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Abstract
Understanding the impacts of climate policies in China and their dynamics is essential for the
international climate policy. This thesis contributes to this debate by analyzing the costs and
opportunities for China to transition to a low-carbon economy in an adverse overall economic
context. It provides comprehensive macroeconomic assessments of the costs of mitigation in
China using a Computable General Equilibrium model. The tool used captures important
elements of a second-best setting which are not systematically covered by exiting analyses
(inertia constraints, imperfect expectations, under non optimal exploitations of production
factors (labor, capital)). This modelling framework is used to exhibit some important
mechanisms at play when applying stringent global mitigation policies and allows revealing
levers that might be used to reduce mitigation costs in China. More specifically, the thesis
devotes attention to the differences between the mechanisms underlying these costs in the
short-term and in the long-term.
It first explores the twofold sustainability challenge posed to China caused by oil dependency
and climate change under alternative visions of future globalization patterns. It shows why a
“burden sharing” vision of international climate change policies cannot be really compatible
with the “Common But Differentiated Responsibility” principle. It highlights the different
determinants that operate at different time horizons and allows thus to point out the levers that
can be used to reduce mitigation costs. Among the strategies for reducing short-term
mitigation costs, the thesis explores the role of sectoral approaches as well as the role of fiscal
reforms based on carbon tax revenues in the mitigation process. It then investigates long-term
effects of early actions on long-lived infrastructures. It considers voluntary schemes
promoting mobility growth control and allowing to avoid extensive “lock-ins” in carbonintensive pathways.
The analyses conducted in this thesis, relying on a second-best modelling framework,
demonstrate that beyond the carbon price, the costs of climate policy essentially depend on
the sequencing of complementary policies, with a crucial role of bottom-up measures likely to
complement the carbon price. It proclaims that a sustainable future will require implementing
local measures able to (i) provide appropriate incentives for long-term investments by
resorting to other signals than current market prices and (ii) incorporate sectoral measures that
act complementarily.
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Résumé
Comprendre les impacts des politiques climatiques en Chine ainsi que leurs dynamiques sousjacentes est crucial dans le cadre de la gouvernance climatique internationale. Cette thèse
contribue à ce débat en tentant d’analyser les coûts et opportunités d’une transition vers une
économie bas-carbone en Chine, dans un contexte où l’on prend en compte les frictions et les
limites à la flexibilité des ajustements économiques, dimensions souvent négligées dans les
études existantes. Elle fournit des évaluations des coûts macro-économiques de la mise en
place de politiques de réduction des émissions de gaz à effet de serre en Chine. Ces
évaluations sont faites en ayant recours à un modèle d’équilibre général calculable prenant en
compte des mécanismes de « second-rang » et fournissant des analyses des interactions
économie-énergie-environnement qui embarquent des contraintes multiples liées à l’inertie
ainsi que des déterminants comportementaux des émissions. Cette architecture de
modélisation permet d’exhiber certains importants mécanismes en jeu lorsque des politiques
d’atténuation contraignantes sont mises en place et de révéler des leviers qui pourraient être
activés afin d’amoindrir les coûts de l’atténuation. Au-delà de l’évaluation des coûts, ce
travail tente de comprendre les mécanismes sous-jacents aussi bien sur le court-terme que sur
le long-terme.
La thèse commence par explorer deux importants défis auxquels la Chine doit faire face, la
dépendance au pétrole et le changement climatique, en considérant différentes visions des
modèles de globalisation futures. Elle tente ensuite d’illustrer en quoi la vision « partage du
fardeau » n’est pas, pour un pays comme la Chine, la vision la plus appropriée pour aborder
le problème du changement climatique, en particulier en terme de compatibilité avec le
principe de « responsabilités communes mais différenciées ». Elle met en exergue les
différents déterminants des coûts d’atténuation en jeux à différents horizons temporels
permettant ainsi de pointer des possibles leviers d’action afin de réduire ces coûts. La thèse
explore le rôle joué par les approches sectorielles et les réformes fiscales basées sur le
recyclage des revenus de la taxe carbone comme deux stratégies possibles de réduction des
coûts de court-terme. Elle étudie ensuite les effets de long-terme obtenus par la mise en place
d’actions précoces sur les infrastructures à vie longue. Elle considère des politiques
volontaristes visant à réduire la croissance de la mobilité et permettant d’éviter de se retrouver
coincé dans des sentiers de développement intensifs en carbone.
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Les analyses effectuées dans cette thèse, reposant sur un cadre de modélisation de secondrang, permettent de démontrer qu’au-delà du prix du carbone, les coûts des politiques
climatiques dépendent fondamentalement du séquençage de politiques complémentaires, avec
un rôle crucial des mesures « bottom-up » susceptibles de compléter le prix du carbone. La
thèse défend l’idée qu’un futur durable nécessite la mise en place de mesures locales aptes à
(i) fournir les bons signaux, autres que les prix courants du marché, pour les investissements
de long-terme ainsi qu’à (ii) intégrer des mesures sectorielles qui agissent de façon
complémentaire aux signaux prix.
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General introduction
Outline
Understanding the impacts of climate policies in China and their dynamics is essential for
international climate policy. This thesis contributes to this debate by analyzing the costs and
opportunities for China to transition to a low-carbon economy in a context of frictions and
limited flexibility of adjustments. It provides comprehensive assessments of the costs of
mitigation in China when using a Computable General Equilibrium (CGE), second-best
modelling framework that embarks multiple inertia constraints and behavioral determinants of
emissions. This modelling framework is used to exhibit some important mechanisms at
play when applying stringent global mitigation policies and allows revealing levers that
might be used to reduce mitigation costs in China.
This introducing chapter starts by giving the main elements of the history of climate
negotiations regarding the mitigation issue (section 1) before describing the socio-economic
context of China, a key player of the game (section 2). Section 3 provides the rationale and
the methodological choices behind the tool used in this thesis. Finally, section 4 presents the
outline of the thesis.
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Very early, the environmental consequences of population growth, economic growth and of
the use of natural resources have emerged on the international agenda (Meadows, 1972).
Since the early 1970s, in the framework of the United Nations (UN), the international
community met regularly to deal with the collective capacity to manage global issues and to
affirm the need to respect environmental constraints. The “United Nations Conferences on
Environment and Development”, better known as ‘Earth summits’, are ten-year meetings
organized by the UN to identify the means to stimulate sustainable development at the global
level. The first summit took place in Stockholm in 1972 and gave rise to the United Nations
Environment Programme (UNEP). Instead of “limit to growth”, the Stockholm conference
promoted the notion of “eco-development” and twenty years after, the Earth summit of Rio
de Janeiro in 1992 placed the climate change issue in the perspective of sustainable
development. The international community has tried for a long time to implement a global
climate architecture that would contain climate change. But it took some time to find a real
consensus whether it is scientific or political and to reach the media and the world public
opinion.
In 1988, at the 40th World Meteorological Organization conference, the Intergovernmental
Panel on Climate Change (IPCC) was created with the support of UNEP. Under the auspices
of the United Nations, the IPCC is a scientific intergovernmental body that synthesizes the
state of the art of scientific knowledge on climate change. By publishing regular reports
(1990, 1995, 2001, 2007 and 2014), the IPCC allows making the link between the scientific,
the political, the media and the civil society arenas. The successive IPCC reports have notably
increasingly highlighted the scientific evidence of the responsibility of human activities in the
increase of greenhouse gas (GHG) emissions, causing most of the rise in global average
temperature since the mid-20th century (IPCC, 2007a; IPCC, 2014b). In particular, the last
report stresses that anthropogenic GHG emissions have increased continuously from 1970 to
2010. CO2 emissions from fossil fuel combustion and industrial processes contributed about
78% of total GHG emissions over this period, with a similar contribution for the period 20002010 (IPCC, 2014a). The IPCC plays a major role in the fact that a growing number of
policymakers have endorsed the discourse that very ambitious greenhouse gases emissions
reductions are necessary to limit the risks linked to anthropic climate change.
In this context, the question of emerging economies is crucial. Indeed, the share of emerging
economies in global GHG emissions is continuously and rapidly increasing as a direct
consequence to their fast economic growth and, if pursuing current trends, carbon emissions
from major developing regions alone will exceed the global emission trajectory necessary to
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reach any ambitious stabilization objective (Blanford et al., 2009; Clarke et al., 2009; Metz et
al., 2002). It is important to understand the link between the history of climate negotiations
and the scientific expertise. In fact, the limited practical progress made over the last four
decades in climate negotiations is mainly due to the fact that they failed in offering to
emerging economies, and more generally to developing countries, a way of implementing
mitigation efforts without hampering their rapid access to development and their poverty
alleviation. In the perspective of this thesis, we will briefly summarize and reinterpret climate
negotiations in the light of the major question of emerging economies.

