
major economies. For China, estimates on private low-carbon R&D are used [63], which match well
with [54] estimates. Based on these sources, the private R&D stock for low-carbon technologies is
constructed following [62] considering R&D depreciation over time. In China low-carbon R&D is
largely based on government spending, while Japan and Korean R&D efforts are driven by the private
sector; in the EU and USA, private and public low-carbon R&D expenditures are comparable.

In the 2DEG_PRD scenario, 10% of EU carbon revenues are assumed to be directed to private
low-carbon R&D (in the form of subsidies), triggering increased innovation and learning in low-carbon
technologies. The R&D split across technologies is determined by their shares in global clean energy
market in 2015. The private EU low-carbon R&D stock increases significantly, triggering significant
cost reductions of 26% for wind, 20% for PV and 43% for batteries in 2050 (average of EU countries)
relative to 2DEG scenario. The private low-carbon R&D expenditures lead to TFP growth in the country
and industry performing the R&D, while non-EU countries benefit indirectly through bilateral trade
and spillovers with partial knowledge diffusion to other countries, reflecting Intellectual Property
Protection, obstacles for knowledge diffusion and costly replication of patents. In GEM-E3-FIT,
countries with low knowledge stock cannot fully exploit innovation-induced productivity gains due to
limitations in human capital, infrastructure, institutions, regulation, industrial and innovation base [3];
countries benefit from increased R&D spending only when their R&D stock increases beyond a certain
threshold (set at 10% of the 2015 global low-carbon R&D stock).

R&D expenditures reduce the costs of low-carbon technologies. As resources are limited in the
general equilibrium framework, additional R&D can exert a crowding out effect on investment in other
sectors, but temporarily, because productivity gains induced by R&D enlarge the market prospects
inducing higher growth and investment in medium-term. Thus, private R&D expenditures may
induce positive economic growth with EU GDP increasing by 0.9% in 2050 compared to 2DEG scenario
(Figure 7). The positive impact is higher relative to public R&D scenario (2DEG_GRD) indicating the
higher efficiency of corporate R&D, which is closer to industrial activities that can benefit directly from
innovation activities in contrast to public R&D activities that commonly focus on basic research and
immature, highly uncertain technologies, as argued in [67]. Major EU manufacturers of low-carbon
technologies (Germany, Spain, Denmark) register higher GDP gains relative to EU average, as they
benefit from their competitive advantage and increase their production and exports. High GDP
gains are also projected in countries with large amounts of carbon revenues as a percentage of GDP,
i.e., Poland, Hungary, Spain, as they benefit from higher investment in private low-carbon R&D and
overtake the “efficiency” threshold of private R&D. In contrast, impacts are smaller in countries where
increased low-carbon R&D does not suffice to reach the “efficiency threshold” and thus they fail to
benefit massively from low-carbon innovation.
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Figure 7. GDP Changes in 2DEG_PRD in 2050 (% difference from 2DEG).

Higher private low-carbon R&D expenditures improve the competitiveness of EU manufacturers
in global markets, reflecting that “To become competitive, consolidated R&I action at a European level is
required in the short term to secure Europe’s strong industrial position in clean energy manufacturing in the
future” [68]. Based on technology assessments [46], the EU produces PV and batteries at a cost 30%
higher relative to the main supplier (China). Increased private R&D can eliminate the price gap, as EU
technology production costs decline induced by R&D expenditure, and leading EU manufacturers
achieve price-parity with global main suppliers by 2040 (Figure 8).

Figure 8. EU R&D expenditure in PV (bn EUR) and development of PV costs (EUR/kW).

Increased low-carbon R&D reduces costs for EU manufacturers, leading to an increase in EU
share in global low-carbon production from 15% in 2DEG to 25% 2DEG_PRD (Figure 9), provided that
knowledge advantage gained from low-carbon R&D is not quickly diffused to foreign competitors.
Leading European manufacturers would enhance their competitive advantage in wind turbine and EV
manufacturing, while R&D expenditure directed to batteries and PV would significantly reduce EU
production costs allowing EU producers become competitive in global markets and achieve price-parity
with their main competitors (China, Japan, Korea) by 2050. The development of a competitive battery
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and PV manufacturing capacity boosts domestic activity through growth of industrial activities,
increased employment and positive impacts on household income.

Figure 9. EU share in global low-carbon market (cumulative over 2015–2050).

4.4. Upgrade of Human Capital

Energy system decarbonisation leads to structural changes in the economy and labour market,
requiring a different set of skills relative to conventional technologies [36]. The enhanced labour skills
can be provided either by higher attainment in tertiary education (e.g., advanced skills for high-tech
manufacturing activities), public training programmes (aiming to develop new skills required by the
market) and private on-job training inducing higher labour productivity [69]. The 2DEG_SK scenario
assumes that 10% of ETS revenues are used to subsidise high-skilled jobs required for the low-carbon
economy, with half of them directed to firms to reduce social security contributions for highly-skilled
jobs, and the other half subsidising the wage of highly-skilled labour, i.e., those completed tertiary
education. This makes it attractive for young age cohorts to attain tertiary education and develop skills
required for the transition, i.e., engineers, IT, technicians, STEM skills, managers [9]; thus inducing an
upgrade in human capital and increased productivity of workforce entering the labour market.

