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Abstract

This paper revisits the relationship between technical change and economic growth in a hybrid
general equilibrium model, where energy prices induce energy efficiency. The sensitivity of climate
mitigation costs to energy efficiency and the timing of action is assessed. Energy efficiency in pro-
ductive sectors lowers energy prices, increasing demand through lower prices of non-energy goods
and higher household revenues driven by higher employment and wages. Energy efficiency lowers
the carbon price, shifting the emission constraint away from household energy consumption. 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 technology 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, while late action shows high long term costs, even
when combined with policies to enhance innovation and accelerate diffusion. Early action could
reduce the uncertainty surrounding the appropriate discount rate for policy assessment, while late
action would require measures to reduce long term costs, including policies to alter household energy

demand.
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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. Following (38), some econometric studies have identified energy use as a determi-
nant and possible limiting factor of economic growth, while other studies have questionned the causal
relationship between energy use and economic output, see (48) for a review. The relationship between
energy prices and economic growth is less controversial. Econometric analyses have indeed demonstrated
the correlation between oil price shocks and short-term economic growth downturns (29). At the same
time, high energy prices may bias innovation towards energy efficient technologies (see (50) for a re-
view), which would allow energy saving technical change to reduce energy use and C'O emissions while

sustaining long-term economic growth.

This paper revisits the issue of the relationship between technical change, energy and economic
growth in a hybrid general equilibrium model where macroeconomic feedbacks link energy supply and
demand to the structure of the economy. In particular, the paper assesses the impact of energy efficiency
policies on the macroeconomic costs of abating C'Oy emissions and illustrates the interplay between such
measures and carbon pricing in productive and end-use sectors, with a particular focus on industry. A
series of numerical experiments are performed in order to assess the sensitivity of climate mitigation
costs on energy efficiency improvements and on the timing of climate action. The paper is structured as
follows. Section 2 presents a brief review of the empirical literature on energy-saving technical change
and of traditional approaches to model the relationship between technical change and economic growth.
Section 3 presents the hybrid general equilibrium model Imaclim-R which aims at bridging the gap
between existing modelling approaches. Section 4 presents the impact of energy efficiency improvements
on climate mitigation costs. 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.

2 Literature review: technical change and economic growth in

energy-economy models

2.1 Technical change, energy and economic growth

Technical change is defined as the evolution of technologies and processes. Induced technical change
is the alteration of the rate and direction of technical change in response to policy (9). Technical change

can be induced by investments in R&D, learning-by-doing, or relative price changes, see (50) for a



review. While R&D investments may influence the rate and direction of technological change, learning-
by-doing may reduce the unit cost of a particular good as a function of experience. Technical change
may also occur as a change in the relative prices of factors spurs innovation directed at reducing the
use of a factor which has become relatively expensive (30). Energy efficiency improvements, particularly
in industrializing countries, may be driven by technology transfers as well. The diffusion of energy
efficient technologies across regions is seen as critical to mitigate climate change. In particular, the
Clean Development Mechanism of the Kyoto Protocol has been used as a tool to facilitate the transfer

of low carbon technologies towards industrializing countries (40).

Empirical studies show that higher energy prices have been associated with energy efficiency improve-
ments. For instance, (51) shows that energy prices and energy intensity of industrial production have
been negatively correlated in eight energy intensive U.S. 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. (20) also identify rising energy prices as one of the key factors
of energy intensity reduction in Chinese industry between 1997 and 1999. Higher fossil energy prices
driven by carbon pricing may induce firms to invest in new knowledge to develop less carbon intensive
processes and products (46). A rise in energy prices may also drive households to purchase more energy-
efficient equipment, products and services. However, the general equilibrium effect of energy efficiency
improvements may well lead to higher overall emissions, as energy-saving technical change may result in
greater energy consumption by households driven by lower energy prices'. The overall effect of climate
mitigation on economic growth is thus ambiguous. Nonetheless (41), estimating elasticities on past data,
found that energy efficiency accounts for most of the growth attributed to technological progress. How-
ever, international technology transfers do not necessarily translate into an increase of the productivity
of all factors. Again in the case of the Chinese industrial sector, imported technology may be labour and

energy saving but capital using, (20) .