I.

A brief history of climate negotiations (for mitigation)

Shortly after the publication of the first IPCC assessment report, the climate negotiations were
placed under the aegis of the United Nations: the third Earth Summit of Rio de Janeiro in
1992 launched the United Nations Framework Convention on Climate Change (UNFCCC).
The negotiation of this international environmental treaty was actually done under the
initiative of the G7 in 1988, three years only after the first climate models’ “predictions” of
temperature increases due to human activities. This can mainly be explained by the strong
relation between the climate issue and energy security questions as perceived at that time by
the US and Europe. This convention is the first attempt in the framework of the United
Nations to address climate change. The UNFCCC has been opened for signature in 1992 and
has entered into force in 1994, today accounting for 196 Parties. The signatories of the treaty
meet annually for the so-called Conferences of the Parties (COPs) since 1995. The objective
of the UNFCCC is to
“stabilize greenhouse gas concentrations in the atmosphere at a level that would prevent
dangerous anthropogenic interference with the climate system” (Article 2).
The treaty is legally non-binding in the sense that it does not set any binding limit on
individual countries’ GHG emissions, nor does it include any other enforcement mechanism.
However, it provides a framework for negotiating specific international treaties (“protocols”)
that may set binding limits on GHG emissions. In its third article (Article 3), the UNFCCC
recognizes three major principles:
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(i) The precautionary principle
(ii) The Common But Differentiated Responsibilities principle (CBDR)
“The Parties should protect the climate system for the benefit of present and future
generations of humankind, on the basis of equity and in accordance with their
common but differentiated responsibilities and respective capabilities. Accordingly,
the developed country Parties should take the lead in combating climate change
and the adverse effects thereof”. (Article 3.1)
(iii) The principle of the right to development which is particularly important for
developing countries.
From the Common But Differentiated Responsibilities principle that recognizes the historical
responsibility of developed countries in the increase of GHG concentrations in the
atmosphere, has followed the obligation for North countries to show their goodwill in being
the first for reducing their emissions. At the time of the conference of Rio de Janeiro, the
dominant vision, guided by the vast majority of the American and European economists,
advocated for a coordination based on prices and not on quantities. This is partly because it
allowed an easy control of the level of mitigation efforts while being managed domestically,
based on the needs of each country (e.g. recycling the tax revenues in specific sectors). The
other approach, based on quantities, presented three key difficulties, namely (i) uncertainty
over estimates of costs, (ii) the political realism and economic effectiveness of large-scale
international transfers and (iii) lack of consensus over what is equitable or fair (Hourcade,
2002; Shukla, 1999). However this quantity based approach, supported by environmental
NGOs, diplomats and environmental lawyers, has won2, and the Berlin conference in 1995
(COP1) mandated the Kyoto conference to adopt quantified objectives. Since then,
international negotiations have been governed by a “burden sharing” vision: the climate
mitigation issue was considered as “a pie” to share between the parties and the vision of “capand-trade” has prevailed over a vision of taxing the environmental bad.
From this process has emerged the Kyoto Protocol, which is the only treaty with binding
emission levels for some groups of countries. It is worth noting that the distinction between

2

The tax or price approach that concerned the US administration elected on the basis of “no new tax” was
proposed by the European Union and officially supported by France. The project was abandoned two weeks
before the Conference of Rio de Janeiro due the strong opposition from energy intensive industries and the quota
approach defenders, namely environmental NGOs calling for a clear quantity target, diplomats influenced by the
precedent of the Montreal Protocol about the Ozone Layer and environmental lawyers used to jurisprudence on
cases of transgression of emission standards
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Annex 1 countries (OECD, East-European countries and ex-URSS) and Non-Annex 1
countries comes from this framework. The Kyoto Protocol puts the obligation to reduce
emissions on developed countries on the basis that they are historically responsible for the
current levels of greenhouse gases in the atmosphere and exempts, as a first step, developing
countries from any commitment on precise objectives. Annex 1 state parties committed to
reduce greenhouse emissions over the period 2008- 20123. The Protocol was signed during the
COP 3 in Kyoto in 1997 against the backdrop of the Byrd-Hagel resolution adopted by the
United States Senate in July 1997 which conditioned the commitments of the United States to
a significant participation of developing countries in mitigation efforts. In fact, the emergence
of a system of flexibility mechanisms 4 that was supposed to be a strong political signal in
direction of South countries to get them involved in the process revealed the extent of the
misunderstanding. Europe and the US thought that the “cap-and-trade” approach would be
interesting for developing countries since it would generate for them capital inflows and
technological transfers. Developing countries were excluded by definition from the
international emission trading system, since they did not have any constraint on their
emissions. Instead, a substitute solution was proposed in the form of a project approach
allowing industrialized countries to obtain carbon emissions credits through investments in
low-carbon projects in developing countries. These projects enabled to reduce the costs of the
North carbon constraint but were also supposed to reduce GHG emissions in the considered
developing country compared to a reference situation without specific low-carbon project.
This joint implementation mechanism has been categorically refused by developing countries
arguing that such projects don’t have any positive impact on development and could be
compared to a certain form of neo-colonialism. A solution has finally emerged using a
semantic innovation, the Clean Development Mechanism (CDM), saving the negotiation
process. This mechanism was in fact based on the joint implementation mechanism, but
reversed the order of priorities: CDM projects had to contribute to the development of the host
developing country, participate in its achievement of the UNFCCC objectives and, only then,
help investor countries to fulfill their reduction emissions commitment.
3

