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Abstract

This paper assesses the sensitivity of climate change mitigation costs to energy efficiency poli-
cies, and gives policy insights for the timing of climate action. A hybrid general equilibrium model
(Imaclim-R) is used to investigate numerically the interaction between technical change and eco-
nomic growth. Energy efficiency in productive sectors lowers energy prices. Lower energy prices
increase demand due to lower prices of non-energy goods and higher household revenues. Energy
efficiency lowers the carbon price, shifting the emission constraint away from household energy con-
sumption. Energy efficiency policies drive economic growth and reduce policy costs, but only if
energy efficiency policies in industrialised regions are combined with measures to accelerate technol-
ogy transfers towards other regions. The timing of efforts reveals a trade-off between short and long
term costs. Early action triggers energy efficiency but shows high short-term costs and should be
considered in combination with policies to accelerate technology diffusion. Late action shows high
long-term costs, even when combined with policies to enhance innovation and accelerate diffusion.
Early action could reduce the cost uncertainty induced by the controversy surrounding the appro-
priate discount rate for policy assessment, while late action would require additional measures to
reduce long term costs, notably in sectors with significant inertia.
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1 Introduction

The nature of the interaction between energy and economic growth is still an unresolved issue in the
economic literature. Some econometric studies have identified energy use as a determinant and possible
limiting factor of economic growth, for instance [1]. Other studies have questioned the causal relationship
between energy use and economic output, see [2] for a review. The relationship between energy prices and
economic growth is less controversial. Econometric analyses have shown the correlation between oil price
shocks and short-term economic downturns [3]. The oil price shocks also gave rise to a vast literature
focusing on the links between energy and long-term economic growth, and on the role of technical
change and capital substitution to sustain growth in an economy relying heavily upon nonrenewable
energy resources, see [4] for a review. At the same time, high energy prices may bias innovation towards
energy efficient technologies, see [5] for a review. This bias would allow energy-saving technical change
to reduce overall energy use and CO2 emissions while sustaining long-term economic growth.

Energy efficiency could thus play a crucial role in addressing climate change and energy security issues
[6]. Policy-makers in many countries have acted on that premise and implemented energy efficiency
policies. For instance, the European Union aims at increasing energy efficiency by 20% by 2020, while
China set the objective at 16% by 2015. Specific measures include mandatory energy requirements in
buildings in Europe and part of the United States and light-vehicles standards in Europe, Japan and the
US. Also, most industries in these countries are regulated through standards, or participate in voluntary
programmes. Such energy efficiency policies usually target specific sectors at the micro level, and their
impact on overall economic growth is ambiguous.

This paper sheds light on this unresolved issue and aims at answering the following questions: How
do the effects of technological innovation propagate from the micro to the macro level and affect overall
energy efficiency and economic growth? More precisely, how do the level of energy efficiency at the
sectoral level and the diffusion of technological innovations impact macroeconomic indicators? How
do these mechanisms affect climate change mitigation costs? How do the dynamics of technological
innovation and diffusion interact with the timing of mitigation strategies?

Two main strands of the economic literature focus on technical change. On the one hand, at the micro
level, the literature studies the determinants of technological innovation and diffusion (see [7] for a review
in the context of environmental issues). On the other hand, at the macro level, the literature studies the
link between technical change and growth. For instance, [8] reviews the link between the environment,
technical change and economic growth, with a particular focus on optimal growth pathways. [9] questions
the traditional way in which models have addressed this issue and separated top-down and bottom-up
modelling approaches. In that, traditional models heeded the conclusions of [10] that the evolution of the
energy sector has little impact on economic growth. Following [9] and [11], we introduce a model with
endogenous technical change and economic growth. This hybrid general equilibrium model Imaclim-R
offers a tool to test the links between technical change and the contents of economic growth, coupling of
a top-down structure and bottom-up modules. This dynamic recursive model allows to assess the short
and long term consequences of climate change mitigation policies.

The paper is structured as follows. Section 2 presents a selected review of the empirical literature
on energy-saving technical change and of traditional approaches to model the relationship between tech-
nical change and economic growth. Section 3 presents the hybrid general equilibrium model Imaclim-R
used in this analysis. A series of numerical experiments is then performed to assess the sensitivity of
macroeconomic indicators to energy efficiency at the sectoral level. Section 4 presents the mechanisms at
play as energy efficiency improvements propagate through the economy. Section 5 examines the impact
of the speed of diffusion of energy efficient technologies and of the timing of climate action on mitigation
costs. Section 6 concludes.
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2 Technical change in energy-economy models

2.1 Technical change and energy efficiency: some empirical facts

Technical change includes both the change in the amount of inputs to produce a unit of output and
the change in the structure of the output. In other words, technical change encompasses the choice of
techniques (e.g., from the plough to the tractor) and structural change (e.g., industrialisation and growth
of the share of services in the economy). Input substitution can be distinguished from technical change
and refers to the evolution of the inputs structure to produce a unit of output, considering a fixed set
of techniques. Induced technical change is the alteration of the rate and direction of technical change in
response to policy [12]. Technical change can be induced by investments in Research and Development
(R&D), learning-by-doing, relative price changes, technology transfers, behavioural change, see [5]. While
R&D investments may influence the rate and direction of technical change, learning-by-doing can reduce
the unit cost of a particular good as a function of experience. Technical change may also occur when a
change in the relative prices of factors spurs innovation directed at reducing the use of a factor which
has become relatively expensive [13].

Because of the emissions they induce, energy inputs are critical for assessing of climate change mit-
igation policies. Empirical studies show that higher energy prices have been associated with energy
efficiency improvements. For instance, [14] shows that energy prices and energy intensity of industrial
production have been negatively correlated in eight energy intensive US industries over the 1970-1990
period, with two thirds of the change in energy consumption due to price-induced factor substitution
and the remaining third resulting from induced innovation. [15] also identifies rising energy prices as
one of the key factors of energy intensity reduction in the Chinese industrial sector between 1997 and
1999. High fossil energy prices (for instance driven by carbon pricing) may drive firms to invest in new
knowledge to develop less carbon intensive processes and products [16]. A rise in energy prices may also
drive households to purchase energy-efficient equipment, products and services.

Energy efficiency improvements may also be driven by technology diffusion policies. For instance,
basic oxygen furnaces replaced open hearth furnaces for steel production as a more efficient technology
in terms of energy and other inputs in former Eastern Germany after the reunification [17, 18]. The
diffusion of energy efficient technologies across regions is often seen as critical to mitigate climate change.
In particular, the Clean Development Mechanism (CDM) of the Kyoto Protocol has been used as a tool
to facilitate the transfer of low carbon technologies towards industrializing countries [19]. Dedicated
technology policies can induce the diffusion of innovations. For instance, the large diffusion of high
efficiency motors in the US occurred thanks the implementation of demand-side management programs
at the initiative of many electricity utilities. Increased energy efficiency followed the development of
better insulation and magnetic materials (e.g., low-carbon silicon steel plates and light aluminium alloys).
Introduced to the market in the 1970s, they represented 20% of the US market in the mid-1990s. Their
share was only 1% in Europe because of the lack of market transformation initiatives [20].