In GEM-E3-FIT modelling, the wage rate is higher for high-skilled relative to low-skilled labour
reflecting their higher labour productivity. The subsidisation of high-skilled workers incentivises
firms to employ high-skilled workforce through the reduction of social security contributions.
Households are incentivised to attain tertiary education with the prospect of increased wage in
the future (i.e., for engineering or IT jobs) due to the subsidisation of wages of high-skilled labour.

In the short-term, as younger cohorts increasingly decide to attain tertiary education and delay
entering the labour market, labour supply declines inducing small negative impacts on EU GDP.
However, in the longer-term, EU GDP would increase by 0.1% relative to 2DEG induced by higher
employment (+0.16% in 2050), increased labour productivity and higher wage rate (+0.15% in 2050),
which result in increased private consumption of households (+0.22% in 2050). The improved matching
of labour demand and supply leads to reduced EU unemployment rate from 7.4% in 2DEG to 7.2% in
2DEG_SK in 2050. The differentiation of impacts across countries largely reflects the amount of carbon
revenues as share of GDP used to subsidise highly-skilled labour.
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The 2DEG_SK scenario leads to a 0.5% increase in highly-skilled jobs relative to 2DEG in 2050
(Figure 10). Impacts on other labour skills are relatively limited, driven by indirect mechanisms:
increased GDP –through higher labour productivity- would positively impact labour demand for all
skills (as positive effects cascade in all productive sectors); however, firms have incentives to choose
high-skilled employees that offer higher productivity and can take advantage of the subsidisation.
As an increasing number of young cohorts chooses to attain tertiary education, the supply of low-skilled
labour declines exerting a limited downward pressure on their employment.

Figure 10. EU employment impacts by skill of 2DEG_SK scenario (% changes from 2DEG).

4.5. Combined Policy Scenario

The “2DEG_COMB” scenario simulates the impacts of a policy package to facilitate clean energy
transition, combining low-carbon innovation and development of the required skills. It aims to boost
low-carbon R&I with an ambitious allocation of resources, as 20% of ETS carbon revenues are used to
finance public and private low-carbon R&D, while an additional 10% is used to subsidise the wages and
social security contributions of highly-skilled labour required for the transition. The interactions and
synergies between policies promoting public and private low-carbon R&D and labour skills are explored
through a combination of increased expenditure for low-carbon R&D and human capital upgrade.

The “2DEG_COMB” scenario has positive macro-economic impacts driven by: (1) high productivity
improvements and cost reductions in low-carbon technologies and (2) higher labour productivity, as a
higher percentage of the workforce would attain tertiary education and develop advanced skills.
The European GDP would increase by 1.1% relative to 2DEG in 2050, triggered by impacts from
increased public (0.08%) and private low-carbon R&D (0.9%) and human capital upgrade (0.11%).
The positive socio-economic impacts of “2DEG_COMB” are higher in the longer term with EU GDP
gains increasing from 24 bn EUR in 2030 to 311 bn EUR in 2050 (Figure 11). This is driven by the
increasing amounts of ETS revenues directed to low-carbon R&D combined with the accumulated effect
of innovation and human capital policies on productivity growth. The major driver of GDP growth is the
increase of low-carbon technology exports triggered by improved EU competitiveness in international
markets, while investment and consumption also contribute to EU GDP increase. The results of our
analysis confirm prior research on the benefits of endogenous technical change, as Edenhofer et al
used 10 energy-economy models and showed that low-carbon technology improvements result in a
significant reduction of mitigation costs [34].
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Figure 11. Changes in GDP components in 2DEG_COMB relative to 2DEG.

The macro-economic impacts of the combined policy scenario are significant in countries with:

• Large low-carbon manufacturing base (Germany, Denmark, Spain) as they benefit from higher
low-carbon R&D to enhance their competitive advantage and technology exports.

• High amounts of carbon revenues as a percentage of GDP, i.e., Poland, Hungary, Spain,
that benefit through higher low-carbon R&D leading to higher gains in innovation-induced
productivity growth.

The impacts are smaller in magnitude in EU countries with limited low-carbon innovation base,
as they do not massively benefit from low-carbon innovation, as they do not reach the “efficiency
threshold” imposed for low-carbon innovation, and receive limited knowledge spillovers. Using ETS
revenues to finance low-carbon R&D has positive impacts for EU GDP growth as R&D expenditure
induces productivity improvements through innovation, with positive modest impacts on employment
triggered by improved industrial competitiveness (Figure 12). In case that the policy focus lies on job
creation, carbon revenues should be directed towards subsidization of skills required for the transition
(engineers, IT, technicians, managers). Private low-carbon R&D induces higher productivity and
economic growth than public R&D (as industrial activities directly benefit from corporate innovation)
with EU-based companies improving their competitiveness and increasing low-carbon technology
exports. The Combined Policy scenario leads to an even higher GDP growth as a larger part of ETS
carbon revenues are directed towards low-carbon R&D and human capital upgrade. GDP growth is
mostly driven by increased low-carbon technology exports triggered by improved EU competitiveness
in international markets.
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Figure 12. GDP and Employment impacts of policy scenarios (% difference from 2DEG in 2050).

