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Abstract This study aims to enhance our understand-
ing on the macroeconomic effects of autonomous ener-
gy efficiency improvement. We adopt a global comput-
able general equilibrium model assuming future energy
efficiency improvement until 2040 follows historical
trends at a regional level including the USA, European
Union, Japan, Russia, China, India, and Brazil over the
period of 1995-2009. Results show that the global GDP
would increase by 1.3% from 2015 to 2040, without
making any regions worse off, if energy efficiency in all
economic activities other than energy production grad-
ually reaches 10% higher in 2040 than a baseline sce-
nario. However, economy-wide rebound effects on en-
ergy use accumulate over time and vary from 55 to 78%
across regions in 2040. The additional energy efficiency
improvement by the same percentage for fossil and non-
fossil energy pushes a stronger downward pressure on
fossil fuel prices than on renewable prices, thus discour-
aging the share of renewables in the energy mix. We
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conclude that energy efficiency policy needs to be
aligned with renewable and climate targets to control
its rebound effect on energy use and related emissions.
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Introduction

Energy is a vital input to an economy. As part of pro-
duction factors such as labor and capital, using energy
more productively enables economic growth by increas-
ing the value obtained for each unit of energy. Enhanc-
ing the energy intensity of GDP can significantly reduce
global mitigation costs (Kriegler et al. 2014; Kober
2014). Although energy efficiency and productivity
can be viewed as somewhat interchangeable, there are
differences in terms how these concepts are communi-
cated and interpreted. Energy efficiency represents 37%
of the global abatement of greenhouse gas (GHG) emis-
sions required to limit global warming to 2°. Of the 161
Nationally Determined Contributions as part of the Paris
Agreement, 143 mentioned energy efficiency, however
few, contain targets (IEA 2018). The reason why coun-
tries might not develop a target may come from the
concerns that a target would conflict with the goals
around economic growth.

Energy productivity improvement can bring about an
array of direct, indirect, and induced impacts that col-
lectively cause macroeconomic effects. Progress in
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energy productivity can simply affect flows of energy
inputs and prices, thus resulting in the reallocation of
energy and non-energy resources across the economy.
Energy productivity improvement in a given sector can
trigger increased sectoral activity, which will indirectly
stimulate the demand for other sectors through interme-
diate demand. The macroeconomic effect can also be
induced by increased disposal income because of energy
cost savings. Depending on how this income is invested,
spent, or saved, the income effects would have a range
of implications on energy-importing costs, competitive-
ness of firms, employment, supply, and demand of both
non-energy and energy goods. All these channels may
generate global impact through changes in trade patterns
and international energy prices.

Few countries, such as Australia and the USA, have
set up an economy-wide energy productivity target. For
example, Australia’s National Energy Productivity Plan
adopted in 2015 provides a framework to deliver 40%
improvement in energy productivity by 2030. The ad-
vantage of this framework is to better coordinate energy
efficiency, energy market reform, and climate policy.
Between 2000 and 2015, the world experienced about
a 60% increase in productive activities with an average
annual growth rate of 3.2%, against a 41% increase in
energy use with an average annual growth rate of 2.3%.
Consequently, the energy productivity of productive
activities of the global economy improves by about
14%, corresponding to an average annual growth rate
of 0.88%." The quantitative assessment on the macro-
economic benefits of energy productivity progress is yet
scarce across major jurisdictions.

There is also a growing importance in enhancing the
compatibility of an energy efficiency target with broader
climate and energy policies. A related phenomenon is
the so-called rebound effect, describing the situation in
which the reduction rate of energy use is different from
the increase in energy efficiency. For example, a 1%
increase in energy efficiency does not lead to a 1%
reduction in energy use. If the actual reduction in energy
use is only 0.4%, then the rebound effect is 60%, mean-
ing that 60% of the expected reduction in energy use has
been unrealized. Recent evidence for large rebound
effects also means that energy consumption growth
may turn out to be spectacularly higher than what is

! The estimates are based on the productive sectors that contribute to
the value added of a given economy and excluding the residential
sector.
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currently being considered (Saunders 2015). The mac-
roeconomic impact of energy efficiency improvement
constitutes one of the major reasons for which rebound
effects might be important, particularly in the context of
fast-growing economies. Hence, assessing the macro-
economic effects of energy productivity improvement is
essential to driving action towards the achievement of
absolute reduction in energy use and associated GHG
emissions.

To better understand these challenges, we adopt a
global computable general equilibrium (CGE) model
and construct a dataset of historical energy efficiency
improvement in key regions including the USA, Euro-
pean Union, Japan, Russia, China, India, Brazil, and the
rest of the world over the period of 1995-2009. Scenario
analysis investigates economic output, energy demand,
and associated emissions across sectors, economic
agents, and countries because of improvements in ener-
gy productivity from 2015 to 2040. Results show that
achieving 10% more energy productivity through 2040
than the 1995-2009 historical trends can help boost the
global GDP by 1.3%, without making any regions
worse off. However, economy-wide rebound effects on
energy use increase over time and vary from 55 to 78%
across countries in 2040. Additional energy productivity
pushes a stronger downward pressure on fossil fuel
prices than on renewable prices, thus discouraging the
share of renewables in the energy mix. The findings
highlight the importance of a right policy mix in ad-
dressing the adverse effects associated with changes in
energy prices and rebound effects on energy use and
related GHG emissions.