However, the rebound effect following energy efficiency improvements may well lead to higher emis-
sions. In the residential sector, energy-saving technical change may indeed lead to greater energy con-
sumption by households as a result of lower energy prices. This is the case for China, as shown by [21].
This rebound effect is the object of extensive study, see for instance [22–24]. At the aggregate level,
the impact of energy efficiency on economic growth is ambiguous as well. The estimation of elasticities
on past data shows that the improved conversion of energy into physical work accounts for most of
the growth attributed to technological progress [25]. Technology transfers do not necessarily translate
into an increase of the productivity of all factors, see for instance [26] for a review of the relationship
between technological progress, energy efficiency and economic growth. Again in the case of the Chinese
industrial sector, imported technology may be labour and energy-saving but capital-using, [15].

2.2 Modelling technical change and energy efficiency

In accordance with these findings, some models have paid particular attention to the effect of energy
prices, the mechanisms of technological innovation and diffusion, and rebound effects to model energy
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efficiency and economic growth. In aggregate models, input substitution is understood as a movement
along a production function, while technical change is a ’shift’ of the production function [27]. Technical
change was first modelled through the evolution of a technical change index (Solow’s residual [28], also
called Total Factor Productivity) which translates a change in the quantity of output for given inputs.
[29] later introduced an autonomous energy efficiency improvement coefficient (AEEI) in energy-economy
models to account for historical non-price related technical change. This coefficient translates energy
efficiency improvements induced by non-price signals like norms or technical standards, by behavioural
change following the evolution of lifestyles, or by structural changes (e.g., an increasing share of manu-
factured vs. energy-intensive industrial goods) [30]. The calibration of the AEEI coefficient is difficult
and has been largely criticized in the literature, e.g., [31]. Exogenous trends of energy efficiency im-
provements greatly influence model results, in particular in macroeconomic models where it determines
emissions and economic growth. For instance, low (respectively high) AEEI values may lead to overes-
timating (respectively underestimating) future energy demand and climate change mitigation costs [32].
More fundamentally, ambitious climate policies could significantly alter technology and consumptions
patterns and are likely to change the structure of economic growth. The calibration of AEEI on past
trends therefore might not remain valid over time [33]. Models with endogenous technical change have
been developed to address the shortcomings of exogenous technical change [34]. These models include
some or all of four key elements: capital vintages, R&D, technological learning, and the heterogeneity of
energy consumption choices.

Many models represent the evolution of technical systems through successive generations of capital
[35, 36]. In this setting, new technologies can only penetrate the mix of installed capacities if they coincide
with new investments to satisfy demand, replace end-of-life capital or replace capital that is no longer
profitable. More broadly, the development of economy-wide technical characteristics depends on specific
sectoral developments, which for instance depend on the typical lifetime of capital in each sector (e.g.,
sectors with long capital lifetimes will usually evolve slowly even if more efficient technologies emerge).
Modelling generations of capital thus allows for the representation of technical inertia, which depends
on the speed of capital capacities renewal and the speed of innovation diffusion [37]. It also ensures
that technological characteristics at the sectoral level and economy-wide technical change are consistent.
Besides, capital vintages link endogenous technological change and the availability of investments. This
modelling feature is particularly relevant since the inertia of technical systems determines the short and
long term costs of climate mitigation [38].

Technical change induction mechanisms have been examined by [39], [40] and [41]. Based on these
theoretical advances, some energy-economy models associate technical change with a stock of knowledge
that evolves with R&D investments, see [42] for a review. Investments in R&D can impact the shape
of the production function [43], the conversion factor between CO2 emissions and economic output or
energy [16], or both [44] and [45]. R&D investments are usually assumed to remain with a constant
budget, and R&D investments in energy technologies occur at the expense of R&D investments in other
sectors [46, 47]. Ignoring such crowding-out effects for the allocation of investment in R&D between
sectors might lead to underestimating climate mitigation costs [43]. Models sometimes represent positive
externalities, such as spillovers, between sectors or regions for R&D and technological learning [48]. For
instance, the regional aggregate production functions benefit from a stock of “global” knowledge in [44].

Energy-economy models usually represent technological learning mechanisms through experience or
learning curves. Learning curves translate the evolution of the cost of a technology as a function of cu-
mulated experience (cumulative production or installed capacity is often used as a proxy for experience).
Many econometric studies have identified learning rates of explicit energy technologies, see [49–51] for
reviews. Some models use also cost asymptotes to be more realistic [52, 53]. Many models use tech-
nological learning to represent endogenous technical change. In some models, cumulative abatement
and R&D investments jointly drive the improvements in energy productivity and the carbon intensity of
energy [45]. Using global learning curves for some low carbon technologies, [54] shows the importance of
positive externalities as inter-regional spillover reduce climate mitigation costs.

Note that another form of technical change derives from the sectoral and regional disaggregation
of energy-economy models. Technical change at the global level, as reflected for instance in the en-
ergy and carbon intensity of the economy, depends on technical change in various sectors and regions.
Economy-wide technical change therefore depends on this level of disaggregation. Technical change at
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the sectoral level is affected by the heterogeneity of energy consumption choices (e.g., the energy intensity
of production and household energy use).

2.3 Modelling the relationship between energy efficiency and economic growth

The previous section outlined how models represent energy efficiency. In this section, we discuss the
challenges faced when linking technical change, energy efficiency and economic growth. Long-run studies
of the interaction between technical change, the economy and climate policies have been traditionally
performed either by using bottom-up approaches (often in partial equilibrium) or top-down general
equilibrium energy-economy models, see [55] for a review.

As briefly mentioned in section 2.2, stylised top-down models explore the link between technical
change and macroeconomy at a very aggregate level. Top-down models usually rely on the use of
production functions [56], which mimic the set of available techniques and the technical constraints on an
economy [57, 58] and often use constant elasticity of substitution. However, the aggregate representation
of a continuous space of technologies via production functions is only theoretically justified near the
equilibrium, and the use of constant elasticities of substitution may lead to incorrectly exceeding feasible
technical limits in the case of large departures from the reference equilibrium [9, 59], as may well be the
case for ambitious climate policy. At this level of aggregation, technical change encompasses both the
choice of techniques and structural change, and explicit energy technologies are usually not modelled
since production function often fail to capture specific technology or resources constraints [60].

Bottom-up models embark detailed representation of energy production technologies. Technical
change is usually modelled using one or two factor learning curves for energy technologies, and can
be induced by specific policies (such as a carbon price) that favour learning in low-carbon technolo-
gies. Bottom-up studies explicitly track the set of available and operated techniques and distinguish the
changes in emissions and system costs due to substitution effects or technological change [61]. However,
this bottom-up approach does not account for the interaction between the energy sector and economic
growth. In particular, [14] points out that assessing the long term effects of induced innovation require
a general equilibrium analysis to account for the impact of demand on energy prices.

Either model structure cannot be justified when assessing policies aiming at changing development
styles and the structure of economic activity to stabilize the climate [62, 63]. Therefore some authors
have attempted to couple bottom up models to conventional macroeconomic growth models [11, 64].
The hybrid Computable General Equilibrium (CGE) model Imaclim-R aims at bridging the gap between
these branches of the literature and allows to capture the macroeconomic feedbacks between energy use
and supply and the structure of the economy.