5. Discussion and Conclusions

The EU strategy calls for increased R&I investment in an effort to deliver stronger and inclusive
growth, create more and better jobs and promote social and environmental objectives. The ambitious
EU emission reduction targets included in the EU Green Deal would drive a massive deployment
of renewable and energy efficient technologies. In this context, the EU can exploit its large R&I and
manufacturing base to further innovate and develop these technologies domestically creating new
jobs and growth. The study investigates the socio-economic impacts of increased public and private
R&D in low-carbon technologies and assesses its contribution towards a cost efficient low-emission
transition while enhancing the EU competitiveness in global markets.

Using the state-of-the-art multi-sectoral CGE model GEM-E3-FIT enhanced with a novel
representation of learning and innovation dynamics, we find that extensive R&I is required to support
private businesses in low-carbon technology innovation and manufacturing and the development of
domestic value chains, if the EU wants to be a competitive technology supplier. The policy scenarios
examine different ways to support EU low-carbon innovation using a part of ETS carbon revenues,
e.g., increased public R&D, subsidies to support private R&D or subsidisation to develop labour
skills required for the transition. The complex interactions between energy system decarbonisation,
technology development and low-carbon R&D are analysed, in the ambitious climate policy context
consistent with Paris Agreement goals. Based on the general equilibrium framework, all scenarios
ensure public budget neutrality where government expenditures need always to be backed up by the
generation of respective revenues. Model results thus show the impact of specific policies leading to a
reallocation of resources and innovation-induced productivity growth, rather than just the impact of
additional spending on R&D or on education.

The decarbonisation of the energy system is based on large-scale uptake of renewable energy,
improved energy efficiency and accelerated electrification of energy services. Ambitious climate
policies induce a transition towards a more capital-intensive structure of the economy, while carbon
prices increase the cost of energy services throughout the economy with negative impacts on GDP and
consumption. The low-emission transition results in increased development of low-carbon technologies
that substitute for fossil fuel use in energy demand and supply, leading to a large-scale growth of the
global low-carbon market amounting to €39 trillion cumulatively by 2050, dominated by EVs, solar PV,
wind and batteries. Empirical scientific findings show that R&D expenditure can reduce the costs of
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low-carbon technologies, a mechanism that is incorporated in GEM-E3-FIT. So, what is the impact of
policies using carbon revenues to enhance low-carbon R&D and develop the required labour skills?

The analysis shows that increased public and private EU investment in low-carbon R&D (funded by
carbon revenues) leads to lower technology costs, improved productivity and GDP growth fuelled
by innovation and increased EU competitiveness and exports in the international market. The public
R&D scenario shows macro-economic benefits for all countries as productivity improvements are
diffused worldwide but the highest GDP gains are registered in large low-carbon manufacturers,
as they exploit their competitive advantage in a large-growing market; these include Denmark and
Germany (wind turbines), China (PV), Japan (batteries) and Brazil (biofuels). In case all countries
use 10% of their carbon revenues to finance low-carbon R&D, the technology cost reductions will be
significant resulting in large GDP gains (0.2% at the global level in 2050). As resources are limited
in the general equilibrium framework, additional low-carbon R&D can crowd-out investment in
other sectors, but only temporarily, because innovation-induced productivity gains enlarge market
prospects, leading to more efficient use of economic resources triggering accelerated activity growth in
the medium and longer term.

The different nature of private R&D is reflected in the policy scenarios. Private R&D investment
leads to improved productivity in the country and industry performing R&D, while other countries
benefit indirectly through bilateral trade and knowledge spillovers but with limitations in knowledge
diffusion. At the EU level, GDP gains are higher relative to public R&D, indicating the higher efficiency
of corporate R&D that is closer to industrial activities, while public R&D commonly focuses on
basic research and immature highly uncertain technologies. Major EU low-carbon manufacturers
(Germany, Spain, Denmark) register even higher GDP gains, as they benefit from their competitive
advantage and increase technology exports. In addition, countries with large amounts of carbon
revenues as a percentage of GDP benefit from higher private R&D investment and overtake the
innovation efficiency threshold. In contrast, impacts are smaller in countries with limited innovation
and low-carbon manufacturing base that fail to massively benefit from low-carbon R&D and their
competitiveness vis-à-vis other EU countries worsens. The model-based results show that the EU
should increase expenditure for private low-carbon R&D relative to its major competitors, in order
to boost activity growth, create more and high-quality jobs and expand its first mover advantage in
low-carbon manufacturing exploiting new market opportunities with high export potential.

The low-carbon transition leads to structural economic and labour market changes and requires
different labour skills relative to conventional technologies. In case that carbon revenues are used
to subsidise high-skilled jobs required for the transition (e.g., engineers, IT, STEM skills, managers,
technicians), the mismatch between labour demand and supply is reduced leading to human capital
upgrade and increased productivity of the workforce. The subsidisation of high-skilled jobs leads to
increased attainment in tertiary education, so that younger cohorts delay entering the labour market
with slightly negative short-term GDP impacts. However, increased labour productivity and household
income boost long-term GDP and employment.