The remainder of the paper is structured as follows.
The “Literature review” section reviews the literature
and highlights the scientific originality of our study. The
“Model and policy scenarios” section introduces the
main features of the model and policy scenarios. The
“Results and discussion” section presents results and
key findings. The “Conclusions” section concludes with
policy implications.

Literature review

The existing literature on energy and development does
show that energy can exert a significant influence on the
development process (Toman and Jemelkova 2003).
The extent to which different countries use energy as
an input to generate economic output or value added
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varies significantly (Oseni 2011). It is widely recognized
that energy efficiency improvement can bring about
multiple benefits across economic, social, and environ-
mental areas (ACEEE 2011; IEA 2014).

The macroeconomic impact of energy productivity
improvements can have both short-run and long-run
effects. Short-run effects may influence economy com-
petitiveness. For example, a recent study shows that
firms whose energy productivity was among the worst
in their sector could achieve growth in annual profits of
2.2 to 13.8% by increasing energy efficiency to bring it
in line with that of their best-performing peers (Australia
2016). Long-run effects can affect the structure of an
economy because of changes in relative prices of pro-
duction factors. Wei and Liu (2017) have identified the
role of labor and capital inputs in determining the mac-
roeconomic benefits of energy productivity
improvements.

There exist various modeling approaches to
assessing the broader economic consequences of
such energy productivity improvement. The IEA
combines a CGE model and an energy-system sim-
ulation model to produce an Efficient World Scenar-
io (EWS) to assess how implementing only econom-
ically viable energy efficiency measures would af-
fect energy markets, investment, and GHG emis-
sions (OECD/IEA 2012). While the EWS would
contribute to more than half of the overall reduction
in global GHG emissions, this would imply an in-
crease in global GDP of 1.1% relative to the base-
line in 2035 with most countries benefiting from the
energy efficiency improvement (Chateau et al.
2014). Nordhaus (2008) calibrates a global growth
model, well known as the Dynamic Integrated
Climate-Economy (DICE) model, which is particu-
larly suitable to investigate how to best divide to-
day’s world GDP between consumption and savings
and how much energy to use in production of goods
and services. The DICE model includes a measure
of energy efficiency that allows studying the welfare
effects of energy efficiency improvements and their
implications on the optimal tax on GHG emissions.
The Energy-Environment-Economy Global Macro-
Economic (E3ME) model builds on a global
macroeconometric model coupled with a detailed
energy system representation. The E3ME can be
used to study the short- and long-term impact of
interaction between energy and economic growth
(Cambridge Econometrics 2014). The Emissions

Prediction and Policy Analysis (EPPA) model com-
bines the features of CGE and growth models, as
well as a detailed energy system description (Paltsev
et al. 2005). Sharma et al. (2014) uses input-output
framework to examine macroeconomic impacts of
improving energy efficiency in key Asian countries
from 2010 to 2050. Most traditional models consider
autonomous energy efficiency improvement as an
exogenous factor, with recent study exploring the
endogenous treatment of energy efficiency improve-
ments to be determined within the model (Duan
et al. 2017).

While each modeling approach has trade-offs be-
tween strengths and weaknesses, this study adopts a
model of Global Responses to Anthropogenic Change
in the Environment (GRACE), which is a relatively
well-established global CGE model (Aaheim and Rive
2005; Liu and Wei 2016; Aaheim et al. 2018). The
existing study with strong focus on the macroeconomic
impact of energy productivity improvements by using a
global CGE model is less common. We integrate energy
intensity indicators estimated from historical data for the
period of 1995-2009 into the GRACE model. Referring
to traditional macroeconomic models, we consider the
observed long-run historical trend of reduced energy
requirement per unit of output as an exogenously factor.
The objective of this paper is to provide an empirical
evidence of macroeconomic benefits of energy produc-
tivity improvements and consequently economy-wide
rebound effects at the global level.

Little literature, except Barker et al.’s (2009), Wei
and Liu’s (2017), and Webster et al.’s (2008), estimates
energy consumption change derived from global mac-
roeconomic effects. Several studies focus on the
economy-wide rebound effects from energy efficiency
improvement in a single country (Barker et al. 2007;
Turner 2009; Wei and Liu 2017). Barker et al. (2009)
reported the global rebound effect on energy use to be
31% by 2020 and 52% by 2030. Wei and Liu (2017)
shows that a 10% improvement in energy efficiency for
all final energy use at the global level may lead to an
actual reduction in energy use and related emissions, in
the long term, as low as 3% and 1%, respectively. By
using a global CGE model, this study will provide
further insights into the extent to which the economic
growth resulting from improved energy productivity can
change the future energy use, and how the energy pro-
ductivity change will interact with the targets of renew-
able energy and GHG emissions.