3 Methods: technical change in a hybrid modelling framework

3.1 Imaclim-R: beyond the aggregate production function

3.1.1 The hybrid framework

Imaclim-R is a recursive, dynamic, multi-region and multi-sector hybrid general equilibrium model
of the world economy [65]1. Hybrid matrices [9] ensure a description of the economy in consistent money
values and physical quantities [66]. It is calibrated for the year 2001 by modifying the set of balanced
input-output tables provided by the GTAP-6 dataset [67] to make them fully compatible with 2001 IEA
energy balances (in Mtoe) and data on passengers’ mobility (in passenger-km) from [68]2. This hybrid
accounting framework represents the material and technical content of production processes and allows
for abandoning standard aggregate production functions. At a given year, technologies are fixed and

1The twelve regions are USA, Canada, Europe, OECD Pacific, Former Soviet Union, China, India, Brazil, Middle-East,
Africa, rest of Asia, Rest of Latin America. The twelve sectors are three primary energy sectors (Coal, Oil, Gas), two
transformed energy sectors (Liquid fuels, Electricity), three transport sectors (Air, Water, Terrestrial Transport) and four
productive sectors (Construction, Agriculture, Industry, Services).

2The update of Imaclim-R towards more recent databases is in progress.
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no substitution between inputs can occur. Input-output coefficients evolve each year according to the
engineering information contained in the dynamic modules. The evolution of the production frontier
over time is determined by the joint transformation of economic and technical systems. This recursive
structure relies on a systematic exchange of information between an annual macroeconomic equilibrium
and technology-rich dynamic modules.

The static equilibrium models short-term macroeconomic interactions each year under technology,
capacity and investment constraints (cf. appendix A.1). Each yearly equilibrium is calculated assuming
Leontief production functions with fixed intermediate consumption and labour inputs (these coefficients
are fixed at a given date but vary over time), decreasing static returns due to increasing labour costs at
high utilization rate of production capacities [69], and fixed mark-up in non-energy sectors. A represen-
tative household maximizes utility through a trade-off between consumption goods, mobility services and
residential energy use, assuming fixed end-use equipment at any given year. Market clearing conditions
can lead to a partial utilization of production capacities. Fixed short-term mark-up pricing is used to
model imperfect markets. Following [70], our modelling framework also accounts for imperfections in
labour markets by using regional wage curves which relate real wages to the unemployment rate3. Solv-
ing this equilibrium provides a yearly snapshot of the economy, i.e. a set of information about relative
prices, output, physical and financial flows and profitability rates for each sector and region.

Every year, dynamic modules4 use the information stemming from the previous static equilibrium
to assess the response of technical systems and determine investment needs for building new production
capacity (cf. appendix A.2 and A.3 for schematics and a detailed table). Investment dynamics in
Imaclim-R World are described in [72]. Investment demands are expressed by each sector: for energy
sectors, investment demands follow a bottom-up module, while non-energy sectors express demands to
fulfill an expected production to capacity ratio of 80%. Fixed shares of households’ and firms’ revenues
are allocated to investment supply after each equilibrium. The share of these resources dedicated to
investment follows an exogenous trend. Then, this fixed amount is assigned according to investment
requests from each sector: energy sectors see their requests fully met because of the assumption that
the bottom-up description (which is more refined than that of the other sector) already includes the
specific sectoral mechanisms for investment, while other sectors receive investment in proportion of
their investment demand. The bottom-up modules for energy sectors describe the competition between
explicit technologies based upon their profitability. Investment demand thus reflects microeconomic
mechanisms. In non-energy sectors, the adjustment of investment levels translates the relative scarcity
of production capacities. Indeed, the further the sector is from the aimed 80% production to capacity
ratio, the largest the expressed investment demand and the largest both the adjustment and the allocated
investment to bring the production to capacity ratio closer to 80%. The possible mismatch between
optimal and allocated investments can lead to the underemployment of production factors. This may
result in suboptimalities in climate and energy policies, or gains if such policies correct pre-existing
suboptimalities. Once investments have been allocated among sectors, dynamic modules build new
capacities and send new Leontief coefficients back to the static module to determine the next equilibrium.
Each year, technical choices are flexible but only modify at the margin these coefficients and labour
productivities embodied in existing equipment. In other words, capacity vintages exhibit little flexibility
and only investment in new capacity is fully flexible5. This putty-clay assumption is key to represent
the inertia of technical systems.

3.1.2 Modelling economic growth

In Imaclim-R, the natural growth rate is given by exogenous assumptions on active population6 and
labour productivity7. The growth rate of labour productivity is prescribed over time for each region and

3The wage curve for each region is implemented through the relation: w
pind

= aw · w0
pind0

· f( z
z0

); where w is the salary,
pind the price index and z unemployment [71].

4Including demography, bottom-up modules for energy sectors and reduced forms of other economic sectors.
5Some retrofit options exist, such as EEI described in the following section.
6Derived from UN medium scenarios and International Labour Organization.
7The natural growth rate is the growth rate that an aggregated one-sector economy would follow under full employment

of production factors [73].
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sector8. The effective economic growth rate may depart from this exogenous trend. Indeed, the structure
and rate of effective growth for each region are endogenously determined by: (i) the allocation of the
labour force across sectors which is governed by the final demand addressed to these sectors, and (ii) the
shortage or excess of productive capacities which result from past investment decisions under imperfect
expectations. First, the twelve production sectors have different productivities, captured by unitary
labour requirement for production. The effective labour productivity of the economy therefore depends
on the allocation of the labour force among production sectors. For instance, the overall productivity
of labour increases through structural change that favours the reallocation of labour towards highly
productive sectors, which may accelerate realised economic growth with respect to its natural rate.
Second, yearly Leontief production functions represent short term constraints imposed on production
by the availability of capital. This specification captures the effect of technical inertias which affect the
realised productivity of a sector, as exogenous labour productivity gains may not be transformed into
actual growth if investment shortages occur. These mechanisms result in the endogenous evolution of
capital and energy productivities.

3.2 Technical change in energy and non-energy productive sectors

For all sectors, the first source of technical change is labour productivity improvements following an
exogenous trend. For energy sectors, explicit resources and technologies are modelled. Technological im-
provements stem from learning-by-doing for technologies (learning rates are given in [77]). Endogenous
technical change in non-energy productive sectors (industry, services, agriculture) is modelled through
two main channels in Imaclim-R. First, energy efficiency improvements (EEI) in productive sectors
are induced by energy prices. Second, energy substitution may occur in all sectors, driven by energy
prices and technology costs. Transport by private car is modelled via explicit technologies, allowing for
learning-by-doing. The model tracks vintages of the car fleet, allowing for the representation of inertia.
In other transport sectors, technical change is modelled through EEI, driven by exogenous trends (AEEI)
and fuel price elasticities. The mechanism by which learning-by-researching leads to technical change is
not represented in Imaclim-R World (e.g., investments in knowledge stocks. At the aggregate level,
energy efficiency improvements and energy substitution may result in structural changes of economic
activity.