2.2 Modelling the relationship between technical change 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 (35) for a review. On the one hand, 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 (58), which mimic the set

of available techniques and the technical constraints on an economy (3; 36) and often use constant

I This is the case for China, as shown by (19) and (21)



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 exceed feasible technical limits in the case of large
departures from the reference equilibrium (44; 23), 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 (4). On the other hand, bottom-up models embark
detailed representation of energy production technologies, with special attention to the representation
of inertia in building production capacity. 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,
which may favour learning in low-carbon technologies. Bottom-up studies are needed to explicitly track
the time paths of the sets of available and operated techniques and allocate the changes in emissions
and system costs between substitution effects and technological change (59). However, this bottom-up
approach does not account for the impact of the evolution of the energy sector on economic growth
through its impact on the structure of the economy, trade and the regional distribution of economic
activity. In particular, (51) 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 (25; 34). Some attempts have been
made to coupling bottom up models to conventional macroeconomic growth models (14; 56). The Com-
putable General Equilibrium (CGE) model Imaclim-R aims at bridging the gap between these branches of
the literature. This hybrid CGE model replaces the conventional aggregate production function by a re-
cursive structure that encompasses bottom-up modules to capture the macroeconomic feedbacks between
energy use and supply and the structure of the economy by transposing micro-economic mechanisms at

the aggregate level.



3 Methods: technical change in a hybrid modelling framework

3.1 Imaclim-R: beyond the aggregate production function

Imaclim-R is a recursive, dynamic, multi-region and multi-sector hybrid CGE model? of the world
economy (62). It is calibrated for the year 2001 by modifying the set of balanced input-output tables
provided by the GTAP-6 dataset (15) to make them fully compatible with 2001 IEA energy balances
(in Mtoe) and data on passengers’ mobility (in passenger-km) from (57). The model includes market
imperfections and partial uses of production factors and reveals the economic and technical transitory
adjustments induced by the interplay between choices under imperfect foresight and the inertia of tech-
nical systems. Hybrid matrices ((23)) ensure a description of the economy in consistent money values
and physical quantities (54). This hybrid accounting framework represents the material and technical
content of production processes and allows for abandoning standard aggregate production functions.
The absence of a formal production function is compensated for by a recursive structure that allows
a systematic exchange of information between an annual macroeconomic equilibrium framework and

technology-rich dynamic modules.

The static equilibrium models short-term macroeconomic interactions at each date under technol-
ogy, capacity and investment constraints (figure Aa). The equilibrium is calculated assuming Leontief
production functions with fixed intermediate consumption and labour inputs, decreasing static returns
due to increasing labour costs at high utilization rate of production capacities (12) and fixed mark-up in
non-energy sectors. Households maximize their utility through a trade-off between consumption goods,
mobility services and residential energy use with fixed end-use equipment. Market clearing conditions
can lead to a partial utilization of production capacities given fixed mark-up pricing and the flexibility
of labour markets. Solving 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 the allocation of investments among sectors.

Each year, dynamic modules® use the snapshot of the economy stemming from the previous static
equilibrium to assess the response of technical systems to this information and send back new input-
output coefficients to the static module to determine the next equilibrium (figure Ab). Each year,
technical choices are flexible but only modify at the margin the input-output coefficients and labour

productivities embodied in existing equipment, which result from past technical choices. This putty-clay

2 The 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).

3 Including demography, capital dynamics, and reduced forms of energy production sectors and other economic sectors.



assumption allows representing the inertia of technical systems.

3.2 Technical change in energy and productive sectors

Induced technical change in productive sectors is modelled through two main channels in Imaclim-R,
including varying details among sectors. First, energy efficiency improvements in productive sectors are
induced by energy prices. Second, energy substitution may occur in all sectors, driven by learning-by-
doing processes. At the aggregate level, energy efficiency improvements and energy substitution may

result in the structural change of economic activity.

3.2.1 Energy efficiency improvements in productive sectors

For each productive sector (industry, services, agriculture), 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 energy price index, given an exogenous trend for energy efficiency
improvements at constant energy prices. The energy price index is determined endogenously, and the
energy efficiency growth rate of the leader will increase (resp. decrease) in response to increases (resp.
decreases) of energy prices. For each sector, the energy intensity of the followers is assumed to converge
towards the performance of the leader, and the speed of convergence also depends on the level of energy
prices. Some emerging economies may appear to be more energy efficient in some sectors at calibration
year?. In these regions, the energy intensity of the concerned sectors is allowed to reach higher levels
than the energy intensity of the leader at first, before converging towards the leader. Energy efficiency
improvements are assumed to be in part free, and in part to coincide with an increase in the mark-up rate
of firms, linking energy efficiency improvement to the cost of capital. Energy efficiency improvements in
productive sectors are not biased towards low carbon energy as the use of fossil and non-fossil energy
decreases uniformly but may result in lower emissions from productive sectors 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 due to the introduction of a carbon price. In general, substitutions
between energy carriers (coal, oil, gas, electricity, refined fuel) and transportation modes (road, rail,
air, water) are driven by relative prices given explicit constraints on energy production and end-use

equipment.