The Kyoto protocol targets correspond to an average emission reduction of 5.2% with respect to 1990 levels
over the period 2008-2012.
4
In addition to the International Emissions Trading (ET) that was a market mechanism between countries having
quantitative commitments, this system considered “project mechanisms” by which countries subject to emissions
constraints can invest in other countries in order to obtain emissions credits. This mechanism was intended to
provide an access to low-cost reduction potentials in Russia and Ukraine if these countries could not implement
an emission trading system, but also an access to reduction potentials of developing countries whom are not
submitted to any quantified commitment.
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After the entry into force of the Kyoto Protocol with the ratification of Russia in 2005, climate
negotiations continued in Montreal at the COP 11, focusing on the post-2012 regime. The key
mandate was to bring on board both the United-States and emerging countries. With a view to
continue the negotiations using a “burden sharing” approach, the international community
faced the recurring question of how emissions allowances should be allocated between
different countries, in particular between developed and developing countries while respecting
equity principles. Within the framework of the climate negotiations, all developing countries
joined together into a single negotiating block named the G77-China group5. Far from
representing a uniform group, the G77-China is very heterogeneous in terms of wealth, GHG
emissions and climate vulnerability6. However, these countries were united in their opposition
to any request for reduction commitments, in particular because they often see emissions’
constraints as a brake on their economic growth and their right to development. Their concern
was that policies issued from an international coordination would represent a supplementary
constraint on their development either because rules of allocation of emissions’ allowances
would be too strict, or because development funding would be conditioned by the introduction
of an environmental component. They insist on the equity question regarding the “burden
sharing” issue which has been at the origin of many difficulties in the negotiations after 2001.
Already in 1998, the developing countries’ position was clear, as summarized by the
provocative answer to the Byrd-Hagel resolution given by the Indian delegation in the name
of the G77-China: “there will be no emissions trading until the question of entitlement of
primary emissions right is resolved”. This illustrates the difficulties faced by the “burden
sharing” approach but did not however prevent its endorsement. In 2001, at the COP 7 in
Marrakech, following long and difficult negotiations, the parties agreed upon a 250 pages
document representing the agreement on the ways to implement emissions reductions. The
United States announced their withdrawal from the protocol arguing that reduction
commitments would damage their economy, and that they disagreed with the exemption of all
5

The group of 77 was founded on June 15, 1964, by the "Joint Declaration of the Seventy-Seven Countries"
issued at the United Nations Conference on Trade and Development (UNCTAD). This group, whose name has
remained, accounts today for 133 countries, and China moves to join the group in 1981 as a “special invitee”
(hence the name of G77-China).
6
It contains several sub-groups that have very different interests: (i) the OPEC countries (whose wealth is based
on fossil energies exportations and do everything possible to slow or even stop the negotiation process) , (ii)
Least Developed Countries (particularly vulnerable to climate change impacts, they support a strengthening of
emissions reduction commitments), (iii) Small Island Developing States (threatened by sea level rise and the
increased frequency of hurricanes may make them uninhabitable at the horizon of a few decades) and (iv) the
BRICS (Brazil, India, China and South Africa; fast growing economies, aspiring to become as important as
western countries, but still with an important development constraint).
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developing countries. This was unfortunately a prelude to a long period of uncertainty and
stagnation in the negotiation process and the two largest emitters, China and the United
States, had no commitment in the protocol. In the absence of a real discussion about the
entitlement of primary emissions right, the developing countries have been reluctant to a
“Kyoto logic”. Therefore their concern was not about the date when they would enter the
system to limit their emissions, but about the rule of emission rights allocation, stressing on
the equity issue and the history of responsibilities.
In parallel, a huge media coverage of the “climate emergency” has been observed, with for
example the media coverage on the Stern report published in 2006 that highlighted the
necessity to act quickly in order to avoid irreversible effects, or the media coverage of the
Fourth Assessment report of the IPCC in 2007 that stressed the possibility of opportunity
window to stabilize emissions. That year, in Bali, the 192 participating nations to the COP 13
adopted the Bali Road Map as a two-year process to finalize a binding agreement in
Copenhagen in 2009. But the COP 15, the so called Copenhagen Conference, failed in its
primary objective7. However, an agreement emerged, although not ratified by all the parties
but only supported by 28 countries, while the UNFCCC “took note” of that Copenhagen
Agreement. This agreement has provided major perspectives for the negotiation process: the
“2°C Target”8 was included in the agreement and the bottom-up process of the mitigation
part of the negotiations was triggered by the new vision of “pledges-and-control” (countries
commit voluntarily with a reporting process)9. The 2ºC Target and the “Copenhagen pledges”
were then validated in the framework of UNFCCC in 2010 at the Cancun COP-16. The
conference implemented, among others, a registry of NAMAs (Nationally Appropriate
Mitigation Actions) and a Green Fund to fund mitigation and adaptation. It approved the
continuation of Clean Development Mechanisms (CDMs) and confirms the shift from “capand-trade” to “pledge-and-review” systems.
In fact, the Cancun conference marks a paradigm shift in climate negotiations (Hourcade and
Shukla, 2015), as it calls for a “paradigm shift towards building a low-carbon society that
offers substantial opportunities and ensures continued high growth and sustainable
7

The “failure” of the Copenhagen conference was predictable because the US had limited room for manœuvre
(c.f. the project Waxman Markley blocked at the Senate), the negotiations were “circular” (proposals of parties
were dependent on those of the others), the Danish presidency have had difficulties to manage, there were
“closed sessions discussions” between governments with a marginalization of the EU that was divided and faced
developing countries’ active voices …etc
8
This target corresponds to a limitation of climate warming to +2°C with respect to preindustrial levels.
9
It is worth noting that the consistency between the sum of each country commitment and the “2°C Target” is
not guaranteed. Even more, a scientific consensus has emerged later on in the academic community to say that
the Copenhagen pledges are not sufficient to reach the 2°C Target.
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development” (UNFCCC, 2011). There is thus a movement from thinking the system as
“Fair Burden Sharing” to “Equitable Access to Sustainable Development”, which emphasizes
the link between mitigation and development challenges10. Then the COP 17 set the bases of
an agreement and launched the “Durban Platform”. This platform initiated a negotiation
process aiming at the elaboration of a “treaty, or other legal instrument” by 2015 that would
become effective in 2020 (UNFCCC, 2012). As highlighted by the IPCC, the “Durban
Platform” acknowledges that all the countries have to deal urgently with the threat of climate
change. It was a notable step of the climate negotiations in that for the first time, it included
developing countries like China and India, as well as developed countries like Europe and the
US.
This became concrete in the Paris Agreement that was signed in December 2015 at COP 21.
Adopted by consensus by 196 Parties, this multilateral legal agreement can be considered as a
success in itself11. The top-down vision with a division of the global “carbon budget” seems
to have been abandoned and, following the bottom-up vision of “pledges-and-control”, the
agreement contains voluntary commitments of 185 countries, the so-called Nationally
Determined Contributions (NDCs)12. Moreover, the agreement confirms the objective of the
“2°C Target” and goes even further with the aim of “holding the increase in the global
average temperature to well below 2 °C above pre-industrial levels and pursuing efforts to
limit the temperature increase to 1.5 °C above pre-industrial levels”(UNFCCC, 2015 -Article
2).
It also should be stated that although the differentiation between “developed” and
“developing” countries in terms of explicit quantified responsibilities and/or commitments is
not explicitly mentioned, the agreement states very clearly that developed countries should
take the lead in addressing climate change (both for mitigation efforts (Article 4) and in
mobilizing climate finance (Article 9)). However, based on the Common But Differentiated
Responsibilities principle, all countries shall participate to the effort “in the light of different
national circumstances”. For this purpose, a mechanism of five-yearly revisions of the NDCs