3.2.1 Energy efficiency improvements in productive sectors

Energy efficiency improvements (EEI) in Imaclim-R are endogenous. For each productive sector,
the region with the lowest final energy use per unit of production at base year is identified as the most
energy efficient region, thus dividing the world into one leader region and eleven followers for each sector.
The energy efficiency of the leader evolves as a function of the endogenous energy price index, given an
exogenous coefficient for EEI at constant energy prices. When the energy prices index increases, the
coefficient for EEI increases linearly, up to an asymptote. Conversely, when the energy price index
decreases, the coefficient for EEI decreases until reaching an asymptote. For each sector, the energy
intensity of the followers is assumed to converge towards the performance of the leader. The speed of
convergence also depends on the energy price index: when the energy price index increases, the speed of
convergence increases up to an asymptotic level, and conversely when the energy price index decreases.
Note that Imaclim-R does not differentiate between technology improvements and behavioural changes
as technologies are not explicit in productive sectors.9 EEI affect newly installed capacities. They also
result in the retrofitting of existing capacity vintages exists, but to a limited extent, since it implies
only marginal change on technology, processes and behaviour. Such mechanisms have been observed
for instance in China where energy intensity of clinker production declined in the 1980s, thanks to the
development of improved vertical kilns and the retrofitting of non-mechanized kilns [78].

8Exogenous labour productivities satisfy a convergence hypothesis [74] and are informed by historical data [75] and
best guess assumptions [76]. All sectors within one region exhibit the same growth in labour productivity, while its initial
level is sector and region specific. Investments in education are calibrated, but the relationship between investments in
education and the trend in labour productivity is not explicitly modelled.

9For energy sectors, the model features bottom-up sectoral models which do differentiate specific technologies as well
as the behavioural determinants of investment decisions.
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In terms of the calibration of energy efficiency, some issues arise for the parametrization of the leader
trend and for the speed of convergence of the followers. Some emerging economies may appear to be
more energy efficient in some sectors at calibration year10. To address this issue, the energy intensity of
the concerned sectors in these regions is allowed to reach higher levels than the initial energy intensity
of the leader, before converging towards the leader. The energy efficiency parameters are calibrated so
that EEI rates in the baseline correspond to the values prescribed in the modelling protocol, see [80].
EEI include technology improvements, fuel switching and price-driven behavioural changes [6].

EEI are assumed to be in part free, and in part to coincide with an increase in the mark-up rate of
firms, linking EEI to the capital share in production costs. The free part of EEI corresponds to 1/3 of
total EEI. The increase in capital costs is estimated and set to completely offset the energy costs saved
with more energy-efficient equipment (therefore translating the constraint that EEI investments should
be profitable). EEI in productive sectors are not biased towards low carbon energy. The use of fossil
and non-fossil energy decreases uniformly but may result in lower emissions if fossil energy dominates
the energy mix. A shift from carbon intensive to low carbon energy use in these sectors may be induced
by the increase in fossil energy prices, for instance due to the introduction of a carbon price.

Figure 1 outlines the economic channels through which energy efficiency lowers unitary energy con-
sumption and impacts economic growth. EEI induce lower energy consumption per unit of output
(ICunitary

ener in Mtoe/USD) in each productive sector. This may result in higher or lower aggregated
energy consumption (ICener), depending on the relative effect of lower unitary energy consumption and
higher sectoral production (Q) due to lower prices. Lower prices can indeed increase consumption through
the rebound effect. Lower overall energy consumption affects energy prices through two channels: a de-
crease in tax-exclusive prices due to lower energy use (ICener) and a relaxation of the required carbon
tax to reach a set climate objective thanks to lower emissions. Overall, lower energy consumption results
in lower tax-inclusive energy prices. As EEI are driven by the energy price index, lower energy prices
may in turn counterbalance EEI. On the production side, lower unitary energy requirements (ICunitary

ener )
decrease production costs and prices (p), driving up demand and production (Q).

Legend
−→ Positive direct action
−→ Negative direct action

Figure 1: Influence diagram

10The hybridization of IEA energy matrices and GTAP input-output tables reveals that agriculture in Africa appears to
be 12% more efficient than the leader (Japan), which can be due to missing reporting, difference in nature, difference in
development and justify this precaution. [79] also reports that some African countries display a very high energy output
to input ratio (Uganda is 380 times more “efficient” than Japan).
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3.2.2 Substitution and structural change

Substitution between energy goods (i.e. coal, oil, natural gas, electricity, refined liquid fuels) and
substitution between transportation modes (i.e. road, rail, air or water) are driven by relative prices,
given the explicitly modelled constraints on energy production and end-use equipment and infrastructure.
These substitutions occur at the level of all end-use sectors.

At the micro level, learning-by-doing may induce substitution between technologies, which in turn
induce energy substitution. Technical change may occur at the level of specific technologies through
learning-by-doing processes. The cost of building energy production capacities is assumed to decrease
with cumulative investment and production through learning-by-doing, using learning curves for all ex-
plicit technologies. The pace of cost reductions down the learning curve depends on initial built capacity,
the learning rate and the floor cost. This approach has been used to characterise energy technologies,
see section 2.2. It is used in Imaclim-R to model electricity and oil production technologies [77], and for
demand technologies (e.g. cars). In energy production sectors, learning-by-doing in low-carbon technolo-
gies (triggered by carbon prices) may improve the carbon efficiency of energy transformation through
the substitution from fossil energy to low carbon-alternatives. For those sectors using fossil fuels, carbon
pricing will increase the energy price index. The substitution between energy sources depends on relative
prices and relies on a logit decision function for new vintages (the sectoral energy mix being the sum of
energy demands of all vintages).

At the macro level, carbon pricing policies can induce a change in the structure of demand both at
the household and firm levels. Altering energy prices may change the nature of the goods produced,
therefore the structure of each sector and the relative weight of each sector in total economic output.

3.3 Analyzed scenarios

The relationship between energy efficiency and economic growth under climate constraint is explored
in climate policy scenarios restraining emissions to a budget of 2400 GtCO2 for the 21st century. This
budget was set to be compatible with a 550 ppm CO2e climate target [80]. This paper analyses eight
scenarios along three dimensions: high or low energy efficiency of the leader, slow or fast convergence
towards the leader, early or late climate action. Table 1 summarizes the eight scenarios.

Section 4 carefully examines energy efficiency variants to understand the mechanisms through which
energy efficiency propagates to the economy and affects climate change mitigation costs. To that end,
two scenarios are analyzed: low energy efficiency with slow convergence and high energy efficiency with
fast convergence, both in the late action setting. The scenarios are labelled high and low energy efficiency
in 4, as they were calibrated following the AMPERE protocol.

Section 5 explores the interaction between energy efficiency policies and the timing of mitigation.
Section 5.1 examines the role of the speed of convergence towards the leader through the study of four
scenarios (high or low energy efficiency, slow or fast convergence). Then, section 5.2 then explores the
interaction of the timing of action with energy efficiency policies, adding the four corresponding scenarios
under early climate action. Early and late action correspond to two exogenous emissions trajectories
with the same CO2 budget over the period 2010-2100 (cf. appendix B). The emission trajectories used
here were derived using a heuristic method satisfying the prescribed 2100 emissions budget. The late
action setting corresponds to the low short-term target of 37.3 GtCO2 in 2030 used in AMPERE WP2
scenarios. The early action scenario corresponds to immediate abatement to curb emissions below 2010
levels, resulting in emissions close to 30 GtCO2 in 2030. .
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Section where scenario appears for the first time (scenarios are then used throughout all subsequent sections)
Late action Early action

Slow convergence Fast convergence Slow convergence Fast convergence
High energy efficiency section 5.1 section 4 section 5.2 section 5.2
Low energy efficiency section 4 section 5.1 section 5.2 section 5.2

Table 1: Summary table of the examined scenarios

4 Energy efficiency as a key determinant of economic growth

4.1 Energy vs. carbon efficiency improvements

We explore the interactions between energy efficiency and economic growth under a climate constraint.
In the modelled scenarios, the CO2 price is determined endogenously each year to satisfy the CO2
emission constraint. The CO2 price (figure 2a) and climate policy costs directly relate to the shape
of the emissions constraint (cf. appendix B). The CO2 price slowly increases between 2010 and 2040,
followed by a steep increase between 2040 and 2070 as the bulk of the efforts occurs. The carbon price
stabilizes in the long term as the emission constraint levels off (2070-2100). The marked dip between
2070 and 2090 results from the expansion of bioenergy with carbon capture and storage in the electricity
mix, allowing for net negative emissions combined with the slowing of emissions abatements imposed by
the emission trajectory, see [77] for an analysis.