4 From hybridizing IEA energy matrices and GTAP input-output tables, 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 the precaution. (11) also reports some African countries to display an energy output to input ratio very high
(Uganda is 380 times more “efficient” than Japan.



Energy efficiency improvements induce lower energy consumption per unit of output (ICueper) in
each productive sector. This may result in higher or lower aggregated energy consumption (ICepner),
depending on the relative effects of lower unitary energy consumption and higher sectoral production (Q)
induced by lower prices. Lower overall energy consumption affects energy prices through two channels: a
decrease in tax-exclusive prices because of lower energy use (ICepe,) and a relaxation of the carbon tax
required to reach a set climate objective because of lower emissions. Overall, lower energy consumption
thus results in lower tax-inclusive energy prices. As energy efficiency improvements are driven by the
energy price index, lower energy prices may in turn counterbalance energy efficiency improvements. On
the production side, lower unitary energy requirements (ICucne) decrease production costs and prices

(p), driving up demand and production (Q).

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. by road, rail, air or water) are driven by relative prices,
given the explicitly modelled constraints on energy production and end-use infrastructure, including
energy production and conversion capacities and available end-use equipment. 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, for instance from coal to gas for electricity production. Technology substi-
tution is also explicitly modelled at the end-use level for transport, for instance between conventional
and electric cars. Energy efficiency improvements are not biased towards low or high carbon energy, as
the consumption of all types of energy decreases uniformly. However, for those sectors using fossil fuels,
carbon pricing will increase the energy price index. The substitution between energy sources however
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). Technical change may occur at the level of
specific technologies through learning-by-doing processes. The cost of building energy production ca-
pacities is assumed to decrease with cumulative investment and production through learning-by-doing,
using learning curves for all explicit 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 for instance ((43; 45)). It is used in IMACLIM-R to model electric-
ity and oil production technologies, or for demand technologies (such as cars). In energy production
sectors, learning-by-doing in low-carbon electricity production technologies (triggered by carbon prices)

may improve the carbon efficiency of energy transformation through the substitution from fossil energy



towards low carbon-alternatives. At the macro level, carbon pricing policies may induce a change in the
structure of demand both at the household and firm levels by altering energy prices, which may in turn
change the nature of the goods produced, therefore the structure of each sector and in the relative weight

of each sector in total economic output.

3.3 Modelling economic growth

The natural growth rate is the growth rate that an aggregated one-sector economy would follow under
full employment of production factors (49). In Imaclim-R, the natural growth rate is given by exogenous
assumptions on active population® and labour productivity. The growth rate of labour productivity is
prescribed over time for each region and sector®. In this multi-sectoral framework with partial use of
production factors, the effective economic growth rate may depart from its exogenous trend. Indeed,
the structure and rate of effective growth 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 Leontieff 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 in the case of investment shortages.

5 Derived from UN medium scenarios.

6 Exogenous labour productivities satisfy a convergence hypothesis (2) and are informed by historical data (42) and
best guess assumptions (47). 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.
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4 Results: energy efficiency as a key determinant of economic

growth and climate mitigation costs

4.1 Displacing the constraint from energy supply towards energy demand

The relationship between energy efficiency assumptions and economic growth under climate constraint
is explored in climate policy scenarios corresponding to RCP 3.7 (550ppm target). In the modelled sce-
narios, for each year, the carbon price is determined endogenously to satisfy the CO5 emission constraint.
The COs price (figure 1a) and consequently climate policy costs thus directly relate to the shape of the
emissions constraint (figure B). The C'Os price slowly increases between 2010 and 2040, followed by a
steep increase between 2040 and 2070 as the bulk of the efforts is imposed. 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

abatement trajectory.