10

However, despite the rise of the climate finance issue that allows making the link between mitigation and
development challenges via, for example, the funding of NAMAs , ministers of emerging countries agreed that
some issues such as equity, trade or intellectual property rights don’t appear explicitly in the Cancun Agreement
(BASIC, 2011)
11
It should be borne in mind that the Paris Agreement must be seen as the beginning of a process and of a global
movement of the entire society and its real success will depend on the future steps of the process.
12
The process has started with the INDCs (Intended Nationally Determined Contributions) that all the Parties
were invited to come with to the table. The Parties have published these GHG emissions reduction announces in
the framework of the UNFCCC before the beginning of the COP 21. These INDCs are concretely considered in
the Paris Agreement and thus become effective commitments named NDCs.
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is set in order to ensure a consistency between the voluntary reduction commitments and the
trajectory to get to the long-term goal of net zero emissions in the second half of the century.
It is worth noting that these contributions are given for a time horizon of 2025/2030 and their
revisions should start in 2020.
That said, as highlighted in Ji and Sha (2015), the fundamental question of the articulation
between the long-term target, the CBDR principle and respective capabilities, and the NDCs
remain unanswered. This challenge should be framed in terms of bifurcation towards
innovative low-carbon development and cooperative process that would be beneficial for all
Parties in terms of sustainability of their development pathways, including poverty alleviation
when it comes to the specific case of developing countries. Considering the issue of domestic
development pathways in developing countries as a core question would help anticipating a
transition combining decarbonization and development especially given (i) the current limited
access to energy and the dependence to fossil energies, (ii) the long temporality (decades) for
the implementation of low carbon technologies in energy, transport and housing sectors; and
(iii) the inertia of infrastructures that may put developing countries into high energy “lockins”. This would avoid transforming the climate negotiations into a blaming game that focuses
on the distance between the announced pledges and the long-term 2° target, and can be
facilitated and encouraged by the implementation of international mechanisms providing
financial and technological support as a clear guidance to public decision-makers and
investors. Hourcade et al. (2015b) proclaim a paradigm shift towards a new global ‘social
contract’ around the protection of our global commons that accounts for an upgraded system
of climate finance and favors long-term infrastructure investments. This would work in favor
of low-carbon development pathways and narrows the gap between long-term objectives and
real emissions trajectories.
This thesis will focus on the case of China, and its purpose is to understand some important
mechanisms at play for such an important developing country when faced with the
necessary transition to a low carbon society within the context of climate policy
implementation.

II.

China, a key player

China has fundamentally changed over the last three decades, having transitioned from a lowincome developing country to the largest world economy and it is today a key player in the
climate negotiations arena. China is also the most populous country in the world; by the end
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of 2013, China’s population was 1.36 billion, about 20% of the world total. Despite a status of
a major world power, the Chinese GDP per capita remains lower than the global average, and
though the first GHG emitter, Chinese per capita emissions remain well below those of the
US (2.5 times lower in 2012). This explains why China still conforms to the position of
developing countries in climate negotiations (Aykut and Dahan, 2014) and still relies on the
"common but differentiated responsibilities" principle of the UNFCC. But considering
China’s increasingly large share of global emissions, the country’s active engagement in
addressing climate change is a prerequisite to establishing emissions guidelines compatible
with the 2ºC Target (Teng et al., 2015).
China is beginning to take a more proactive role in climate negotiations; it was the first
emerging economy to submit its Intended Nationally Determined Contribution (INDC) in
June 2015. China’s submission comprises four key commitments: its intent to peak carbon
dioxide emissions around 2030 and to strive to peak earlier (consistent with the joint
announcement it made with the US in November 2014); to reduce its carbon intensity
(emissions per unit of GDP) by 60% to 65% from the 2005 level by 2030 13; to rise the share
of non-fossil energy in its energy mix to 20% by 2030; and to increase its stock of forests by
around 4.5 billion cubic meters by 2030.
Finally, it is important to highlight that China’s future development needs are expected to
drive up both its energy consumption and its CO2 emissions. China’s current energy
consumption, dominated by coal, is rapidly increasing; in addition to surging CO 2 emissions,
it is the source of other significant local environmental problems like air pollution and water
resource depletion. In light of these serious environmental issues, China faces the challenge of
transitioning to a low-carbon development pathway while meeting its domestic development
needs (Teng et al., 2015).The following subsections give a picture of the socio-economic
context in which China will build its future development trajectory.

-

The Chinese booming growth

Two years after the death of Mao and under the leadership of Deng Xiaoping, the Central
Committee of the Communist Party of China announced at its pivotal meeting in December
1978 that the country would embark on a project of huge economic reform, from a “sovietstyle” centrally planned economy to a “socialist market economy”, encouraging economic
13

consistent with the previous pledges in the framework of the “Copenhagen pledges” to reduce carbon
emissions per unit of GDP by 40 to 45 percent from 2005 levels by 2020
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cooperation with other countries and seeking the most advanced techniques and equipment.
The road towards a more market-oriented mixed economy was going on and since then, the
Chinese economy has grown at a steady and remarkable pace with an average annual growth
rate of 13% (table 1), becoming in 2014, the world largest economy (IMF, 2015).

1980-2014

1980-1990

1990-2000

2000-2010

2010-2014

13%

14%

13%

13%

10%

Table 1.Table 1: Chinese average annual growth rates*
*: Calculated from gross domestic product based on purchasing-power-parity (PPP) valuation of country GDP in
Current international dollar (IMF, 2015)

It is worth noting that despite the progressive integration of China into an intentionally liberal
system, and despite its accession to the World Trade Organization (WTO) in 2001, the
Chinese government still controls strategic and important sectors such as energy production
and heavy industries. However, the private business sector has expanded enormously. It was
dominated by agriculture until the early 1990s, but spread very quickly to the whole economy
and the light industry in particular, representing 59% of the GDP already in 2003 (OECD,
2005). In addition, the structural reforms of recent years combined with low labor costs, high
productivity and relatively good infrastructures have made China a global leader in
manufacturing, which significantly improved its competitiveness and trade performance.
Foreign trade has become a major focus of the Chinese economy with a steady expansion.
China exports both primary and manufactured goods14 with an average annual growth rate of
exports over the last two decades that amounts to 18.1% ( and to 17.7% for imports), and one
can note for instance that the trade volume accounted for 11.3% of global trade in 2012
(Caporale et al., 2015). The economic reform with the progressive opening of markets
allowed China to considerably improve the living standards of the population with a
significant increase of annual income, consumption, life expectancy, literacy…etc. The goal
of establishing a large middle class has been achieved, and that middle class is still growing
significantly. In this regard, local governments need to maintain high economy growth to
generate sufficient revenue to cover the costs of several expenditures such as social security,
education, medical care, public security, environmental protection, and rural and urban
infrastructures. Indeed, most of the tax revenues are allocated to central government and the
transfer payments do not ensure the distribution of adequate financial resources to where they
14

The share of primary goods in total exports was initially higher than that of manufactured goods, but has been
declining over time and has been overtaken by the latter (Caporale et al., 2015).
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are needed. Local governments have thus to generate their own revenue by encouraging
business growth and investment as well as infrastructure development (Teng et al., 2015).