The Kaya decomposition of emissions factors (figure 2b) presents energy and macroeconomic deter-
minants of CO2 emissions. Emission changes can be explained through the evolution of three variables:
GDP, the final energy intensity of GDP and the carbon intensity of the final energy11. This decompo-
sition shows a larger contribution of energy efficiency improvements in emission reductions in the high
energy efficiency scenario (-126% vs. -94%), with a smaller contribution of the carbon intensity of en-
ergy (-72% vs. -91%). Besides, high energy efficiency reduces the stringency of the carbon constraint,
allowing for higher GDP growth (+106% vs. +95% for GDP per capita).
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Figure 2: CO2 price and Kaya decomposition - high and low energy efficiency

Under a given emission constraint, high energy efficiency lifts part of the decarbonisation effort
because of lower energy needs in productive sectors. The emissions constraint is therefore less stringent

11Population and lifestyles are identical in all scenarios.
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for other sectors, and high energy efficiency results in lower carbon prices. In parallel, lower carbon
prices explain the slower decarbonisation of energy production in the high energy efficiency scenario.
Energy efficiency improvements in productive sectors thus induce a lower reliance on carbon intensity
improvements to meet the emissions constraint.

4.2 Energy efficiency improvements in productive sectors allow for higher
emissions from transport and residential energy use

The emissions target imposes a constraint on the economy through the carbon price. The response of
economic sectors to this constraint is heterogeneous, as some sectors may be easier to decarbonise than
others12. The contribution of carbon and energy intensity improvements to emissions reduction relates to
the distribution of abatement efforts among sectors, which depends on the relative responsiveness of each
sector to the carbon price. The heterogeneity of sectoral responsiveness to carbon prices is illustrated
by looking at the effect of energy efficiency on emissions from productive sectors and household energy
use, as shown in figure 3. This points to a change in the structure of economic output.

Productive sectors Household consumption

0

2

4

6

8

10

12

2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

(a) Industry

0

2

4

6

8

10

12

2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

(b) Transport

0

0,5

1

1,5

2

2,5

2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

(c) Composite

0

0,5

1

1,5

2

2,5

2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

(d) Residential

0
2
4
6
8

10
12

2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

low energy efficiency high energy efficiency

Figure 3: CO2 emissions in largest emitting sectors - high and low energy efficiency scenarios (GtCO2)

The industry and composite sectors decarbonise faster in the high energy efficiency scenario, despite
higher demand for industrial and composite goods in most regions (appendix C.1), as emissions per unit
of production in both sectors decrease faster in all regions in the high energy efficiency case. Emissions do
not stabilize at the same level at the end of the period. This is due to different assumptions on the final

12For instance, demand for transportation and fuel consumption of vehicles are relatively inelastic to energy prices in
the short term [81].
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level of the energy efficiency of the leader region13 and different evolutions of the energy price index. The
slight increase of industrial and composite emissions after 2080 is explained by the decrease in carbon
prices in both scenarios following the complete decarbonisation of electricity production (appendix C.2).
In the low energy efficiency case, the peak in carbon prices after 2080 even commands negative emissions
in this sector with increasing production of electricity from biomass combined with carbon capture and
storage.

Contrary to the case of productive sectors, the transportation and residential sectors do not directly
benefit from higher energy efficiency standards in this scenario setting. Lower carbon prices in the high
energy efficiency case delay the decarbonisation of the residential sector, with higher final energy use
and slightly slower improvements of the carbon intensity of final energy in that sector in the high energy
efficiency scenario14. Higher final energy use in the residential sector is driven by higher household
revenues and lower energy prices. Similarly, higher emissions from transport in the high energy efficiency
case are induced by higher mobility (appendix C.3) and higher CO2 intensity of transport, mainly driven
by larger automobile use due to lower petrol prices and higher income15. In fact, the share of automobile
in transport is higher in high energy efficiency scenarios, leading to a different transport structure over
time. Low carbon prices also delay the decarbonisation of electricity production, both in terms of overall
emissions and CO2 intensity of electricity production16. Higher emissions from electricity production are
due to higher coal use without CCS, despite lower electricity production (appendix C.2).

Energy efficiency improvements thus induce lower final energy consumption and emissions in all
productive sectors and therefore the contribution of the transport and residential sectors to meet the
emissions constraint is reduced. The industry accounts for over 70% of emissions from productive sectors
in the base year. The following section illustrates the mechanisms at play in this sector to understand
the drivers of growth in productive sectors, and in the economy as a whole.

4.3 Industrial output: A decomposition

This section examines the interaction of energy efficiency with the drivers of industrial output. It
illustrates the economic channels through which energy efficiency lowers unitary energy consumption and
impacts industrial output, as presented in figure 1, and economic growth.

Industrial output (measured in US$) can be divided into five types of expenditures: energy intermedi-
ate consumption, intermediate consumption of non-energy goods, labour costs, profits17 and production
taxes. Equation 1 presents this decomposition18. Each component is examined in turn to explain the
drivers of industrial production growth. The impact of energy efficiency assumptions on each compo-
nent19 is summarised in tables B, C and D for industry (in appendix C.4).

p ·Q =
∑

energy
pIC · ICunitary ·Q +

∑
others

pIC · ICunitary ·Q + w · l ·Q + π · p ·Q + tax · p ·Q

output = energy IC + other IC + labour costs + profits + prod. taxes
(1)

13In the high energy efficiency scenario, the energy efficiency of the leader is assumed to increase by 1.0% per year,
contrasting with an increase of 0.3% per year in the low energy efficiency case.

14Carbon intensity of final energy use in the residential sector decreases at the average rate of 0.9% per year in the high
energy efficiency scenario, compared to 1.0% in the low energy efficiency case.

15Household income (in real terms) increases at an average growth rate of 2.5% per year over the period in the high
energy efficiency case, compared to 2.3% in the low energy efficiency case.

16Carbon intensity of electricity production decreases at the average rate of 3% per year over the 2010-2050 period in
the high energy efficiency scenario, compared to 6% in the low energy efficiency case.

17Here profits refer to all earnings minus all operating expenses, CAPEX (investments, amortization and depreciation).
As such, profit = output − operating expenditures (incl. intermediary consumptions and wages) − taxes.