The Kaya decomposition of emissions factors (figure 1b) presents energy and macroeconomic deter-
minants of C'Oy emissions. Population and modelled lifestyles are identical between scenarios. Emissions
changes can be explained by the evolution of three variables: GDP growth, final energy intensity of GDP
and carbon intensity of final energy. This decomposition shows a larger contribution of energy efficiency
improvements in emission reductions in the high energy efficiency scenario, with a smaller contribution
of carbon intensity of energy. Besides, high energy efficiency reduces the stringency of the carbon

constraint, allowing for higher GDP growth.

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
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 shift of the emissions constraint from energy

supply towards energy demand.
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4.2 Energy demand: shifting emissions from productive sectors towards

household consumption

Displacing the constraint from energy supply to energy demand is not neutral with regards to sectoral
demand and emissions. 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 others”. 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 2.

The industry and composite sectors decarbonise faster in the high energy efficiency scenario, despite
higher demand for industrial and composite goods in most regions (figure C), 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
level of the energy efficiency of the leader region® 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 (figure D). 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 scenario®. 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 (figure E) and higher CO; intensity of transport, mainly driven

by larger automobile use due to lower petrol prices and higher income!®. Low carbon prices also delay

7 For instance, demand for transportation and fuel consumption of vehicles are relatively inelastic to energy prices in
the short term (24).

8the high energy efficiency scenario, the energy efficiency of the leader is assumed to increase by 1.0% per year, contrasting
with an increase of only 0.3% per year in the low energy efficiency case.

9 Carbon 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.

10 Household 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.
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the decarbonisation of electricity production, both in terms of overall emissions and COs intensity of
electricity production'!. Higher emissions from electricity production are due to higher coal use without

CCS, despite lower electricity production (figure D).

Energy efficiency improvements thus induce lower final energy consumption and emissions in all
productive sectors and displace the emissions constraint away from energy production, transport and
residential use. The following section illustrates the mechanisms at play in the industry, which accounts
for over 70% of emissions from productive sectors in the base year, in order 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 interactions of energy efficiency with the determinants of industrial output
and illustrates (figure 3) the economic channels by which energy efficiency decreases unitary energy
consumption and impacts economic growth. Industrial output (measured in US$) can be divided into
five types of expenditures: energy intermediate consumption, intermediate consumption of non-energy
goods, labour costs, profits'? and production taxes. Equation 1 presents this decomposition'®. Each
component is examined in turn to explain the drivers of industrial production growth. The impact of
t14

energy efficiency assumptions on each component-* is summarised in tables A, B and C for industry.

p-Q = > pIC-ICu-Q+ > pIC-ICu-Q+ w-1-Q +7-p-Q+ tax-p-Q

energy others

output = energy IC + other I1C + labour costs + profits + prod. taxes (1)
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$

ICu unitary intermediate consumption toe or US$
W wages US$/worker-hour
1 inverse of the productivity of labour worker-hour /US$
7 mark-up rate %, i.e. US$/US$
tax  rate of production taxes %, i.e. US$/US$

M Carbon 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.

12 Here 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) — tazxes.

13 The subscript corresponding to the sector is omitted for clarity, and the decomposition is valid for all sectors.

14 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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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 (ICuener in toe/ton of Steel). From
a sectoral viewpoint (free of any general equilibrium or intertemporal effects), this translates 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 consumption'®, which relaxes tensions on energy markets and results in
lower tax exclusive energy prices in the first half of the period (figure Ga). Second, lower energy needs
command lower carbon prices to reach the same climate objective, particularly in the second half of the
period (figure la). Both effects act to lower tax-inclusive energy prices (figure Gb). Energy efficiency
improvements therefore results 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 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$, figure C) 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

15 Cumulative final energy consumption is 13% lower in the high energy efficiency scenario.
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productivity over time, they directly follow sectoral output. Following (7), our modelling framework
accounts for imperfections in labour markets by using regional wage curves which relate real wages to
the unemployment rate, cf. (27). 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.

4.3.4 Profits

Investments in energy efficiency improvements are paid for by an increase of the mark-up rate, which
induces higher profits'®, hence higher economic output 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 wages!'”, while higher investments from firms are driven
by higher economic output and higher mark-up rates in most regions and over most of the period'®.
The increase in investments from firms is relatively small, as higher profits from production increase are

compensated by lower prices.

4.3.5 Summary schematics of interactions between energy efficiency and economic output

The results presented in tables A, B and C account for general equilibrium effects, and therefore
include demand changes and intersectoral adjustments. In 2050, high energy efficiency standards 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.