@ Springer
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Model and policy scenarios
The GRACE model

The GRACE model follows standard assumptions of
CGE models such as profit maximization of producers
and utility maximization of consumers. The GRACE
model has been applied to studies on climate change
and climate policy analysis (e.g., Aaheim et al. 2012;
Glomsred et al. 2013; Liu and Wei 2016; Underdal and
Wei 2015; Glomsred et al. 2016). In the model, the
world is divided into eight regions: Brazil, China, Eu-
ropean Union, Japan, Russia, India, the USA, and the
Rest of the World. In a region, the economy is described
by production activities in eleven sectors including ag-
riculture, manufacturing (steel and iron, cement, and
other manufacturing goods), transport, services, and
energy sectors (coal, crude oil, refined oil, gas, and
electricity). In the electricity sector, electricity is gener-
ated from nine technologies including fossil-fueled
(coal, gas, and oil) and non-fossil-fueled (nuclear, hy-
dro, biomass, wind, solar, and other renewables).

The base year (2011) economic data are taken from
GTAP v9 database (Badri et al. 2015), where the cost
structure of electricity generation technologies is esti-
mated in Tables 4.1A and 4.2A of OECD/NEA (2010).
Total supply of productive resources including labor,
capital, and natural resources are determined exoge-
nously and updated yearly in a region. Labor supply
follows population growth in the medium fertility sce-
nario of UNPD (2015). At the beginning of a year, new
capital is generated from the previous year’s invest-
ments. Labor is homogenous and can be employed by
any activity in a region, whereas capital and natural
resources are immobile across activities. Global invest-
ments are allocated to a region based on the expectation
of'the region-specific rate of return to capital (ERRC). A
more detailed description of the GRACE model is pro-
vided in the Appendix.

Policy scenarios

Business-as-usual scenario

In this study, we design a business-as-usual (BAU)
scenario, where energy productivity is represented by
average changes in energy efficiency by region and

energy (coal, oil, gas, and electricity) based on an esti-
mation from historical data (Wei and Liu 2019), which
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are time series on energy use and value added in the
World Input-Output Database 1995-2009 (WIOD;
Timmer 2012). The energy productivity changes vary
significantly in existing energy-economic models, par-
ticularly at the regional and sectoral levels (Sugiyama
etal. 2014). The efficiency changes of household energy
use follow the average of total production activities in a
region (Wei and Liu 2019). The energy productivity is
assumed to increase at the same rate in a region until
2040 in the BAU scenario.

The BAU scenario 2011-2040 roughly follows the
regional energy consumption and economic growth de-
scribed in the New Policies Scenario (NPS) (IEA 2015).
Given the energy productivity improvement over time,
we calibrate total consumption of coal, oil, and gas by
introducing a regional tax/subsidy on each of coal, oil,
and gas, respectively. Similarly, for each of the nine
electricity generation technologies, we introduce a re-
gional tax/subsidy to align with the NPS data. During
the calibration, we assume non-fossil-fueled electricity
to be consumed within a region.

We estimated the average changes in yearly labor and
capital productivity by sector and region based on the
WIOD database (Timmer 2012), which is adopted in
this study. In BAU, we keep the same change rates of
labor and capital productivity as the estimated average
changes in all sectors other than agriculture, where the
change rates are set to be half of the estimated ones. For
developing regions including Brazil, China, India, and
the Rest of the World, we also assume the initial land
productivity for agriculture as half of the estimated
changes in labor productivity to ensure that agriculture
does not contribute too much to the regional GDP in the
simulation period. This assumption implies that these
developing regions would gradually follow the histori-
cal development pattern of developed regions, i.e.,
shrinking share of agriculture in GDP. Without this
assumption, these regions would depend heavily on
agricultural output in the coming decades, which is not
realistic.

Furthermore, regional wage rates grow proportional
to that of GDP in the region. Specifically, the wage rate
increases at the same rate as GDP in Japan, 90% in
European Union and Russia, 80% in China, 50% in
Brazil and the USA, 45% in India, and 30% in the Rest
of the World. This is achieved by adjusting labor pro-
ductivity over time.

Finally, we proportionally adjust the productivity of
labor, capital, and natural resources for all production
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activities to achieve the GDP growth described in the
NPS scenario (IEA 2015). After the whole calibration,
we adopt the calibrated parameters to endogenously
generate regional GDP and energy consumption in the
BAU scenario. Notice that now we also change the
closure rule for the labor market to allow flexible labor
supply by assuming exogenous wage rates. The change
in the closure rule allows the simulation of the effect on
labor demand driven by energy efficiency improve-
ments in alternative scenarios.