18 The subscript corresponding to the sector is omitted for clarity, and the decomposition is valid for all sectors.
19 With the exception of production taxes which will not be examined further, as the tax rate is defined exogenously

and overall production taxes follow industrial output.
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p price of the industrial good US$/US$
Q industrial production US$
pIC price of one unit of intermediate consumption US$/toe or US$/US$

ICunitary unitary intermediate consumption toe or US$
w wages US$/worker-hour
l inverse of the productivity of labour worker-hour/US$
π mark-up rate %, i.e. US$/US$
tax rate of production taxes %, i.e. US$/US$

4.3.1 Energy costs

The direct effect of energy efficiency improvements in industry is to decrease the required energy
input for the production of industrial goods, e.g. one ton of steel (ICunitary

ener in toe/ton of Steel). From
a sectoral viewpoint (independently of any general equilibrium or intertemporal effect), energy efficiency
improvements translate into lower unitary energy costs (ICener in $/ ton of Steel). Lower unitary energy
costs in turn reduce overall production costs.

Energy efficiency improvements have two indirect effects on economic output. First, higher energy
efficiency lowers global energy consumption20, which relaxes tensions on energy markets and results in
lower tax-exclusive energy prices in the first half of the period (figure Ia in appendix C.7). Second,
lower energy needs command lower carbon prices to reach the same climate objective, particularly in
the second half of the period (figure 2a). Both effects act to lower tax-inclusive energy prices (figure Ib
in appendix C.7). Energy efficiency improvements therefore result in lower energy prices in all regions.
Finally, higher energy efficiency in productive sectors result in lower overall production costs of industrial
goods, leading to an increase in industrial production in terms of quantities (+29%) and output (+3%).

4.3.2 Non-energy costs

Energy efficiency improvements affect the economy through the transmission of lower energy prices
– as compared to low energy efficiency scenario – to all sectors, through the input-output matrix in
the general equilibrium framework. Higher industrial output (measured in US$, appendix C.1) requires
higher input of non-energy goods (+18% in 2050). Higher total input of non-energy goods in value
terms (+5% in 2050) occurs despite lower unitary costs of non-energy goods (-17% in 2050) in the high
energy efficiency scenario. Lower unitary costs may be attributed to two separate effects relating to
energy requirements and prices. First, lower energy requirements in all productive sectors (i.e. industry,
services, agriculture and construction) decrease the costs of producing non-energy goods, which lowers
their price. Second, lower (tax-inclusive) prices of non-energy goods (such as industry) also decrease the
production cost and price of other non-energy goods.

4.3.3 Labour costs

Higher industrial output also entails higher labour requirements in physical terms (the production
of more goods requires the increase of the number of hours worked or the increase of the number of
workers). As each sector’s labour requirements are determined by an exogenous trend of unitary labour
productivity over time, they directly follow sectoral output. Following the wage curve specification (see
section 3.1), higher labour requirements in productive sectors (and in the economy overall) result in
lower unemployment and higher wages. However, unitary labour costs decrease (-9% in 2050), as wages
are indexed on a consumer price index which decreases following energy efficiency improvements.

20 Cumulative final energy consumption is 13% lower in the high energy efficiency scenario.
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4.3.4 Profits

Investments in energy efficiency improvements are paid for by an increase of the mark-up rate (cf.
section 3.2.1), which induces higher margins21, following equation 1. Overall global investments are
higher in the high energy efficiency scenario (2.0% average growth rate, compared to 1.9% in the low
energy efficiency case). Higher investments from households are explained by higher household revenues
(Figure 4), driven by higher employment and wages22, while higher investments from firms are driven
by higher economic output and higher mark-up rates in most regions and over most of the period23.
The increase in investments from firms is relatively small, as higher profits from higher production are
compensated by lower prices.

4.3.5 The interaction between energy efficiency and economic output

The results presented in tables B, C and D (in appendix C.4) account for general equilibrium effects,
and therefore include demand changes and intersectoral adjustments. In 2050, high energy efficiency
result in lower energy expenditures (-46%), higher non-energy expenditures (+5%), labour costs (+17%),
profits (+10%) and taxes (+14%) in the high energy efficiency scenario, for a higher total output (+3%).
This hides a large increase of production (+29%). Unitary expenditures decrease for all items: energy (-
58%), non-energy (-18%), labour (-9%), profits (-15%), taxes (-11%), leading to a price decrease of -20%.
In summary, lower energy consumption results in lower production costs and lower prices of industrial
goods which drives up industrial output, hence household revenues through increased labour requirements
and wages. These results illustrate the virtuous circle created by energy efficiency improvements in this
energy-intensive sector. These results hold for a set of scenarios with technology variants (including
differing assumptions on the availability of nuclear, renewables, coal resources, CCS, bioenergy and
electric vehicles). For instance, we show the positive effect of energy efficiency improvements on industrial
output in all these scenarios (see the sensitivity analysis in appendix C.6).

4.4 Economy-wide impacts of energy efficiency

The case study of industry has shown that energy efficiency improvements reduce energy requirements
in this sector while increasing output. The mechanisms described above occur in all productive sectors
(appendix C.1). Lower energy use reduces production costs through lower (tax-exclusive) energy prices
and lower carbon prices, hence driving demand for all non-energy goods and consumption24, while
allowing for higher energy use in transportation and residential sectors. Energy efficiency improvements
thus act as a shield to protect household consumption of energy, non-energy goods and mobility from
higher prices induced by stringent emissions constraints.

Energy efficiency improvements in productive sectors reduce total final energy consumption, primary
energy and electricity production (figure 4). Energy efficiency also reduces labour requirements in energy
sectors. However, higher demand for non-energy goods drives overall employment, which, together with
higher wages in all productive sectors25, triggers a virtuous circle of higher demand driven by higher
revenues. In the Imaclim-R modelling framework, economic growth is driven by endogenous mechanisms
associated with the functioning of energy and labour markets. Growth may thus depart from its natural
rate, as described in section 3.1.2. In the climate scenarios considered, high energy efficiency result in
higher GDP and consumption overall (figure 4). The impact of energy efficiency on growth and costs is
further examined in section 5.

21The profits include all capital expenditures (investments, amortization and depreciation).
22 Saving rates are exogenous and identical in all scenarios.
23 Auto-investment rates are exogenous and identical in all scenarios.
24 The energy intensity of consumption decreases at the average rate of 2.3% per year in the high energy efficiency case,

against 1.9% per year in the low energy efficiency scenario.
25 For instance, wages in industry (normalised to the consumer price index) are higher in all regions in the high energy

efficiency scenario.
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Figure 4: Aggregate indicators change in high energy efficiency scenario vs. low energy efficiency (%)

5 The interplay between energy efficiency policies and the tim-
ing of climate action

Energy efficiency in productive sectors drives household consumption up. While energy efficiency
improvements are clearly beneficial over the period in terms of economic growth, the results have shown
their heterogenous effect in terms of the timing of sectoral emissions. This section investigates the role
of the timing of specific policies to induce energy efficiency improvements.

5.1 The impact of the speed of convergence on final energy and growth

5.1.1 On baselines

As described in section 3, the energy efficiency of all productive sectors evolves as a function of
the energy price index. The relationship between energy efficiency and economic growth is further
examined by looking at the influence of energy efficiency in the leader and follower regions on economic
growth in baseline scenarios. Two types of parameters are thus considered: the rate of energy efficiency
improvements of the leader region at fixed energy prices and the speed of convergence in other regions
towards the level of energy efficiency of productive sectors in the leader region. Four scenarios are
examined combining alternatives on the exogenous trend at fixed energy prices for the leader (low or
high) and on the speed of followers’ convergence (slow or fast).