-

A challenging fast-growing urbanization

Economic growth and social development accompanied with massive industrial production
have significantly fostered the Chinese urbanization with a rate on a scale unprecedented in
the world. China’s level of urbanization has risen from 26.4% in 1990 to 53.7% in 2013. With
a 1% increase in urbanization rate, 13 million Chinese inhabitants move to cities every year
motivated by the prospect of higher wages and a higher standard of living (DDPP, 2014). The
new urban residents generate a surge in energy consumption as a direct consequence of an
increase in the demand for infrastructure, building materials and consumer goods (Zhang,
2011). In 2012, the direct energy consumption of China’s urban residents was on average 1.4
times more than rural residents’ consumption, and this gap is even larger when considering
the energy embedded in goods (Teng et al., 2015).
These urbanization trends are very challenging for China, particularly regarding their longterm implications for climate policy. Indeed, massive urbanization triggers large investments
in infrastructures that may lock in energy intensive pathways and will prove difficult to alter
in the near future. This phenomenon of lock-in in energy- and emission-intensive pathways
have already been observed in western and central China, where the process of economic
development has been particularly pronounced in recent years, and where advancement in
energy efficiency and non-fossil fuels fails to keep pace with the increase in energy
consumption needs.
-

An energy intensive and fossil fuel dependent economy

Unfortunately, as mentioned above, such a considerable economic catching-up is not without
adverse consequences. China accounts for more than 20% of the global energy demand and
the Chinese Total Primary Energy Supply (TPES) has increased fivefold from the beginning
of the economic reform until today (1978-2012) (figure 1). Indeed, in addition to its booming
middle class that is accompanied with significant changes in domestic consumption patterns,
China has become the “world’s factory”, which make its economy very energy intensive,
mainly relying on fossil fuel energies with all the consequences that involves.
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Figure 1

Figure.1: Total Primary Energy Supply of China (Mtoe) - (IEA, 2014a)

In this fast economic growth context, China faces significant challenges. First, there is the oil
dependency nature of its economy. Despite the prevalence of coal in the energy mix, oil ranks
second with a share of 16% in the TPES (figure 2). The strong and sustained economic
growth has induced a significant increase in oil demand; it has more than doubled over 20002012 and is expected to continue growing (from 4.6 million barrels per day in 2000 to 9.8
mb/d; (IEA, 2014b)). Although China is the world’s fourth-largest oil producer, with a crude
oil production that has exceeded 4.1 mb/d in 2012, it has been a net oil importer since 1993.
In 2012, China faced the need to import about 55% of its total oil demand and this share is
expected to reach 70% by 2020, creating problems for China’s energy security and trade
balance (Teng et al., 2015). This heavy reliance of China on international markets to satisfy
its oil-dependent development patterns occurs in a context of important tensions on oil
markets, with the depletion of conventional oil reserves, uncertainties on the deployment of
non-conventional resources and concentration of the production in politically sensitive
regions- note that 50% of the Chinese oil importations come from the Middle East (IEA,
2014b). This issue is all the more crucial for China given notably some specificities of oil
demand: the low price elasticity, captive uses in transport, the increasing access to private
vehicles, etc.

Shortages in energy supply and price increases caused by conflicts and

geopolitical tensions may hurt the Chinese economy. As a result of the increase of both
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energy prices and import volumes, Chinese spending in oil and gas imports has more than
doubled between 2009 and 2011, and oil imports represented more than 3% of GDP in 2012
(IEA, 2012), which makes the issue of energy security a priority for China and its economic
growth trajectories.

Figure 2

Figure.2: Chinese energy mix of the Total Primary Energy Supply (TPES) – 2012 (IEA, 2014b)

Although Chinese oil consumption has increased continuously, its share in the TPES has
decreased due the large share of coal (e.g. the oil share fell from 21% in 2002 to 16% in
2012). Given its high abundance in the country, coal use has increased much more rapidly to
meet the burgeoning electricity demand that has accompanied economic growth. In 2012,
China’s total electricity installed capacity reached 1174 GW which represents more than 20%
of the global installed power capacity and of which three quarter are satisfied by coal (EIA,
2015). Among several examples that characterize the staggering scale of the Chinese
economy, one can note that it is the first coal producer and consumer at the global scale. It
consumes nearly half the coal mined globally every year and its energy mix is mainly
composed of this fossil fuel (68% of the Total Primary Energy Supply in 2012 (IEA, 2015))
triggering several environmental concerns.
-

Chinese CO2 emissions

An obvious corollary of such growing fossil fuel consumption is that this emerging economy
is very carbon intensive, with carbon dioxide emissions increasing at an impressive rate -for
example, they rose by 140% over 2001-2011 (Jotzo and Löschel, 2014). In 2006, Chinese
CO2 emissions slightly exceeded those of the US, and five years later, they are almost double.
China is today by far the first CO2 emitter worldwide and its emissions, amounting to around
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8.2GtCO2, represent 28% of global emissions (CAIT, 2014) (see figure 3) with far-reaching
consequences on global warming. Furthermore, whereas at the time of the Kyoto protocol, per
capita Chinese emissions were far behind those of the European Union (ranked 86th vs. 32nd
worldwide), they recently have exceeded them.

30%

25%

20%

15%

10%
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1995

2000
China

Figure 3
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2010

USA

Figure.3: Share of country’s CO2 Emissions in global CO2 Emissions (CAIT, 2014).

- Air quality, a serious local concern

Beyond the global climate change that Chinese CO2 emissions induce, these emissions are
responsible for a local issue that generates significant concerns for the Chinese population and
thus for the Chinese government also. Indeed, the massive fossil fuel energy consumption has
induced critical air quality degradation (Zhang et al., 2013). Emissions from coal burning are
particularly polluting, and the predominance of coal in the energy mix is mainly responsible
for the heavy pollution observed in Chinese urban areas (Zheng et al., 2015). Coal
combustion, industrial processes and vehicle exhaust emissions are responsible for the heavy
haze observed in many cities and regions (e.g. Beijing, Tianjin, and Hebei province) and
contain dangerous levels of fine particles. They have severe effects on human health causing
millions of premature deaths every year and costing billions dollars in environmental damage
(Teng et al., 2015). Air quality has thus become the main threat to political stability in China,
and it is worth noting that the way China controls its air pollution will have significant
impacts on efforts to address global climate change. Indeed, beyond strengthening the social
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stability of the country by increasing the protection of human health, controlling air quality
would also have significant co-benefits by slowing down GHG emissions.

- Towards a more sustainable economy

The very fast and significant increase of Chinese emissions is due to the very carbon intensive
nature of the booming growth and to the near-stagnation of the carbon intensity of energy that
is dominated by coal (CO2 intensity of the Chinese energy supply decreased by only 4% over
the last decade) (Jotzo and Löschel, 2014). But even if the carbon intensity of the economy is
very high (twice that of the US and three times that of Europe in 201115), it has been on a
declining trend over the last decades: CO2 emissions per unit of GDP dropped from 1391
tCO2/million $ in 1990 to 641 tCO2/million $ in 2012 (CAIT, 2014). In line with the
Copenhagen pledge of reducing emissions intensity by 40 to 45% by 2020 compared to 2005
levels, as well as the recent INDC, this illustrates the Chinese will to act with regard to the
emissions issue.
China is fully aware of the economic and environmental context that is accompanying the
continuing growth of both domestic and external demand (Jotzo and Löschel, 2014, Aykut
and Dahan, 2014). It appears to moving into a transition towards a more sustainable economic
and energy model. Indeed, improving energy security to reduce the exposure of the economy
to energy price shocks, reducing local air pollution to improve public health and reducing
greenhouse gas emissions play a prominent part in the new Chinese economic pathways.
Beyond the recent INDC announcement, China started to place itself on a “cleaner” and more
efficient pathway while maintaining its economic growth for some time. The 11 th National
Five-Year Plan (2006–2010) already called for shifting from a traditional economic model to
a more environmentally friendly and resource saving model (CCICED, 2008; Pan, 2012).
Later, as proclaimed in its 12th Five Year Plan (FYP) that covers the period 2011-2015, the
Chinese government called for enhancing the competitiveness of strategic industries and
services, increasing energy efficiency and improving the environment (OECD, 2013). The
Plan put forward the link between environmental policies, energy policies and
competitiveness. It states the objective of building an “environmentally friendly” society by
implementing policies to mitigate the increasing environmental pollution and climate change.
15