Alternative energy productivity scenarios

To study the impact of changes in autonomous energy
productivity, we consider two energy efficiency scenar-
ios other than BAU. One is optimistic scenario where
the energy efficiency smoothly improves from 2015
until 2040 when the energy efficiency of all fossil and
non-fossil energy used by all non-energy sectors in all
regions reaches 10% higher than the 2040 BAU ones.
The energy efficiency in energy production sectors is
assumed the same as the BAU level. In other words,
yearly energy efficiency is 0.38% higher in non-energy
sectors than BAU over the period. By contrast, the other
scenario is pessimistic where the energy efficiency of all
energy used by non-energy sectors smoothly becomes
10% lower than the 2040 BAU one, a yearly decrease of
0.42% compared with BAU from 2015 to 2040.

It would be interesting to make energy productivity
endogenous in the alternative scenarios, i.c., assuming
that energy productivity improvement is not autono-
mous and driven by a certain level of investments. A
typical treatment of endogenous energy efficiency im-
provements assumes that the energy efficiency invest-
ments should be economically efficient, meaning that
the benefits obtained from these investments have to be
greater to motivate such decisions so that the investors
can obtain returns from their investments at least at the
average rate of the whole economy growth (e.g., Duan
et al. 2017). This assumption then implies that the
endogenous energy efficiency mechanism would al-
ways be harmless for the economic growth. As this
study focuses on the long-run trends of autonomous
energy productivity improvements, we treat energy pro-
ductivity as an exogenous factor consistently in both
BAU and alternative scenarios. It is worth noting that
introducing the endogenous mechanism of energy pro-
ductivity will reinforce our findings.

Results and discussions
Economic implications

Over the study period 2015-2040, achieving 10% more
energy efficient than the BAU would result in a cumu-
lative boost to the global economy of 41.7 trillion US
dollars (USD), about 2.5 times the 2014 GDP of the
USA and representing a 1.3% increase compared with
the BAU. Six countries or regions account for 74% of
cumulative global GDP gains in the optimistic scenario
(Fig.1). The USA, European Union, Japan, China, India,
and Brazil receive the largest boost representing 8, 8.3,
2.5,7.9,2.9, and 1.5 trillion USD, respectively. The rest
of the world also benefits from the global economic
context. However, the global GDP in case of 10% less
energy efficient scenario would experience a cumulative
loss 0f47.3 trillion USD in 2040, being 1.4% lower than
the BAU.

In the optimistic scenario over the period 2015-2040,
the annual growth rate of GDP is improved by 0.11—
0.14 percentage points compared with the BAU in all
the key regions but Russia (Fig. 2). The Russian econ-
omy depends heavily on the petroleum sector where it
receives lower growth in export revenues due to reduced
global demand and prices. In 2040, the global GDP rises
by 2.8% when the energy efficiency improves by 10%
compared with BAU. China’s economy gains USD 898
billion—13% of China’s GDP in 2011, 3.2% higher
than the BAU. The USA and European Union econo-
mies see the gains of USD 785 and 810 billion, in-
creased by 2.8% and 3.1% compared with the BAU,
respectively. India’s GDP grows by 3.3%, correspond-
ing to USD 356.4 billion.

Energy efficiency has long-term sustainable benefits,
as the GDP elasticity with respect to the energy efficien-
cy improvement increases steadily from 17 in 2016 to
28% in 2040 (Fig. 3). Progressive improvement of
energy efficiency materializes incrementally in the
whole economy. Therefore, global GDP benefits are
increasing steadily over time with the cumulative impact
of energy efficiency improvement. The deviation trends
initiated in the short run are reinforced in the long run.

Energy efficiency improvement increases supply of
energy service (product of physical energy use and
energy efficiency) and triggers structural reallocation
of primary factors in production, including capital, la-
bor, and energy service, across sectors and regions. On
the one hand, consumers substitute consumption of the
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Fig. 1 Distribution of global GDP gains in the optimistic scenario compared with BAU over 2015-2040

cheaper energy service for the consumption of other
goods and services while maintaining a constant level
of utility. For producers, cheaper energy service substi-
tutes for the use of capital, labor, and materials in pro-
ducing a constant level of output. On the other hand, the
cost savings from energy efficiency improvement al-
lows consumers to increase consumption of all goods
and services for a higher level of utility and encourages a
higher level of output to be produced in the economy,
thereby increasing the demand of all production inputs.
With the combination of these substitution and output
effects, economy-wide rebound effects on energy use
derived from energy efficiency improvement are esti-
mated to vary from 55 to 78% across countries and
regions in 2040. This means a 10% higher energy effi-
ciency will effectively reduce the BAU energy con-
sumption of the whole economy by 2.2-4.5%. The

capital and labor inputs are reallocated accordingly, but
with a much smaller deviation from the BAU (Fig.4).
Energy efficiency improvement results in savings in
energy expenditures and encourages production of all
non-energy goods. The production of energy-intensive
goods increases more than that of other non-energy
goods. This results in relatively more supply and hence
lower prices of energy-intensive goods than that of other
non-energy goods. In our case, the lower relative prices
lead to less income allocated to energy-intensive sectors
including transport, steel, and cement than that allocated
to other non-energy sectors. Thus, energy efficiency
improvement entails shift in output and price levels of
different sectors across countries, resulting in a geo-
graphical reallocation of certain sectoral activities and
sectoral income. Figure 5 shows the corresponding
changes in value added by country and by sector in
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from BAU