GDP is an endogenous result in our model (see section 3.1.2). Our baseline GDP was calibrated by
adapting the exogenous trends of labour productivity following the study protocol [82]. In our scenarios,
baseline GDP grows between 2.1% and 2.2% per year over 2010-2100, following an intermediate pathway
compared to the SRES scenarios [83]. The economy benefits from energy efficiency improvements in
productive sectors in baseline scenarios, with a gain of 0.1% average economic growth over 2010-2100
between lowest and highest energy efficiency scenarios. Over the whole period, a high level of GDP
coincides with a low level of final energy consumption, resulting in a low final energy intensity of GDP.
The 2010-2100 average economic growth rate (i.e. the point corresponding to year 2100 on figure ??) is
influenced by the rate of energy efficiency improvements of the leader and is independent from the speed
of convergence. This is explained by the fact that regardless of the speed of convergence, all followers
aim at the level of the leader. In fact, the speed of convergence determines the level of the final energy
intensity of GDP in the medium term while the level of the leader determines the final energy intensity
of GDP in the long term.
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Figure 5: Final energy use and GDP growth in baseline scenarios

5.1.2 On climate policy scenarios

Figure 6 presents instantaneous and discounted GDP losses for slow and fast convergence. In the
case of slow convergence, a higher level of energy efficiency in the leader region does not reduce climate
policy costs. In the case of fast convergence however, high energy efficiency of the leader greatly reduces
costs for all discount rates. This result suggests that innovation in energy efficiency in industrialised
regions would reduce the global costs of climate policy only if combined with specific measures targeted
at technology transfers in industrialising regions.

Empirical studies report such effects for CDM projects, for instance in wind power [84] and steel
production [85]. [86] hints at the potential gains allowed by energy efficiency from technology diffusion
from the most efficient country. [87–89] review implemented CDM projects documentation and find
that 40% of projects involved technology diffusion, mainly occurring in the energy and industry sectors.
Latecomers can catch up with technological innovations of industrialised countries through leapfrogging
[90, 91]. Successful technological leapfrogging has occurred in emerging Asian countries, for instance the
Korean steel [92] and car industries [93] and wind power in China and India [94–96]. The standardisation
of transportation fuels in South America is another successful example [97, 98]. Besides, R&D agreements
may improve the efficiency of international climate cooperation [99, 100].

In our study, faster convergence always reduces policy costs in the case of an energy efficient leader.
The speed of convergence however has non-trivial effects on the timing of climate mitigation costs in the
case of a relatively inefficient leader. Slow convergence translates into a higher carbon price until 2040
and induces short term losses compared to the fast convergence case. After that date costs are lower
in the slow convergence scenario (figure 7). Indeed, with a slower convergence, a larger contribution
to emissions reductions is required from the transportation and residential sectors to meet the emission
constraint. This commands higher CO2 prices, which affect economic output, as described in section 4.
When looking at discounted costs26, the benefits of fast convergence remain ambiguous for the case of an
inefficient leader: slower convergence induces higher discounted costs when focusing on the short term
and lower discounted costs when focusing on the long term (cf. appendix D.2). This directly relates to
the evolution of the CO2 price mentioned above. This result points out to the impact of the timing of
climate policy and the timing of energy efficiency improvements on policy costs.

5.2 Early action as a trigger of energy efficiency

The interplay between the speed of convergence among regions and the timing of policies is explored
by examining the impact of the timing of the constraint on the cost of climate policy. For that purpose,

26Discounted costs are plotted as a function of discount rates. High discount rates translate a short term focus with
higher weight given to short term costs while low discount rates translate a long term focus with similar weight given to
short and long term costs.
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Figure 6: Policy costs over 2010-2100 (real MER GDP losses)

two emission profiles are tested (appendix B), both corresponding to RCP 3.7. The late action trajectory
is identical to the emissions constraint used in the first part of the study. It imposes relatively weak
efforts until 2030 but stringent efforts in the longer term. By contrast, the early action trajectory imposes
stronger efforts in the short term, allowing for less stringent efforts in the longer term to reach the same
carbon budget. Figure 7 presents the results of this study. In all scenarios, the early action profile
commands higher CO2 prices in the short term compared to the late action case, but significantly lower
CO2 prices in the longer term. High short term CO2 prices have triggered the early decarbonisation of
the economy. Technical systems are better prepared to abate emissions and face a slower decarbonisation
constraint in the medium term.

The results show that even in the case of early climate action, a very energy efficient leader does not
reduce climate costs if other regions converge only slowly towards that level (high slow early vs. low slow
early). However, early action removes the ambiguity between fast and slow convergence in the case of a
relatively inefficient leader, as faster convergence is then superior to slow convergence for discount rates
above 2% (the gap between low slow late and low fast late as compared to the gap between low slow
early and low fast early). Early action thus acts as a trigger of energy efficiency improvements in the case
of a relatively inefficient leader (as confirmed in appendix D.1). This result is confirmed by comparing
the relative contributions to emission reductions of energy efficiency improvements and carbon intensity
reductions in early and late action scenarios. The Kaya decomposition shows a larger contribution of
energy efficiency improvements in early action compared to late action in all cases. Early action erases
the differences in terms of the relative contribution of carbon intensity reduction and energy efficiency
due to the speed of convergence of the followers. When comparing energy efficiency assumptions, the
only robust result across all discount rates is the superiority of the scenario combining a very energy
efficient leader and fast convergence of other regions towards the leader (cf. figure 7d, detailed table in
appendix D.2). More precisely, when looking at the long term costs of late action, policies targeted at
enhancing energy efficiency improvements in leader regions and allowing the fast transfer of technologies
among regions would compensate for high long-term costs induced by late action combined with a low
rate of innovation in the leading countries.

In all cases, early action expectedly reduces discounted losses at low discount rates (long-term focus
– up to 4%) and increases discounted losses at high discount rates (short-term focus – from 5%). Early
action thus shows relatively high short term costs and should be considered in combination with ambitious
policies to accelerate technology diffusion. Early climate action reduces the spread of discounted costs of
all scenarios across discount rates (3.2-7.9%) compared to late action scenarios (2.3-10.8%), and shows
significantly lower maximum losses over the considered discount rates. This result shows that early
action should be preferred given the controversy surrounding the appropriate discount rate for assessing
climate policies.
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Figure 7: Early and late action, high and low energy efficiency

5.3 Policy recommendations

The timing of the action reveals a trade-off between short-term and long-term costs, translated into
the choice of the discount rate. This discussion echoes the conclusion of the IPCC that when choosing
between mitigation strategies, policy makers must weigh the potential costs of early action against the
risk of delaying abatement [101]. If early action always appears more favourable in the long term while
late action always appears favourable in the short term, a relevant question is therefore how we value
present and future costs to choose between both options today. Policy-makers who use social discount
rates of 4 to 5% will consider early and late climate action as equivalent options based on their economic
costs. In that case, one option cannot be favoured over the other on a mere option value basis, according
to our results.