When accounting the GDP in Purchasing Power Parity, and more when accounting the GDP in exchange rate
(Jotzo and Löschel, 2014).
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For the first time, the issue of the fight against climate change is explicitly included and the
Plan gives energy and GHG emissions targets. For example, it includes a compulsory target
for energy consumption per unit of GDP – to be reduced by 16% in 2015 relatively to 2005,
and for carbon emissions per unit of GDP - to be reduced by 17% in 2015 relatively to 2005,
in line with the 40-45% target by 2020 (Li and Wang, 2012; NDRC, 2012).
Far from being a mere declaration of good intentions, this is a real ongoing process in China
and many regulatory actions are being taken, notably to improve the energy efficiency of the
energy system (Jotzo and Löschel, 2014, Pan, 2012). The 11th FYP launched a compulsory
program for energy savings in the electricity sector, selected industrial processes, appliances
and transport, inducing significant improvements in energy efficiency and environmental
quality (Price et al., 2011). As part of the last two FYP, a large number of measures in crucial
sectors for energy and climate issues have indeed been undertaken by the Chinese
government16. It has launched energy efficiency programs aiming at encouraging the
development and deployment of low carbon technologies (see for instance the “Top-10,000
Energy-Consuming Enterprises Programme”17 that has been implemented in the industry
sector since the start of 12th FYP).
Another example of the actions taken by the Chinese government in order to fulfil the
objective of building an “environmentally friendly” society is the recourse to market-based
mechanisms to control or reduce carbon and air pollutants emissions. Under the 12th FYP,

16

See for example the different energy efficiency standards and labelling programs for appliances and
equipment like the minimum energy performance standards (MEPS), the mandatory categorical energy
information label (China Energy Label), the voluntary efficiency certification label or the National and Local
Enforcement of Energy Efficiency Standards and Label Project (Zheng Khanna et al., 2013; CNIS,2011; CNIS,
2010). See also the regulatory and voluntary instruments undertaken by the Chinese government to reinforce
buildings’ energy efficiency (Climate Group, 2011, MOHURD, 2011) like for instance the “Design Standard for
energy efficiency of public buildings (GB50189-2005)”, the “Standard for lighting design in buildings
(GB50034-2004)”, the “Evaluation standard for green building (GB/T 50378-2006)”, or the Leadership in
Energy and Environmental Design (LEED) scheme (see Chen and Lee, 2013 for details).
17

The Top 10,000 Program is the successor of the Top 1,000 Energy-Consuming Enterprises Program, which
targeted the largest 1,000 enterprises in China, successfully achieved and surpassed its energy-saving target of
100 million tons of coal equivalent (Mtce) during the 11th FYP with reported savings of just over 150 Mtce.
During the 11th FYP, the Top 1,000 Program was gradually expanded at the local level. Provinces established
energy conservation programs to cover smaller enterprises in the local “Double-Hundred” programs or
provincial “Top 1,000” programs. This built the foundation for expanding the Top 1,000 program to the Top
10,000 Program under the 12th FYP. The Top 10,000 Program aims to cover two thirds of China’s total energy
consumption, or 15,000 industrial enterprises that use more than 10,000 tons of coal equivalent (tce) per year,
and around 160 large transportation enterprises (such as large shipping companies), and public buildings that use
more than 5,000 tce per year. The total number of enterprises covered by this program reaches to around 17,000.
The target of the Top 10,000 Program is an absolute energy-saving target of 250 Mtce by 2015 (Industrial
Efficiency Policy Database, 2011).
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seven pilot Emission Trading Scheme (ETS) projects have been put in place in five municipal
areas- Beijing, Chongqing, Shanghai, Shenzhen and Tianjin and two provinces- Guangdong
and Hubei (Mo et al., 2016), covering 18% of the country’s total population and 27% of the
national GDP in 2010 (Lo, 2012), and marking a significant first step in the establishment of a
national carbon market by 2020 (Jotzo et al., 2013)18.
Furthermore, there is an increasing awareness about the fact that diversifying the energy mix
and improving energy productivity can induce significant economic benefits (Teng and Jotzo,
2014). The energy efficiency of the economy is indeed improving (the energy intensity of
GDP has been reduced by 26% in 2013 with respect to 2005) and China has had for several
years now a proactive and determined policy to reduce the contribution of coal in power
generation and to develop clean energies. It is today the world leader in renewable energy
with the largest installed capacity of wind and hydroelectric power as well as solar heating
and biogas installations (IRENA, 2014).
Overall, one can say that the Chinese government is adopting strategic choices to help the
economy maintaining steady and healthy development. Shifting from high-speed growth to
moderately high growth, the new model seems to focus more on quality and efficiency than
on quantity and speed (Teng et al., 2015).
- An economy still facing development challenges

However, even if China is taking serious steps towards more sustainable modes of
development, there are large uncertainties about the development of a range of socioeconomic variables in China such as population growth, labor market regulation, industry
restructuring, and regional disparities for the next decades. The uncertain international
prospects for low carbon energy supply technologies such as nuclear and Carbon Capture &
Storage (CCS) also raise concerns about cost-effectiveness and societal acceptability of low
carbon climate policy (Gambhir et al., 2013).

18

These pilots are expected to cover 700 million tonnes of CO2e by 2014, compared with 382 million tonnes in
Australia, 165 million tonnes in California and 2.1 billion tonnes in Europe (Scotney et al., 2012). Depending on
the economic circumstances of the region, pilot schemes cover a certain range of industries including electricity,
cement, iron and steel, chemicals as well as the buildings and the transport sector. The first Chinese carbon
trading scheme was launched in June 2013 in Shenzen (Shenzhen Carbon Exchange) and allows 635 business
companies in the city to trade permits. Shenzhen has implemented the broadest coverage of emissions, including
all direct and indirect emissions and represents the second largest carbon market in the world after the EU-ETS
(Sweet 2013) while Hubei pilot scheme is the world’s third largest emissions trading one (Jotzo and Löschel,
2014).
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In addition, despite three decades of phenomenal development, China still faces the challenge
of poverty alleviation. Although China has met the millennium goals for poverty reduction,
millions of Chinese are still suffering energy poverty (Our Common future, 2015). This high
development constraint contributes to strengthen the Chinese position as a developing country
in the climate negotiations.
Concerning the sustainability of its growth trajectory, in addition to the several challenges
mentioned above, it is important to highlight issues related to the transportation sector, which
China will have to face soon. Indeed, given the current trends of industrialization and
galloping urbanization, the coming years represent a turning point of the Chinese
development pathways. In a country with more than one billion people, the urban population
accounts for more than 50% and is expected to continue increasing over the next decades19
(Chen and Song, 2014). The expansion of the urban area in major cities has doubled from
1997 to 2009 and this increasing trend seems to be continuing (Shen and Zhou, 2014). With a
wealthier population, this will undoubtedly induce a significant increase of the domestic
demand for goods and services and thus for freight and passenger transport in particular.
Urban development will grow and number of cities will be built with massive investments in
long-lived infrastructures. China thus faces the substantial risk of lock-ins in carbon intensive
pathways which may turn out to be very costly if stringent climate policies are put in place.
This point is specifically highlighted in the last IPPC report which suggests that specific
transportation infrastructure policies and urban planning should be encouraged, since they can
provide major contributions to mitigation (IPCC, 2014d).

- The thorny issue of the cost of a climate policy that is becoming a benefit 20

With all these challenging features, China is at the core of the environmental issues.
Regarding the exclusive question of climate change, its faces the thorny issue of economic
costs that may come with the necessary action towards emissions mitigation. However, given
the serious energy security concerns and the essential challenge of improving air quality,
China appears determined to achieve a low carbon transition; and the concept of cost becomes
thus an opportunity. Traditionally, the climate issue has been closely linked with development
in China, but the way they have been linked has changed considerably.
19

It was 26% in 1990.