These findings can provide robust evidence to policy makers, especially related to potential
allocation of carbon revenues in the decarbonisation context. Using ETS revenues to subsidise public or
private low-carbon R&D will reduce technology costs and improve productivity leading to increased
EU competitiveness and GDP. If the policy focus lies on the creation of jobs, carbon revenues can be
directed towards subsidisation of high-skilled labour required for the low-carbon transition. A holistic
strategy aiming to boost low-carbon R&D and develop the required skills can fully alleviate the cost
burden of decarbonisation for the European economy and create more and better jobs, especially in
transition-related sectors. Investment and consumption contribute to GDP growth, but the major
driver is the increase in low-carbon technology exports triggered by the improved EU competitiveness
in international markets. Therefore, innovation-related policies –including deployment– should be
integrated in climate policy impact assessments, as they can provide socio-economic co-benefits, while
ensuring the cost-efficient transition to a climate neutral and resource efficient economy.
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The analysis estimates the potential socio-economic and trade impacts of supporting low-carbon
R&I to facilitate EU decarbonisation. The EU currently has a small share in PV and battery value chain
and thus large support to low-carbon R&D is required to assure the competitiveness of EU-produced
low-carbon products. The relocation of low-carbon manufacturing to the EU brings benefits in
terms of reduced imports of PV and batteries and lower dependence on non-EU manufacturers.
The design of well-planned climate, innovation and education policies would lead to enhanced
development of cost-efficient clean energy manufacturing capability in the EU boosting domestic
activity and employment through increased production of low-carbon technologies. The study
informs policy makers on the need for a technology-smart policy strategy, integrating a portfolio of
measures facilitating private low-carbon R&D (to boost domestic activity), public R&D (to enhance
research for currently immature clean technologies) and labour market policies (to ensure increased
employment, labour productivity and development of the required skills). The incentivization
of private R&D along the supply chain of low-carbon technologies can enhance the international
competitiveness of EU-based manufacturing. A clear, well-predictable and ambitious strategy for
the development of low-carbon technologies is needed to create an attractive European market and
provide well-anticipated price signals and planning security to European investors, industries and
innovators [40]. This strategy should integrate demand (i.e., though ambitious climate policies, carbon
pricing, emission standards, subsidies or mandates) and manufacturing aspects—largely focused on
innovation and skills development—related to clean energy transition.

There is no doubt that despite the significant methodological improvements presented above,
this kind of modelling has limitations and requires additional research. The modelling results greatly
depend on the trade and price elasticities and learning rates used in the model. The study has benefited
from the most recent estimates on elasticities and technology learning rates available in the literature
but future research can develop a sensitivity analysis around the core model parameters specified by
country and sector. Further research is also required on the distinction between public and private R&D,
as empirical literature provides evidence on their different nature, but stronger empirical foundation
is needed.

Author Contributions: L.P., P.F. and K.F. conceived and designed the experiments, K.F. and P.F. performed the
experiments, P.F., K.F. and L.P. analysed the data, P.F., K.F. and L.P. wrote the paper. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the European Union’s Horizon 2020 research and innovation programmes
under grant agreement No 727114 (“MONROE” project) and No 730403 (“INNOPATHS” project).

Acknowledgments: The information and views set out in this paper are those of the authors and do not reflect
the official opinion of the European Commission.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Verdolini, E.; Anadón, L.D.; Baker, E.; Bosetti, V.; Reis, L.A. Future Prospects for Energy Technologies:
Insights from Expert Elicitations. Rev. Environ. Econ. Policy 2018, 12, 133–153. [CrossRef]

2. Bosetti, V.; Catenacci, M.; Fiorese, G.; Verdolini, E. The future prospect of PV and CSP solar technologies:
An expert elicitation survey. Energy Policy 2012, 49, 308–317. [CrossRef]

3. Paroussos, L.; Mandel, A.; Fragkiadakis, K.; Fragkos, P.; Hinkel, J.; Vrontisi, Z. Climate clubs and the
macro-economic benefits of international cooperation on climate policy. Nat. Clim. Chang. 2019, 9, 542–546.
[CrossRef]

4. Di Comite, F.; Kancs, D. Macro-Economic Models for R&D and Innovation Policies. In IPTS Working Papers
on Corporate R&D and Innovation—No 02/2015; Publications Office of the European Union: Luxembourg, 2015.
[CrossRef]

http://dx.doi.org/10.1093/reep/rex028
http://dx.doi.org/10.1016/j.enpol.2012.06.024
http://dx.doi.org/10.1038/s41558-019-0501-1
http://dx.doi.org/10.2791/08850


Energies 2020, 13, 5236 26 of 29

5. De Cian, E.; Keppo, I.; Bollen, J.; Carrara, S.; Förster, H.; Hübler, M.; Kanudia, A.; Paltsev, S.; Sands, R.D.;
Schumacher, K. European-led climate policy versus global mitigation action. Implications on trade,
technology, and energy. Clim. Chang. Econ. 2013, 4, 1340002. [CrossRef]

6. European Commission—Joint Research Centre. Current Challenges in Fostering the European Innovation
Ecosystem; EUR 28796 EN; Publications Office of the European Union: Luxembourg, 2017;
ISBN 9789279738623.