The trade-off between early and late action should be considered in view of other policy levers. Late
climate action results in relatively high long term policy costs, even when combined with policy measures
that enhance the energy efficiency of leader regions and that accelerate the convergence of other regions
towards the leader. The results presented in section 4 illustrate the impact of decarbonising productive
sectors through improved energy efficiency on the carbon intensity of the transportation and residential
sectors. Additional measures to mitigate the long term costs of late action could include policies aimed
at altering the structure of households demand for energy services, particularly infrastructure policies in
the transport sector. Indeed, the structure of household demand is a significant driver of long term costs
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due to the high level of inertia of the capital stock: housing and transport infrastructures are long-lived
and shifting to a low carbon capital stock may take decades. Reducing the carbon intensity in these
sectors through policies complementary to carbon pricing (e.g., incentives to public transport) could
therefore reduce the effect of the carbon constraint on these sectors.

6 Conclusion

This study has explored the links between energy efficiency improvements and economic growth using
a hybrid general equilibrium model with endogenous technical change. The novelty of our approach is to
combine within a consistent framework bottom-up modules with a macroeconomic top-down model. This
allows us to represent the interactions between technical change at the sectoral, intersectoral and macro
level, with a focus on energy efficiency in non-energy productive sectors. We thus model the evolution of
the production frontier while overcoming the limitations of the standard aggregate production function.

Energy efficiency is endogenously modelled via (i) substitution and learning by doing in energy supply
technologies; (ii) price-induced investment decisions in technologies for mobility and residential energy
demand; and (iii) price-induced energy demand in productive sectors. This study features scenarios with
alternatives on (iii) to analyze the role of energy efficiency in productive sectors. We investigate the
channels through which energy use and prices impact economic growth in a carbon-constrained world,
looking at the interplay between energy efficiency policies and the timing of climate action.

Energy efficiency improvements in productive sectors reduce energy requirements in these sectors
while increasing output, as was illustrated in the case of industry. Lower energy costs reduce the price of
non-energy goods and drive demand, which coincides with higher employment, wages and revenues. The
obvious result that enhancing energy efficiency in productive sectors results in lower energy consumption
and lifts the emissions constraint in these sectors conceals the less obvious result that the constraint
is shifted away from household energy use. Higher final energy use in the residential sector is driven
by higher household revenues and lower energy prices. Higher emissions from transport are induced by
higher mobility and higher CO2 intensity of transport, driven by larger automobile use due to lower
petrol prices and higher income. By lowering the carbon price signal, energy efficiency improvements act
as a shield to protect household consumption of energy, non-energy goods and mobility from stringent
emissions constraints.

Energy-saving technical change combined with technology diffusion drive economic growth in baseline
scenarios, where a high level of GDP coincides with a low level of final energy consumption, hence a low
final energy intensity of GDP over the whole period. Innovation in energy efficiency drives final energy
intensity in the long term, while the pace of technology diffusion sets its level in the medium term.
Energy efficiency improvements in productive sectors can greatly reduce the costs of climate mitigation,
but only when energy efficiency policies in industrialised regions are combined with specific measures
to accelerate technology transfers towards industrialising countries. In fact, the slow diffusion of energy
efficient technologies greatly increases these costs. Energy efficiency policies aimed at innovation and
knowledge diffusion drive economic growth and reduce climate change mitigation costs.

Early climate action acts as a trigger of energy efficiency improvements and partly compensates for
slow technology transfers. However, the timing of climate action reveals the trade-off between short
and long term costs. Early action shows relatively high short term costs and should be considered in
combination with ambitious policies to accelerate technology diffusion. By contrast, late climate action
results in relatively high long term costs, even when combined with policy measures to enhance the
energy efficiency of leader regions and accelerate technology transfers. Early and late climate action
show similar economic costs with social discount rates of 4 to 5%. They may therefore be considered as
equivalent options for policy design. However, the exploratory scenarios presented here show that early
action reduces the spread of discounted policy costs across discount rates from 0% to 10%. This result,
which should be confirmed by a full uncertainty analysis, hints at favouring early action as a robust
strategy if policy makers disagree on the appropriate discount rate for assessing climate policies.

Several limitations should be addressed in future work. The non-energy productive sectors are mod-
eled in a very aggregate manner. Further modelling should therefore focus on adding a detailed bottom-up
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disaggregation of industry, services and agriculture production processes to refine the representation of
energy efficiency. This study focused on the mechanisms of the interaction between energy efficiency
improvements and economic growth. Also, A sensitivity analysis should be carried out to refine the
analysis on the option value of energy efficiency for global climate mitigation strategies as well as for
economic growth. Finally, the labour productivity should be endogenized to examine these issues with a
fully endogenous growth engine. In particular, the link between energy efficiency, capital deepening and
labour productivity should be further examined.
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Appendices
A Imaclim-R model schematics

A.1 Imaclim-R static equilibrium schematics
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Figure A: Static equilibrium
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A.2 Imaclim-R model dynamics schematics
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Figure B: Model dynamics

A.3 Imaclim-R dynamic modules

Cf. table A in following pages.
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B Constrained emissions profiles

Figure C presents the constrained emissions profiles for the scenarios with climate policies. The late
action profile corresponds to the default profile presented in section 4.
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Figure C: Early vs. late (default) emissions profile constraint (GtCO2)
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C High vs. low (default setting)

C.1 Sectoral demands
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Figure D: Sectoral demands - industry and services

C.2 Electricity mixes
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Figure E: Electricity mixes (EJ)
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C.3 Mobility
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Figure F: Mobility (Changes in pkm (%))
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C.4 Industry and services factors decomposition

Output (values) Industry Composite
% change (USD) 2050 2100 2050 2100
Output 3% 2% 13% 11%
Energy consumption -46% -58% -33% -53%
Non-energy consumption 5% 5% 10% 6%
Labour 17% 21% 19% 21%
Profits 10% -1% 13% 11%
Taxes 14% 15% 16% 15%

Table B: Impact of energy efficiency on industrial and composite output

Prices (unitary values) Industry Composite
% change (USD) 2050 2100 2050 2100
Output -20% -22% -2% 0%
Energy consumption -58% -68% -42% -58%
Non-energy consumption -18% -19% -5% -5%
Labour -9% -8% 3% 9%
Profits -15% -24% -2% -1%
Taxes -11% -12% 1% 3%

Table C: Impact of energy efficiency on industrial and composite prices

Quantities Industry Composite
% change (USD) 2050 2100 2050 2100
Output 29% 31% 13% 11%
Energy consumption -40% -63% -35% -57%
Non-energy consumption 19% 24% 8% 6%
Labour 26% 29% 16% 13%
Profits - - - -
Taxes - - - -

Table D: Impact of energy efficiency on industrial and composite quantities
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C.5 Industry decomposition
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Figure G: Difference in expenditures items for industry from low to high (trillions US$)

C.6 Sensitivity analysis of energy efficiency effects
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Figure H: Sensitivity analysis – high vs. low scenarios

C.7 Energy prices evolution

35



-20%

-10%

0%

10%

20%

30%

40%

50%

60%

70%

2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

(a) Tax-exclusive energy prices

-30%

-25%

-20%

-15%

-10%

-5%

0%

5%

2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

(b) Tax-inclusive energy prices

-20%
-10%
0%

10%
20%
30%
40%
50%
60%
70%

2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

USA Europe China

Figure I: Industry energy prices evolution
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D All scenarios

D.1 Final energy intensity
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Figure J: Energy intensity (EJ/billion USD2005)
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