2040 compared with the BAU. Generally, the non-
energy sectors benefit from energy efficiency improve-
ment as production costs decrease. By contrast, the
energy transformation sectors experience a slowdown.
The income allocated to services and manufacturing
goods in 2040 sees the largest net growth in the opti-
mistic energy efficiency scenario, reaching additional
gains of USD 3025 and 1331 billion compared with
the BAU. Both sectors together capture 88% of addi-
tional value added in the non-energy sectors and primar-
ily contribute to inducing redistribution of sectoral ac-
tivities across regions.

In share terms, the value added of agriculture, ser-
vices, and manufacturing activities see the most notable
changes (Fig. 6). The value added of services increases
greatly in the USA, European Union, and China, with
each region capturing around 20% of worldwide addi-
tional value added. These countries also take the lead in

9.00

the manufacturing industry, collectively representing
around half of worldwide additional sectoral value
added. China and India account for about 10% each of
additional value added in the steel and iron sector, while
China remains the largest recipient of rebalanced activ-
ities in agriculture, cement, and transport sectors. How-
ever, Russia greatly suffers from oil and natural gas
sectors. The USA, European Union, and China experi-
ence a significant slowdown in the electricity sector.
While the USA and the European Union also suffer
from crude oil refinery activities, China is more exposed
to the loss in coal production.

Energy system and climate mitigation impacts
In the optimistic efficiency scenario, the world reduces

total primary energy consumption by 3.2% in 2040
compared with the BAU, with energy savings reaching

8.00
1.00
6.00
5.00
4.00
3.00
2.00
1.00
0.00

USA

European Union Japan Russia

China

m GDP
o Capital
Labour

i Effective energy

India Brazil ROW

Fig. 4 Changes in capital, labor, energy inputs, and GDP in 2040 between the optimistic scenario and BAU (%)
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578 Mtoe in the same year. In the pessimistic scenario,
the energy demand change compared with the BAU is
much stronger in all the countries. The world primary
energy consumption in 2040 could grow by 3.7%, cor-
responding to an increase of 672 Mtoe compared with
the BAU (Fig. 7).

Over time, lower energy demand resulted from ener-
gy efficiency improvement contributes to increasing the
renewable energy share in all countries, since the total
primary energy demand is lowered at a more rapid speed
than the renewable use. Thus, the share of non-fossil
fuels in the primary energy consumption increases along
with energy efficiency improvement in all three

100%

the optimistic scenario and BAU

scenarios. For example, at the global level, the share of
non-fossil energy use increases from 18.6 in 2020, 22.9
in 2030 to 25.4% in 2040 under the BAU (Fig. 8).
When the optimistic efficiency scenario is com-
pared with the BAU scenario, additional energy
efficiency pushes a stronger downward pressure on
fossil fuel prices than on renewables prices although
all energy is assumed the same percentage efficiency
changes. Therefore, the reduction in the energy de-
mand mainly comes from relatively more expensive
renewables in all the countries, with the smallest
contribution from the coal demand (Fig. 9). For
example, under the BAU and optimistic efficiency
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scenarios, China’s coal consumption peaks around
in 2030 although the optimistic energy efficiency
scenario could encourage slightly more coal con-
sumption than the BAU from 2035. The European
Union also consumes more natural gas in the opti-
mistic efficiency scenario compared with the BAU
from 2033. The global reduction in renewables use
would reach 419 Mtoe against 159 Mtoe for reduc-
tion in fossil fuel use. Consequently, the share of
global non-fossil energy use in 2040 is lowered from
25.4 in the BAU to 23.9% in the optimistic efficien-
cy scenario. The lower share of non-fossil fuels in
the primary energy consumption is observed in all
the countries. This trend is inversed in the pessimis-
tic scenario, where the countries see a higher share
of non-fossil fuels in total primary energy consump-
tion compared with the BAU (Fig. 8).

The energy structure change becomes more obvious
in the electricity system. Figure 10 demonstrates that
majority of electricity demand reduction comes from
non-fossil-fueled electricity including hydropower, nu-
clear power, wind power, and solar power in the opti-
mistic scenario. By contrast, the demand for fossil-
fueled power increases in all regions but Russia and
the Rest of the World, although total fossil fuel use is
reduced in every regional economy.