7. IRENA. Renewable Power Generation Costs in 2019; International Renewable Energy Agency: Abu Dhabi, UAE, 2020.
8. Gillingham, K.; Newell, R.G.; Pizer, W.A. Modeling endogenous technological change for climate policy

analysis. Energy Econ. 2008, 30, 2734–2753. [CrossRef]
9. Fragkiadakis, K.; Paroussos, L.; Capros, P. Technical description of the R&I module of GEM-E3-RD

model, MONROE Deliverable 4.3.2. 2019. Available online: https://www.monroeproject.eu/wp-content/
uploads/2019/05/D4.3.2-Technical-description-of-the-RI-module-of-GEM-E3-RD-model.pdf (accessed on
1 September 2020).

10. Mercure, J.-F.; Knobloch, F.; Pollitt, H.; Paroussos, L.; Scrieciu, S.S.; Lewney, R. Modelling innovation and the
macroeconomics of low-carbon transitions: Theory, perspectives and practical use. Clim. Policy 2019, 19,
1019–1037. [CrossRef]

11. Acemoglu, D.; Aghion, P.; Bursztyn, L.; Hemous, D. The Environment and Directed Technical Change.
Am. Econ. Rev. 2012, 102, 131–166. [CrossRef]

12. Pottier, A.; Hourcade, J.-C.; Espagne, E. Modelling the redirection of technical change: The pitfalls of
incorporeal visions of the economy. Energy Econ. 2014, 42, 213–218. [CrossRef]

13. Hicks, J. A Theory of Wages; MacMillan: New York, NY, USA, 1932.
14. Popp, D. Induced Innovation and Energy Prices. Am. Econ. Rev. 2002, 92, 160–180. [CrossRef]
15. Popp, D. Environmental Policy and Innovation: A Decade of Research. Available online: https://www.ifo.de/

DocDL/cesifo1_wp7544.pdf (accessed on 1 September 2020).
16. Ley, M.; Stucki, T.; Woerter, M. The Impact of Energy Prices on Green Innovation. Energy J. 2016, 37, 41–75.

[CrossRef]
17. Vincenzi, M.; Ozabaci, D. The Effect of Public Policies on Inducing Technological Change in Solar Energy.

Agric. Resour. Econ. Rev. 2017, 46, 44–72. [CrossRef]
18. Aghion, P.; Dechezleprêtre, A.; Hémous, D.; Martin, R.; Van Reenen, J. Carbon Taxes, Path Dependency,

and Directed Technical Change: Evidence from the Auto Industry. J. Political Econ. 2016, 124, 1–51. [CrossRef]
19. Calel, R.; Dechezleprêtre, A. Environmental Policy and Directed Technological Change: Evidence from the

European Carbon Market. Rev. Econ. Stat. 2016, 98, 173–191. [CrossRef]
20. Taghizadeh-Hesary, F.; Yoshino, N.; Inagaki, Y. Empirical analysis of factors influencing the price of solar

modules. Int. J. Energy Sect. Manag. 2019, 13, 77–97. [CrossRef]
21. Karkatsoulis, P.; Capros, P.; Fragkos, P.; Paroussos, L.; Tsani, S. First-mover advantages of the European

Union’s climate change mitigation strategy. Int. J. Energy Res. 2016, 40, 814–830. [CrossRef]
22. Egli, F.; Steffen, B.; Schmidt, T.S. A dynamic analysis of financing conditions for renewable energy technologies.

Nat. Energy 2018, 3, 1084–1092. [CrossRef]
23. Rubin, E.S.; Azevedo, I.M.; Jaramillo, P.; Yeh, S. A review of learning rates for electricity supply technologies.

Energy Policy 2015, 86, 198–218. [CrossRef]
24. Kavlak, G.; McNerney, J.; Trancik, J.E. Evaluating the causes of cost reduction in photovoltaic modules.

Energy Policy 2018, 123, 700–710. [CrossRef]
25. Nemet, G.F. How Solar Energy Became Cheap; Informa UK Limited: London, UK, 2019.
26. Creutzig, F.; Agoston, P.; Goldschmidt, J.C.; Luderer, G.; Nemet, G.; Pietzcker, R.C. The underestimated

potential of solar energy to mitigate climate change. Nat. Energy 2017, 2. [CrossRef]
27. Boulatoff, C.; Boyer, C. What is the impact of private and public R&D on clean technology firms’ performance?

An international perspective. J. Sustain. Financ. Invest. 2016, 7, 147–168. [CrossRef]

http://dx.doi.org/10.1142/S2010007813400022
http://dx.doi.org/10.1016/j.eneco.2008.03.001
https://www.monroeproject.eu/wp-content/uploads/2019/05/D4.3.2-Technical-description-of-the-RI-module-of-GEM-E3-RD-model.pdf
https://www.monroeproject.eu/wp-content/uploads/2019/05/D4.3.2-Technical-description-of-the-RI-module-of-GEM-E3-RD-model.pdf
http://dx.doi.org/10.1080/14693062.2019.1617665
http://dx.doi.org/10.1257/aer.102.1.131
http://dx.doi.org/10.1016/j.eneco.2013.12.003
http://dx.doi.org/10.1257/000282802760015658
https://www.ifo.de/DocDL/cesifo1_wp7544.pdf
https://www.ifo.de/DocDL/cesifo1_wp7544.pdf
http://dx.doi.org/10.5547/01956574.37.1.mley
http://dx.doi.org/10.1017/age.2016.36
http://dx.doi.org/10.1086/684581
http://dx.doi.org/10.1162/REST_a_00470
http://dx.doi.org/10.1108/IJESM-05-2018-0005
http://dx.doi.org/10.1002/er.3487
http://dx.doi.org/10.1038/s41560-018-0277-y
http://dx.doi.org/10.1016/j.enpol.2015.06.011
http://dx.doi.org/10.1016/j.enpol.2018.08.015
http://dx.doi.org/10.1038/nenergy.2017.140
http://dx.doi.org/10.1080/20430795.2016.1251813