16 The profits include all capital expenditures (investments, amortization and depreciation).
17 Saving rates are exogenous and identical in both scenarios.
18 Auto-investment rates are exogenous and identical in both scenarios.
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4.4 Economy-wide impacts of energy efficiency

The case of industry has shown that energy efficiency improvements reduce energy requirements in
this sector while increasing industrial output. The mechanisms described above occur in all productive
sectors (figure C). 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 consumption!?, 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.

Figure 4 shows that energy efficiency improvements in productive sectors reduce total final energy
consumption, and decrease primary energy production, electricity production. Energy efficiency also
reduces labour requirements in energy sectors but higher demand for non-energy goods drives overall

employment, which, together with higher wages in all productive sectors?’

, seems to trigger 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 mar-
kets, and may thus depart from its natural rate?'. Natural growth is not the only driver of realised
economic growth. Rather, the evolution of labour and energy costs, which is determined endogenously
in the model, has a significant impact on growth. This effect contributes to mitigate the overall costs
of abating carbon emissions. Indeed, in the climate scenarios considered, high energy efficiency result
in higher GDP and consumption overall. Also in terms of policy costs compared to the baselines, high

energy efficiency always induces lower costs over the whole period. The impact of energy efficiency on

growth and costs is further examined in section 5.

5 Discussion: the interplay between energy efficiency policies

and the timing of climate action

The results have shown the ways in which energy efficiency improvements in productive sectors
mitigate climate policy costs by shifting the efforts away from household use of energy services through

lower carbon and energy prices. While energy efficiency improvements are clearly beneficial over the

19 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.

20 For instance, wages in industry (normalised to the consumer price index) are higher in all regions in the high energy
efficiency scenario.

21 The natural growth rate is defined as the growth rate that an aggregated one-sector economy would follow under full
employment of production factors. In Imaclim-R, the natural growth rate is given by exogenous assumptions on active
population and labour productivity.
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period, the results have shown their sometimes ambiguous effect in terms of the timing of sectoral
emissions. The discussion 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, given an exogenous trend for energy efficiency improvements at constant energy prices
for the leader region, and assumptions on the responsiveness to energy prices of the speed of convergence
of follower regions towards the leader. 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).

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 seems to coincide with a low level of final energy
consumption and therefore a low final energy intensity of GDP. This average economic growth rate is
determined by the rate of energy efficiency improvements of the leader and seems to be 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 (cf. figure 5).

5.1.2 On climate policy scenarios

Figure 6 presents instantaneous and discounted GDP losses for two convergence speeds. In the case
of slow convergence, a higher level of energy efficiency in the leader region does not reduce climate policy
costs (red vs. green). In the case of fast convergence however (blue vs. pink), higher energy efficiency
of the leader greatly reduces costs for all discount rates. This result suggests that innovation in energy

efficiency in industrialized regions would reduce the global costs of climate policy only if combined with
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specific measures targeted at technology transfers in industrializing regions.

While faster convergence always reduces policy costs in the case of an energy efficient leader, the
speed of convergence has a non-trivial effect on the timing of climate mitigation costs in the case of a
relatively inefficient leader. Indeed, slow convergence translates into a higher carbon price until 2040
and induces short term losses compared to the fast convergence case, while after that date costs are
lower in the slow convergence scenario (figure 7, full lines). This behaviour is explained by the fact that
with slower convergence, a larger contribution of the transportation and residential sectors to emissions
reduction is required to meet the emission constraint, thus commanding higher CO5 prices which affect
economic output, as described in section 4. When looking at discounted costs??, the benefits of fast
convergence remain ambiguous for the case of an inefficient leader: slower convergence (red) induces
higher discounted costs when focusing on the short term and lower discounted costs when focusing on
the long term, which directly relates to the evolution of the COy 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 and 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, two emission profiles are tested (figure H), 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 (dashed lines) commands higher COs price in the short term compared to the late action case
(full lines) to meet the stringent emissions constraint, but significantly lower taxes in the longer term.
Indeed, the high short term C'Os tax has triggered the early decarbonisation of the economy which is

better prepared to abate emissions and faces a slower decarbonisation constraint in the medium term.