Hence, a general energy efficiency improvement for
all energy use in non-energy sectors seems to discourage
non-fossil energy use relatively due to lower prices of
fossil fuels. This discouragement might be mitigated if
the efficiency improvement of non-fossil energy use is
improved at a larger extent than that of fossil fuel use. In
this case, the direct fossil fuel use in non-fossil sectors
follows the same efficiency improvement as the BAU
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Fig. 8 The share of non-fossil fuels in global primary energy consumption under BAU and alternative scenarios
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scenario and the efficiency improvement of fossil fuel
use in a regional economy is relatively less than that of
non-fossil electricity. As a result, the share of global
non-fossil energy use in 2040 is slightly lowered to
24.2 from 25.4% in the BAU.

With the combined effects of a greater GDP growth
and total primary energy reduction, the energy efficien-
cy impact on energy intensity of GDP is significant. In
2040, the energy intensity of global GDP is reduced by
38% compared with 2015 in the optimistic efficiency
scenario compared with 34% in the BAU. The com-
pound annual rate of energy intensity improvement
between 2015 and 2040 is 1.88% in the optimistic
efficiency scenario compared with 1.65% in the BAU.
The global energy intensity in 2040 is increased by
around 5.8% in the optimistic efficiency scenario com-
pared with the BAU while the changes differ across
regions (Fig. 11).

Due to rebound effects on fossil fuel consumption
and reduction in renewable use, the impact of energy

efficiency improvement on emission mitigation is
not as significant as on energy intensity of GDP.
The carbon intensity of global GDP is reduced by
3.7% in 2040 compared with the BAU (Fig. 11).
Compared with the BAU, the cumulative global
emissions over 2015-2040 are reduced by 0.7%,
corresponding to 6018 MtCO,. In the BAU case,
the INDC targets of carbon intensity in China and
India (reduction by 60-65% compared with 2005
level in China and by 33-35% compared with
2007 level in India) are not binding because energy
efficiency improvement reduces energy demand
while encouraging further GDP growth. China’s
CO, emissions in the optimistic scenario are esti-
mated to peak in 2030, 5 years ahead of the BAU
case. When energy is used less efficient in the pes-
simistic scenario than in the BAU, carbon intensity
targets become binding in both countries. However,
for Brazil, the emissions from fossil fuels are in-
creasing over time in both scenarios. Hence, it has to
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Fig. 10 Changes in electricity generation in 2040 between the optimistic scenario and BAU
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Fig. 11 Change rates of energy intensity and CO, intensity of GDP in 2040 between the optimistic scenario and BAU

reduce emissions from other sources to fulfill its
INDC target of reducing emissions by 37% in
2025 compared with the 2005 level.

Limitations and cautions

It is worth mentioning some limitations in the research.
This study does not consider investment costs associat-
ed with the energy efficiency improvement. We assume
that an overall 10% increase in baseline energy efficien-
cy level from 2015 to 2040 represents an autonomous
technological change and non-price intervention. In the
literature, non-price driven energy efficiency improve-
ments are mainly captured by this autonomous techno-
logical change. In reality, the consumer may not con-
stantly optimize their behavior to maximize their well-
being and profits for some reasons. The bounded ratio-
nality often comes from imperfect information, limit of
cognitive efforts and the time available to the decision
(Simon 1955). Both personal motivation and social
environment can affect consumer behavior in addition
to financial or price incentives (Benabou and Tirole
2003). A growing body of empirical evidence suggests
that non-financial incentives may dominate financial
incentives, in particular within individual energy choice
settings (Jessoe et al. 2014). By informing residential
consumers of electricity use compared with that of their
neighbors, non-price interventions can substantially and
cost effectively change consumer behavior to reduce
energy consumption (Allcott 2011). Altruism and green
identity also play important roles, with environmental

concerns becoming a relevant aspect of consumer deci-
sions (Kotchen and Moore 2007).

Second, this uniform 10% increase in energy effi-
ciency may not fully reflect heterogeneous energy effi-
ciency pathways across countries at various develop-
ment levels. The energy efficiency in developed regions
might be too high to progress at the same rate as that in
developing regions in the forecastable future. However,
our assumption of 10% increase in BAU energy effi-
ciency level till 2040 reflects the lower bound of auton-
omous energy efficiency improvement regardless of
current energy efficiency levels. Given the market and
economic context in developing regions, the energy
efficiency improvement might face certain barriers such
as effective incentive mechanisms and lack of social
awareness and skilled workers. The assumptions on
energy efficiency improvement need further specifica-
tion depending on the real circumstances.