Energies 2020, 13, 5236 27 of 29

28. European Commission. Cost Development of Low-Carbon Energy Technologies: Scenario-Based
Cost Trajectories to 2050, 2017 Edition. 2018. Available online: https://ec.europa.eu/jrc/en/publication/

cost-development-low-carbon-energy-technologies-scenario-based-cost-trajectories-2050-2017-edition
(accessed on 1 September 2020).

29. Fouquet, R.; Pearson, P.J. Past and prospective energy transitions: Insights from history. Energy Policy 2012,
50, 1–7. [CrossRef]

30. Paroussos, L.; Fragkos, P.; Vrontisi, Z.; Fragkiadakis, K.; Pollitt, H.; Lewney, R.; Chewpreecha, U. A Technical
Case Study on R&D and Technology Spillovers of Clean Energy Technologies. 2017. Available online: https://
ec.europa.eu/energy/sites/ener/files/documents/case_study_3_technical_analysis_spillovers.pdf (accessed on
1 September 2020).

31. Griliches, Z.; Lichtenberg, F. R&D and Productivity Growth at the Industry Level: Is There Still a Relationship?
In R&D, Patents, and Productivity; University of Chicago Press: Chicago, IL, USA, 1984; Chapter 21; pp. 465–502.
ISBN 0-226-30884-7.

32. Parrado, R.; De Cian, E. Technology spillovers embodied in international trade: Intertemporal, regional and
sectoral effects in a global CGE framework. Energy Econ. 2014, 41, 76–89. [CrossRef]

33. Grubb, M.; Köhler, J.; Anderson, D. Induced Technical Change in Energy and Environmental Modeling:
Analytic Approaches and Policy Implications. Annu. Rev. Energy Environ. 2002, 27, 271–308. [CrossRef]

34. Edenhofer, O.; Lessmann, K.; Kemfert, C.; Grubb, M.; Köhler, J. Induced Technological Change: Exploring
its Implications for the Economics of Atmospheric Stabilization: Synthesis Report from the Innovation
Modeling Comparison Project. Energy J. 2006, 35. [CrossRef]

35. Vartiainen, E.; Masson, G.; Breyer, C.; Moser, D.; Román Medina, E. Impact of weighted average cost of
capital, capital expenditure, and other parameters on future utility-scale PV levelised cost of electricity.
Prog. Photovoltaics Res. Appl. 2019, 1–15. [CrossRef]

36. Fragkos, P.; Paroussos, L. Employment creation in EU related to renewables expansion. Appl. Energy 2018,
230, 935–945. [CrossRef]

37. Wing, I.S. Representing induced technological change in models for climate policy analysis. Energy Econ.
2006, 28, 539–562. [CrossRef]

38. Paroussos, L.; Fragkiadakis, K.; Fragkos, P. Macro-economic analysis of green growth policies: The role of
finance and technical progress in Italian green growth. Clim. Chang. 2019, 1–18. [CrossRef]

39. MONROE Project. D6.4.1: Technical Description of the Modelling Results, Including Interpretation
of the Differences between the Outcomes of the Models. 2019. Available online: https:
//www.monroeproject.eu/wp-content/uploads/2019/05/D6.4.1-Technical-description-of-the-modelling-
results-including-interpretation-of-the-differences-between-the-outcomes-from-the-three-models.pdf
(accessed on 1 September 2020).

40. Fragkiadakis, K.; Charalampidis, I.; Fragkos, P.; Paroussos, L. Economic, Trade and Employment Implications
from EVs Deployment and Policies to Support Domestic Battery Manufacturing in the EU. Foreign Trade Rev.
2020, 55, 298. [CrossRef]

41. Criqui, P.; Mima, S.; Menanteau, P.; Kitous, A. Mitigation strategies and energy technology learning:
An assessment with the POLES model. Technol. Forecast. Soc. Chang. 2015, 90, 119–136. [CrossRef]

42. MONROE Project. MD3.4.2: The Role of Human Capital in Creating Knowledge, Absorbing
Spillovers and the Importance of Skilled Labour Migration. 2019. Available online:
https://www.monroeproject.eu/wp-content/uploads/2019/05/D3.4.2-The-role-of-Human-Capital-in-
creating-Knowledge-absorbing-spillovers-and-the-importance-of-skilled-labour-migration-E3M.pdf
(accessed on 1 September 2020).