20

This subsection is highly inspired by Teng et al., 2015
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At the beginning, addressing climate change was seen as a threat to development, and carbon
emissions control has long been considered as a limit to Chinese economic growth. The
potential negative economic effects both on the supply and demand sides have legitimately
raised significant concerns. The commitment to a stringent climate policy can not happen if it
is seen as a constraint on economic development.
Most of researchers’ and decision makers’ attention has long been focused exclusively on the
cost associated with carbon emissions reduction. For example, when it comes to using carbon
pricing as the main policy instrument for reducing CO2 emissions, China could end up in a
particularly vulnerable position due to its high energy intensity of GDP. Indeed, an increase of
10$ in fuel prices or energy prices does not have the same impact for an economy relying on
heavy industry or for one focusing on services, or for a country with low tax rates on energy
use vs. a country with already high rates of taxation21. As shown in Waisman et al. (2012), a
significant part of the costs induced by a given level of carbon taxation is driven by the ratio
of energy costs/labor costs of production that is characterized by strong inertia. A country like
China with a much larger energy share in production costs than the share of wages is thus
particularly adversely affected by an increase in energy prices22.
However, vulnerability to energy price increases echoes the increasing concerns of energy security, causing decision makers to hedge the associated risks by improving energy efficiency
and reducing dependence on fossil fuels. Also, China’s industrialization, urbanization, and the
associated energy consumption continue to increase, triggering an increasing pressure on air
pollution control. All this, combined with the pressure of slower economic growth, is leading
China to look for new driving forces for its economy, like new energy industries (renewables,
nuclear) and low-carbon infrastructures that can show large potential for driving future
growth23.
The cost of the implementation of a climate policy is highly dependent on the development
pathway that China will undertake, in particular regarding the technical system and the
evolution of societal behaviors. The promotion of a low-carbon transition is no longer
interpreted as a brake to development imposed by international pressure, but rather an
opportunity to boost the economy. One of the main challenges for China is thus to adopt
21

When comparing taxes on energy use in 41 countries worldwide, which together use 80% of global energy, it
comes that China is ranked 37th (OECD, 2015).
22
It is worth noting that the levels of the costs generated by carbon pricing are highly dependent, inter alia, on
the way the revenue generated by the tax are recycled (Combet et al, 2010; Hamdi-Cherif et al, 2011; Guivarch
et al, 2011)
23
China has become the main investor in wind turbine, solar PV, nuclear energy, and high-speed railway
systems (Teng et al., 2015).
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environmental policies that obviously have a significant effect on the level of emissions but
also a positive knock-on effect on its development. This requires a mixture of policies able to
link different types of policy instruments in order to trigger the necessary low carbon
transformation in all aspects of the Chinese socio-economic system. A scientific challenge is
thus to go beyond the assessment of mitigation costs in China and to try to understand the
mechanisms underlying these costs both in the short-term and in the long-term when
implementing a policy package.

III.

Mitigation costs assessment, which modelling framework?
Assessments of the economic effects of greenhouse gas emission reductions are primarily
generated by large‐scale, integrated models, referred to as ‘integrated assessment models’, or
IAMs. These numerical modelling tools are appropriate to provide quantitative assessments of
mechanisms at play in complex systems, like the ones considered in energy-economyenvironment interactions, and to project key characteristics of transformation pathways to
mid‐century and beyond24.
Integrated modelling approaches can be very different for example in terms of economic
coverage and interactions, foresight, representation of trade, model flexibility, sectoral,
regional, technology, GHG detail, and representation of technological change (IPCC, 2014c),
but they share some common traits. The models use economics as the basis for decision
making and are stylized and simplified numerical approaches to represent highly complex
physical and social systems. They “do not structurally represent many social and political
forces that can influence the way the world evolves”, they “tend toward the goal of
minimizing the aggregate economic costs of achieving mitigation outcomes” and they
“typically assume fully functioning markets and competitive market behavior, meaning that
factors such as non‐market transactions, information asymmetries, and market power
influencing decisions are not effectively represented” (IPCC, 2014c, section 6.2).
The assumptions made to assess socio-economic costs of carbon reduction can be summarized
in the following sentence:

24

This type of analysis has developed in parallel with exponential improvements of computer techniques
allowing for a fast growth of the number of models and scenarios, as illustrated by the thousand of scenarios
compiled in the last IPCC report (IPCC, 2014a). The multiplicity of results provides a wide spectrum of
assumptions and then helps delineate the ranges of uncertainties of the results, which is crucial information in
such a controversial issue as the long-term impacts of climate policies.
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“Most models use a global least cost approach to mitigation portfolios and
with universal emissions trading, assuming transparent markets, no
transaction cost, and thus perfect implementation of mitigation measures
throughout the 21st century” (IPCC, 2007b, Box SPM.3).
Although these assumptions can be acceptable to provide a normative vision, they fail to
capture the role of constraints which may push economic trajectories away from their firstbest trajectory. Among these constraints, inertia effects limiting the flexibility of economic
adjustments (missing mechanisms) and market imperfections pushing prices above marginal
cost (missing market) are particularly important when trying to provide plausible insights on
mechanisms underlying mitigation costs in a country like China.
The following subsections identify the constraints in interactions driving inertia mechanisms
that will be considered in this thesis and give a general description of the tool used that take
into accounts such constraints
- Climate policy and inertia constraints

As mentioned above, most models use first-best assumptions and hence do not represent
short-term inertia constraints. However, much attention has been devoted in these models to
the long-run inertia effects related to technological constraints. This dimension of climate
policies has been investigated in numerous modeling exercises, in particular using hybrid
models able to incorporate sector-based expertise on technologies and technological change
into a macroeconomic framework (Hourcade, 2006)25. More recently, second-best policies
have been envisaged to account for climate negotiation constraints, which could lead to an
agreement involving exemptions or delayed participation for some regions and/or limitations
in the use of some low-carbon technologies26.

25

Among the more recent studies on the topic: the EMF-19 project, which deals with the role of cost and
performance of current and future technologies for global climate policies (Weyant, 2004); the IMCP project
which studies the role of endogenous technological change on the cost of climate policies (Edenhofer et al,
2006); the EMF-21 project, which incorporates non-CO2 gases, such as those from land uses and agriculture
(Weyant et al. 2006); the EMF-27 project, which investigates the importance of individual mitigation options
such as energy intensity improvements, carbon capture and storage (CCS), nuclear power, solar and wind power
and bioenergy for climate mitigation (Weyant et al., 2014; Kriegler et al., 2014a); or the AMPERE project,
which focused among others, on the role of technology availability, and innovation in the energy sector in the
context of climate mitigation (Kriegler et al., 2015).
26
This issue is in particular investigated in: the EMF-22 project, which studies the impact of architecture of
climate policies with delayed participation of different groups of countries on the possibility to reach a given
stabilization target and on the associated costs (Clarke et al., 2009); the ADAM project, which analyses the
feasibility and costs of very low stabilization in function of technology availability (Edenhofer et al, 2010); the
RECIPE project, which investigates the effects of delayed participation by certain regions (Jakob et al, 2012),
restrictions on the availability of a large set of low-carbon technologies (Tavoni et al., 2012) and quota allocation
rules (Luderer et al, 2011); the LIMITS project which studies delayed mitigation scenarios with different effort-
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We go one step further by considering the inertias that affect the functioning of economic
interactions in the short-run and impose departures from steady growth pathways. More
precisely, this means that we consider the interplay between three types of constraints (a) the
technical and political constraints, which affects the flexibility of capital adjustments,
especially under imperfect foresight, and impose distortions of economic interactions to
satisfy some public objectives; (b) the climate constraint, which has no reason to be optimal
with respect to economic dynamics but is rather a political decision imposing a time path for
limitations of CO2 emissions from human activity; and (c) resource constraints, which impose
limits on scarce resources used as production factors. We consider more specifically
constraints related to oil and urban land, which play a crucial role in the context of climate
change mitigation.