Our results may be affected by the quality of data
sources such as capital measures for developing econo-
mies. It would be interesting to study if the results are
robust to different data sources. For example, the in-
come shares in sectoral production of factors may differ
if another base year is adopted, which may change the
calibrated production functions in the model and affect
simulated results as pointed out by Gollin (2002). It is
also possible to update the estimated energy productiv-
ity based on the dataset for 2000-2014 released in the
WIOD webpage. The alternative values of key parame-
ters set in the model may also affect our results. How-
ever, we would not expect dramatic changes in our
results if these alternative data are chosen.
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Conclusions

Energy efficiency is commonly considered a short-term
and cost-effective tool to mitigate the climate change.
By comparing the simulation results of a suit of energy-
economic models and integrated assessment models,
The SE4AllI* global tracking framework reveals that
energy efficiency progress remained at only two-thirds
of the rate needed to achieve the objective by 2030 (WB
and IEA 2017). If all countries achieve their commit-
ments to the 2015 Paris Agreement, the world will only
achieve an annual energy intensity improvement of 2%
for 20162030, well below the average of 2.6% needed
to reach the UN Sustainable Development Goal 7 on
energy efficiency. Efficiency improvements become
even more essential to achieving a climate target when
fewer technological options exist for reducing
emissions.

Our study estimates macroeconomic impacts of au-
tonomous energy productivity improvement based on a
global multi-regional CGE model. Energy intensity of
the GDP over the period of 1995-2009 is used to
approximate the BAU for energy productivity change
across regions. Achieving 10% more energy efficiency
than the BAU helps boost the global GDP by 1.3% from
2015 to 2040, with services and manufacturing sectors
seeing the largest gains. This study provides further
evidence that more stringent energy efficiency targets
must be in place to achieve economic growth together
with emissions abatement and energy transition.

Our study illustrates that the effects of energy pro-
ductivity improvements mainly reduce the demand of
renewables rather than fossil fuels in the absence of
appropriate policy instruments. This unexpected result
may conflict with the targeted share of non-fossil fuels
or renewables in primary energy consumption. The key
issue is how, if any, energy efficiency can make non-
fossil fuels or renewables cheaper. Energy efficiency
must lead to reduced prices of non-fossil fuels or renew-
ables by a larger proportion than those of fossil fuels. In
many countries, governments would need to implement
a strong policy on the control of fossil-fuel energy
consumption while improving energy efficiency. In the
same sense, energy efficiency must make energy effi-
cient goods or services more economically competitive

2 Short for “Sustainable Energy for All.” Former UN Secretary-
General Ban Ki-moon launched SE4ALL in September 2011 as a
global initiative to support SDG7.

@ Springer

compared with energy-intensive goods or services. By
that, energy efficiency can be used as a driver to change
the composition of the economy rather than focusing
only on energy-intensive activities.

Energy productivity can greatly contribute to the
economic growth, which in turn generates significant
economy-wide rebound effects. Our study suggests that
the economy-wide rebound effects can vary from 55 to
78% across countries in 2040. Increased use of energy
triggers larger economic output so that energy intensity
of the economic output falls. Therefore, achieving a
relative climate target in terms of emissions per unit of
GDP seems feasible. However, energy efficiency may
not lead to absolute emission reduction because of in-
creased consumption of fossil fuels in some countries.
While improving energy productivity is a powerful and
cost-effective tool to promote economic growth, its role
in reducing energy consumption and GHG emissions
must be considered cautiously. In case the economy-
wide rebound effects are strong, more stringent energy
efficiency targets must be placed to compensate the
increase of energy consumption without scarifying mac-
roeconomic benefits of energy efficiency improvement.

For further research, it might be useful to examine
macroeconomic impacts of energy efficiency with var-
ious constraints of labor and capital factors and with
more detailed data on energy efficiency investments.
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Appendix’
A brief description of the GRACE model

GRACE is a recursively dynamic computable gen-
eral equilibrium (CGE) model. The model finds a
static general equilibrium solution for a year given
exogenous settings, which can be updated over time.

3 This appendix can be found from Appendix A of Wei and Liu (2017).
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Fig. 12 Armington aggregate of
bilateral imports. The parameters
starting with small letter “e”
indicate the elasticities of

Armington good
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they stay
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production

In this version, key intertemporal exogenous settings
include supply and productivity of labor and capital
stock at the beginning of a year. In the BAU sce-
nario, regional productivity of labor and capital
stock is updated over time and their values are
calibrated to obtain the exogenous regional GDP
growth. Regional labor supply changes over time
at the same rates of regional growth of population
size. In the beginning of a year other than the base
year, regional capital stock is adjusted by deducting
depreciation of the existing capital stock and adding
new capital stock generated from previous year in-
vestments, which are financed by total savings from
all regions. In mathematical form, we have:
Keii1 = (1 4+ 0K+ 1, (A1)
where K, , is the available capital stock in a region r
at the beginning of a year ¢; § is the depreciation rate
of 4% annually for all regions; and I, , is the
investments in a region 7 during a year ¢. Regional
investments (/,. ,) are financed by a common pool of
global savings, which is the sum of regional savings.