43. Fragkos, P.; Tasios, N.; Paroussos, L.; Capros, P.; Tsani, S.Z. Energy system impacts and policy implications of
the European Intended Nationally Determined Contribution and low-carbon pathway to 2050. Energy Policy
2017, 100, 216–226. [CrossRef]

https://ec.europa.eu/jrc/en/publication/cost-development-low-carbon-energy-technologies-scenario-based-cost-trajectories-2050-2017-edition
https://ec.europa.eu/jrc/en/publication/cost-development-low-carbon-energy-technologies-scenario-based-cost-trajectories-2050-2017-edition
http://dx.doi.org/10.1016/j.enpol.2012.08.014
https://ec.europa.eu/energy/sites/ener/files/documents/case_study_3_technical_analysis_spillovers.pdf
https://ec.europa.eu/energy/sites/ener/files/documents/case_study_3_technical_analysis_spillovers.pdf
http://dx.doi.org/10.1016/j.eneco.2013.10.016
http://dx.doi.org/10.1146/annurev.energy.27.122001.083408
http://dx.doi.org/10.5547/ISSN0195-6574-EJ-VolSI2006-NoSI1-3
http://dx.doi.org/10.1002/pip.3189
http://dx.doi.org/10.1016/j.apenergy.2018.09.032
http://dx.doi.org/10.1016/j.eneco.2006.05.009
http://dx.doi.org/10.1007/s10584-019-02543-1
https://www.monroeproject.eu/wp-content/uploads/2019/05/D6.4.1-Technical-description-of-the-modelling-results-including-interpretation-of-the-differences-between-the-outcomes-from-the-three-models.pdf
https://www.monroeproject.eu/wp-content/uploads/2019/05/D6.4.1-Technical-description-of-the-modelling-results-including-interpretation-of-the-differences-between-the-outcomes-from-the-three-models.pdf
https://www.monroeproject.eu/wp-content/uploads/2019/05/D6.4.1-Technical-description-of-the-modelling-results-including-interpretation-of-the-differences-between-the-outcomes-from-the-three-models.pdf
http://dx.doi.org/10.1177/0015732520920466
http://dx.doi.org/10.1016/j.techfore.2014.05.005
https://www.monroeproject.eu/wp-content/uploads/2019/05/D3.4.2-The-role-of-Human-Capital-in-creating-Knowledge-absorbing-spillovers-and-the-importance-of-skilled-labour-migration-E3M.pdf
https://www.monroeproject.eu/wp-content/uploads/2019/05/D3.4.2-The-role-of-Human-Capital-in-creating-Knowledge-absorbing-spillovers-and-the-importance-of-skilled-labour-migration-E3M.pdf
http://dx.doi.org/10.1016/j.enpol.2016.10.023


Energies 2020, 13, 5236 28 of 29

44. Fraunhofer ISE. Photovoltaics Report; Fraunhofer Institute for Solar Energy Systems (ISE): Freiburg im Breisgau,
Germany, 2018.

45. Navigant Research. In World Wind Energy Market Update 2018; Navigant Consulting Inc.: Burlington, MA,
USA, 2018.

46. Clean Energy Manufacturing Analysis Center (CEMAC). Benchmarks of Global Clean Energy Manufacturing;
National Renewable Energy Laboratory: Golden, CO, USA, 2016.

47. International Energy Agency. Global EV Outlook 2019; International Energy Agency: Paris, France, 2019.
48. IRENA. Renewable Energy and Jobs Annual Review 2016; International Renewable Energy Agency: Abu Dhabi,

UAE, 2016.
49. Fries, M.; Kerler, M.; Rohr, S.; Schickram, S.; Sinning, M.; Lienkamp, M. An Overview of Costs for Vehicle

Components, Fuels, Greenhouse Gas Emissions and Total Cost of Ownership, Update 2017. Available online:
https://steps.ucdavis.edu/wp-content/uploads/2018/02/FRIES-MICHAEL-An-Overview-of-Costs-for-
Vehicle-Components-Fuels-Greenhouse-Gas-Emissions-and-Total-Cost-of-Ownership-Update-2017-.pdf
(accessed on 1 September 2020).

50. Romer, P.M. Endogenous Technological Change. J. Polit. Econ. 1990, 98, S71–S102. [CrossRef]
51. Glachant, M.; Ménière, Y. Technology Diffusion with Learning Spillovers: Patent Versus Free Access.

Manch. Sch. 2012, 81, 683–711. [CrossRef]
52. Kirchherr, J.; Urban, F. Technology transfer and cooperation for low carbon energy technology: Analysing

30 years of scholarship and proposing a research agenda. Energy Policy 2018, 119, 600–609. [CrossRef]
53. Verspagen, B. Estimating international technology spillovers using technology flow matrices. Rev. World Econ.

1997, 133, 226–248. [CrossRef]
54. United Nations and Bloomberg New Energy Finance. Global Trends in Renewable Energy Investment

2018. 2018. Available online: http://www.iberglobal.com/files/2018/renewable_trends.pdf (accessed on
1 September 2020).