The results show that even in the case of early climate action, a high energy efficiency of the leader
does not reduce climate costs if other regions converge only slowly towards that level (red vs. green,
dashed). 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 rate

22 Discounted costs are plotted as a function of discount rates. High discount rates translate short-term perspective with
higher weight given to short term costs while low discount rates refer to a long-term perspective with equal weight given
to short and long term costs.
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above 2% (red vs. pink, dashed). Early action thus acts as a trigger of energy efficiency improvements
in the case of a relatively inefficient leader (as confirmed in figure I, red and pink, dashed vs. full). 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 reduction due to the speed of convergence of the followers. The speed
of convergence thus plays a less significant role for climate change mitigation in the case of early action.
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. 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 lower

energy efficiency (blue vs. red, pink and green, full lines).

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%), with a lower
average losses over the considered discount rates for early action scenarios. This result shows that early
action should be preferred given the uncertainty and controversy surrounding the appropriate discount

rate for assessing climate policies.

5.3 Policy recommendations

The timing of the action nevertheless reveals a trade-off between short-term and long-term costs,
translated into the choice of discount rate. If early action always appears more favourable in the long
term whereas late action always appears to favour the short term, a relevant question is therefore what
preference for the present makes them equivalent. In terms of policy design, this value is very important
to be able to discriminate strategies. Policy-makers using social discount rates of 4 to 5% will consider
early and late climate action as equivalent options based on their respective economic costs. In that

case, one option cannot be favoured over the other on a mere option value basis, based on our scenarios.

The trade-off between early and late action should be considered in view of other policy levers.
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Late climate action results in relatively high long term policy costs, even when combined with policy
measures to enhance the energy efficiency of leader regions and to accelerate the convergence of other
regions towards the leader. The results presented in section 4 illustrated the impact of decarbonising
productive sectors through improved energy efficiency on the carbon intensity of the transportation and
residential sectors. Additional measures to mitigate 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.

6 Conclusion

This study has explored the links between energy efficiency improvements and economic growth using
a hybrid general equilibrium model. Energy efficiency is endogenously modelled (i) via substitution and
learning by doing in energy supply technologies; (ii) price-induced energy demand in productive sectors;
and (iii) price-induced investment decisions in technologies for mobility and residential energy demand.
We investigated the channels through which economic growth is driven by energy use and prices in a
carbon-constrained world, by 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 industry conceals the less obvious result that the constraint is shifted
away from household energy use. Indeed, higher final energy use in the residential sector is driven by
higher household revenues and lower energy prices, while higher emissions from transport are induced
by higher mobility and higher C'O; 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 seems to coincide with a low level of final energy consumption and
therefore a low final energy intensity of GDP over the whole period. Innovation in energy efficiency
determines 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
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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 may greatly increase these costs. Energy efficiency policies aimed
at innovation and knowledge diffusion thus drive economic growth and reduce climate change mitigation

costs.

Early climate action acts as a trigger of energy efliciency 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 policy costs, even when combined with policy measures to enhance
the energy efficiency of leader regions and to accelerate technology transfers. Policy-makers using social
discount rates of 4 to 5% will consider early and late climate action as equivalent options based on their
respective economic costs. 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 way to reduce the
uncertainty surrounding the appropriate discount rate for assessing climate policies. The opposite course
of action would require additional measures to mitigate long term costs. These measures may include
policies aimed at altering the structure of households demand for energy services, such as investment in

infrastructures for low-carbon mobility.
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Appendices

Imaclim-R model schematics
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Figure A: IMACLIM-R model schematics
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Default setting
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Figure B: Default emissions profile constraint (GtCO3)
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High vs. low (default setting)
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Figure C: Sectoral demands - industry and services
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Figure D: Electricity mixes
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Mobility
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Figure E: Mobility (Changes in pkm (%))
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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 0%  -1% 13% 11%
Taxes 14%  15% 16% 15%

Table A: 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 B: Impact of energy efficiency on industrial and composite prices

Quantities Industry Composite

% change (USD) 2050 2100 2050 2100
Output 290%  31%  13%  11%
Energy consumption -40%  -63% -35% -57%
Non-energy consumption  19%  24% 8% 6%
Labour 26% 29% 16% 13%
Profits - - - -
Taxes - - - -

Table C: Impact of energy efficiency on industrial and composite quantities
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Industry decomposition
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Figure F': Difference in expenditures items for industry from low to high (trillions US$)
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Figure G: Industry energy prices
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Early vs. late action
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Figure H: Early vs. late (default) emissions profile constraint (GtC'O2)
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All scenarios
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Figure I: Energy intensity
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