Productive resources
(Labor, capital and natural resources)
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Fig. 13 Economic activities of a region
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Aggregate
Imports

eIMP =6

| Imports from Regions 2 to n |

For each region, we assume that if capital stock
grows at a region-specific growth rate of capital
stock (K,), then at a given time s, investors would
expect a constant rate of return to capital. Hence, the
expected rate of return to capital (R, ,.;) in an
instantaneous time />0 is only related to the
change in capital stock other than the region-
specific growth:

-0
Rr,s+h _ Kr.SJrh
Rr,s Kr,s X ek'"h

where 0>0 is elasticity of the expected rate of
return with respect to the capital stock, which is
assumed 10 in the GRACE model. Differentiation
with respect to /# on both sides yields:

Rr,s+h - —o X (Kr,s+h _K )
S r
Rr,s+h Kr,s#—h

[T

where the “.” above a variable represents the deriv-
ative with respect to time. The above expression can
be rewritten as:

Output
eR=0.3
eM= O)Q
| — el RES
(...) Value Added
ST e

CAP LAB

Fig. 14 Production structure of primary energy goods. The pa-
rameters starting with small letter “e” indicate the elasticities of
substitution at the level where they stay
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Fig. 15 Production structure of |
goods/services other than primary

energy. The parameters starting
with small letter “e” indicate the
elasticities of substitution at the
level where they stay

eVA=0.3

| cap
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Rnt Kr,t

)

By assuming ¢ = s + h. A discrete version of the above

Eq. A2 is:
—&)

(A3)

ARF,I
Rr,t

o Rr,t+1_Rr,t
Rr,t

% Kr,lJr 1 _Kr,t
Kr,t

By using Eq. Al, we have:

+ 5—[%;)

rt

Ry

<1m
= —0 X
K

Which is adopted in GRACE to allocate global invest-
ments to regions by equalizing the changes in regional
rates of return to capital, i.e., for any two regions » and 77,

rt

ARrJ = ARW,I

Hence, the allocation of investments across regions
does not depend on the elasticity of the expected rate of
return with respect to the capital stock (o).

In the end of a year, total returns to capital of all
regions are allocated to regions proportional to shares of
regional savings at the beginning of the year. After
receiving its share of returns to capital and other income
(labor income and various taxes), a region allocates a

Fig. 16 Final demand structure
in GRACE-EL. The parameters
starting with small letter “e”
indicate the elasticities of
substitution at the level where

|crU | |coL | |REF | |Gas |

fixed share of its income for global savings, which is
then used for global investments. The other part of the
regional income is proportionally allocated for private
and public consumptions.

International trade is modeled through a nested con-
stant elasticity of substitution (CES) function (Fig. 12).
The parameters starting with small letter “e” indicate the
elasticities of substitution at the level where they stay.
An Armington good combines domestic production and
an aggregate of imports from all other regions. Excep-
tions of the elasticities are made for the following sec-
tors: (a) refined oil (tARM = 6), (b) electricity (¢tARM =
0.5; eIMP = 0.3), and (¢) gas and coal (¢IMP =4). With
the trade of a good, the importing country pays a fixed
unit cost to the international transport sector. The inter-
national transport is provided by a Cobb-Douglas com-
posite of regional transport services.

Figure 13 illustrates the economic activities of a
region. Together with intermediate inputs of goods and
services, available productive resources—capital, labor,
and natural resources—are utilized to produce goods
and services, which can export to other regions and meet
final demand for domestic private and public consump-
tion and investments together with imported substitutes.
Investments form new capital for the next period. As by-

Demand

eJTOP=40.25

they stay

Non-Energy

Energy | eJENE=0.4

(..)
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products, greenhouse gas emissions accompany with
these economic activities. CO, emissions from fossil
fuels are linked to fossil fuels used by producers and
households by fixed emission factors.

Sectoral production is simulated by two types of
nested CES functions. One type is illustrated in Fig. 14
for production of primary energy, i.e., crude oil, coal,
and gas. To highlight the dependence on natural re-
sources, the top level is a combination of the natural
resource (RES) and an aggregate of remaining inputs.
At the middle level, the remaining inputs are a Leontief
composite of intermediate goods and value added,
where the value-added combines capital (CAP) and
labor (LAB).

The other type of production functions (Fig. 15) is for
goods and services other than the primary energy. The
top level is a Leontief composite of intermediate inputs
other than energy and an aggregate of value added and
energy inputs (VA Energy). The next level is a combi-
nation of value added and energy inputs. The value
added is further a combination of capital and labor.
The energy inputs are a combination of electricity
(ELC) and other energy inputs as a Cobb-Douglas ag-
gregate of crude oil (CRU), coal (COL), refined oil
(REF), and gas (GAS).

Figure 16 illustrates the demand structures of con-
sumers and investors. At the top level, substitution can
be made between energy and the other goods (non-ener-
gy). At the bottom level, the energy combines five energy
goods and the non-energy combines all the other goods.
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