55. International Energy Agency. World Energy Outlook 2018; International Energy Agency: Paris, France, 2018.
56. Clas-Otto, W. Energy Technology Learning through Deployment in Competitive Markets. Eng. Econ. 2008,

53, 340–364.
57. International Energy Agency. World Energy Investment 2018; IEA/OECD: Paris, France, 2018.
58. Hayamizu, S.; Furubayashi, T.; Nakata, T. Quantification of technological learning by R&D and its application

for renewable energy technologies. Trans. JSME 2014, 80. [CrossRef]
59. Kriegler, E.; Riahi, K.; Bauer, N.; Schwanitz, V.J.; Petermann, N.; Bosetti, V.; Marcucci, A.; Otto, S.; Paroussos, L.;

Rao, S.; et al. Making or breaking climate targets: The AMPERE study on staged accession scenarios for
climate policy. Technol. Forecast. Soc. Chang. 2015, 90, 24–44. [CrossRef]

60. Fragkos, P.; Fragkiadakis, K.; Paroussos, L.; Pierfederici, R.; Vishwanathan, S.S.; Köberle, A.C.; Iyer, G.;
He, C.-M.; Oshiro, K. Coupling national and global models to explore policy impacts of NDCs. Energy Policy
2018, 118, 462–473. [CrossRef]

61. Frankfurt School-UNEP Centre/BNEF. Global Trends in Renewable Energy Investment 2016. 2016. Available
online: https://www.actu-environnement.com/media/pdf/news-26477-rapport-pnue-enr.pdf (accessed on
1 September 2020).

62. Bointner, R.; Pezzutto, S.; Grilli, G.; Sparber, W. Financing Innovations for the Renewable Energy Transition
in Europe. Energies 2016, 9, 990. [CrossRef]

63. Kuriakose, S. Accelerating Innovation in China’s Solar, Wind and Energy Storage Sectors; World Bank: Washington,
DC, USA, 2017.

64. Dechezleprêtre, A.; Martin, R.; Bass, S. Climate Change Policy, Innovation and Growth: Policy Brief. In Handbook
on Green Growth; Grantham Research Institute and Global Green Growth Institute: London, UK, 2016.

65. Schaeffer, G.J.; Seebregts, A.J.; Beurskens, L.; De Moor, H.; Van Sark, W. Learning from the Sun; Analysis of the Use
of Experience Curves for Energy Policy Purposes: The Case of Photovoltaic Power; ECN: Petten, The Netherlands, 2004.

66. Junginger, M.; Faaij, A.; Turkenburg, W. Global experience curves for wind farms. Energy Policy 2005, 33,
133–150. [CrossRef]

https://steps.ucdavis.edu/wp-content/uploads/2018/02/FRIES-MICHAEL-An-Overview-of-Costs-for-Vehicle-Components-Fuels-Greenhouse-Gas-Emissions-and-Total-Cost-of-Ownership-Update-2017-.pdf
https://steps.ucdavis.edu/wp-content/uploads/2018/02/FRIES-MICHAEL-An-Overview-of-Costs-for-Vehicle-Components-Fuels-Greenhouse-Gas-Emissions-and-Total-Cost-of-Ownership-Update-2017-.pdf
http://dx.doi.org/10.1086/261725
http://dx.doi.org/10.1111/j.1467-9957.2012.02337.x
http://dx.doi.org/10.1016/j.enpol.2018.05.001
http://dx.doi.org/10.1007/BF02707461
http://www.iberglobal.com/files/2018/renewable_trends.pdf
http://dx.doi.org/10.1299/transjsme.2014tep0042
http://dx.doi.org/10.1016/j.techfore.2013.09.021
http://dx.doi.org/10.1016/j.enpol.2018.04.002
https://www.actu-environnement.com/media/pdf/news-26477-rapport-pnue-enr.pdf
http://dx.doi.org/10.3390/en9120990
http://dx.doi.org/10.1016/S0301-4215(03)00205-2


Energies 2020, 13, 5236 29 of 29

67. Reinaud, J.; Clinckx, N.; Ronzeau, K.; Faraggi, P. “Scaling up Innovation in the Energy Union to Meet New
Climate, Competitiveness and Societal Goals: Scoping the Future in Light of the Past”, i24c and Capgemini
consulting manuscript. 2016. Available online: https://www.capgemini.com/wp-content/uploads/2017/07/

scaling_up_innovation_in_energy_union_capgemini_and_i24c_report_1.pdf (accessed on 1 September 2020).
68. Lebedeva, N.; Di Persio, F.; Boon-Brett, L. Lithium Ion Battery Value Chain and Related Opportunities for

Europe; EUR 28534 EN; JRC105010; Publications Office of the European Union: Luxembourg, 2017;
ISBN 978-92-79-66948-4. [CrossRef]

69. Canton, E. Social Returns to Education: Macro-Evidence. De Econ. 2007, 155, 449–468. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

https://www.capgemini.com/wp-content/uploads/2017/07/scaling_up_innovation_in_energy_union_capgemini_and_i24c_report_1.pdf
https://www.capgemini.com/wp-content/uploads/2017/07/scaling_up_innovation_in_energy_union_capgemini_and_i24c_report_1.pdf
http://dx.doi.org/10.2760/6060
http://dx.doi.org/10.1007/s10645-007-9072-z
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Literature and Context 
	The Role of Low-Carbon Innovation in the EU 
	Technology Progress 
	Modelling Innovation and Technology Change 

	Methodology 
	Brief Description of GEM-E3-FIT 
	Endogenous Representation of Clean Energy Markets 
	Modelling of Technological Change and R&D 
	Scenario Design 

	Results 
	Energy System Restructuring 
	Impacts of Public Low-Carbon R&D 
	Impacts of Private Low-Carbon R&D 
	Upgrade of Human Capital 
	Combined Policy Scenario 

	Discussion and Conclusions 
	References