a) Constraints on the functioning of economic interactions: the second-best economy

When considering the implementation of ambitious climate policies implying important
departures from current socio-economic trends, complex interactions in the economic system
and unexpected shocks driving the long-term dynamics of prices, quantities and investment
decisions cannot but be imperfectly anticipated with the information at the agents’ disposal. In
this context, it therefore appears appropriate to go beyond the standard assumption of perfect
foresight to adopt adaptive expectations instead, which are derived from the extrapolation of
past and current trends and are refined as agents get more information (for example, on the
nature of climate constraints).
These imperfections in expectations play an even more important role when taking into
account the constraints that limit the flexibility of economic adjustments and hence prevent
the immediate correction of past decisions once information arrives. These constraints
concern notably (i) the rigidities on labor markets, which limit the adjustments of labor costs
in the production process, (ii) the pace of diffusion of new technologies as constrained by
limited R&D potentials and the cumulative effects of learning-by-doing processes, (iii) the
renewal of installed technologies, equipment and infrastructure, especially long-lived
sharing schemes (Kriegler et al., 2013; Tavoni et al., 2014); the EMF 27 project (Weyant et al., 2014; Blanford et
al., 2014) and the RoSE project (Luderer et al., 2013), which studies delayed and limited participation scenarios;
or the AMPERE project which studies the role of internationally fragmented climate policies and potential first
mover coalitions. In particular one study has focused on EU27 and China as first movers, i.e. acting immediately
and the remaining countries transitioning from moderate policies to a global carbon pricing regime (Kriegler et
al., 2014b; Riahi et al., 2014).
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equipment in housing and transport sectors, (iv) the behavioral inertias, which limit the pace
of structural changes in consumption and production patterns, and (v) the basic needs on vital
items (e.g., food, housing), which limit consumption adjustments by imposing a floor level for
these specific goods.
Independently from climate concerns, a number of policies are active and influence socioeconomic interactions. They are not necessarily adopted for economic efficiency reasons but
rather to satisfy a specific objective, like the supply of public services that must be satisfied at
any cost (e.g, State’s commitment to ensure a certain level of public services like security,
justice, education, health), the preservation of a certain level of intra- and inter-generational
redistribution or the internalization of some indirect economic, social or environmental effects
that would otherwise be ignored by economic tradeoffs. These policies move economic
trajectories away from their optimal trajectory and distort the structure of prices and quantities
(quotas) and/or the technical standards (norms).
In this context, measures adopted for climate concerns have ambiguous consequences, since
they can have synergies, or, on the contrary, reinforce pre-existing sub-optimalities. This issue
is at the core of the debate on the double dividend of climate policies, which is built on the
idea that a carbon fiscal reform can potentially lead to absolute economic gains if the revenues
stemming from carbon taxation are used to correct some distortive effects of the pre-existing
fiscal system (Goulder, 1995; Ligthart, 1998).
b) The carbon constraint

The choice of a quantified objective for carbon emission reductions and the modalities of its
implementation (in terms of regional and sectoral distribution of the efforts) is the
consequence of a political appraisal of a number of dimensions beyond pure economic
efficiency, like energy security, inter-generational equity, a “common but differentiated
responsibility” between regions or social aspects (political acceptability of the measures,
impacts on development in emerging economies or distributional issues). The importance of
these different aspects means that the climate policy architecture has no reason to be
economically optimal, even more since the uncertainties on climate damages and mitigation
costs make it difficult to define a priori an optimal climate policy. We adopt a more realistic
definition of the climate constraint, as imposed by a political choice on the ultimate
stabilization objective.
The climate objective can be expressed in terms of radiative forcing (W/m2), increase of
global mean temperature with respect to pre-industrial level (°C), concentration of greenhouse
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gas or carbon dioxide in the atmosphere (ppm CO2-eq), or cumulative carbon emissions (PgC)
with a certain equivalence between these measures. Despite the absence of scientific certainty
about the costs of stabilization and residual damages for different stabilization levels, a
political consensus tends to promote a limitation of climate warming to +2°C with respect to
pre-industrial levels. This objective can be likely27 satisfied only with a stabilization of the
CO2-equivalent concentrations in 2100 at 450 ppm CO2-eq28. Since the concentration is now
around 430 ppm CO2-eq (against 280 ppm CO2-eq before the Industrial Revolution) and the
current emission trend corresponds to a 2 ppm CO2-eq yearly increase of this concentration,
this objective supposes a drastic change of current trends with a fast and continuous decrease
of global anthropogenic GHG emissions by 40% to 70% in 2050 compared to 2010, and
emissions levels near zero or below in 2100 (IPCC, 2014e). This is possible only if restrictive
conditions are satisfied: full and immediate participation of all countries, high degree of
flexibility in technical adjustments and the possibility to generate a large amount of negative
emissions before 210029 (Krey and Riahi, 2009; van Vuuren et al, 2010). Satisfying
simultaneously those conditions imposes to adopt a very optimistic vision of the political,
technical and behavioral barriers that may affect the patterns along which the second-best
economy considered in this thesis develops.
We adopt more conservative assumptions, which lead us to retain less extreme (but still
ambitious) stabilization scenarios, corresponding to a limitation of the temperature increase
with respect to pre-industrial levels to +2.5°C. This objective is intermediate between the two
most constrained objectives considered in the IPCC, namely RCP2.6 and RCP4.5, with a peak
of global CO2 emissions in 2030 at the latest30.
c) The resource constraint

We consider here the specific role of constraints imposed by the use of scarce natural
resources as production factors. In a first-best vision, explicitly accounting for these
additional constraints could not but lead to an increase of mitigation costs and, conversely, a
climate policy could not but increase the negative economic consequences of resource
scarcity. However, if the analysis of economic interactions is extended to represent pre27

With a probability between 66–100% (according to the IPCC jargon).
2
Represented by the RCP2.6 (total radiative forcing in year 2100 relative to 1750 of 2.6 W/m )
29
The technology envisaged to realize negative emissions is bioenergy with carbon dioxide capture and storage
(BECCS), which raises questions linked to land-use competition and large-scale availability of CCS. In addition,
there is insufficient knowledge to quantify how much CO2 emissions could be partially offset by these carbon
dioxide removal methods on a century timescale (IPCC, 2015e).
30
This objective corresponds to concentrations between 480 and 530 CO2-eq in 2100.
28
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existing sub-optimalities, the additional constraint on resource availability can have
ambiguous effects in its interactions with the climate constraint. We will focus more
specifically on the effects associated to oil and urban land, which are simultaneously essential
to the production process and play a crucial role in the context of climate policy because of
their complex interactions with a limitation of carbon emissions.
On the one hand, climate change, energy security and the depletion of oil resources are
closely related issues because of their common focus on the decline of consumption and
production of this fossil energy, which is both an important source of carbon emissions, a
central determinant of international trade flows and a crucial component of the energy mix.
Climate policy indirectly delays the exploitation of oil, slows down its depletion and gives an
early signal of the long-term scarcity of this exhaustible resource. In addition, climate policies
affect the geopolitical dimension of oil markets by calling for a strategic response of major oil
producers to this threat on their exportation revenues (Waisman et al., 2013)31. Conversely,
constraints on oil availability can be seen as positive for the long-term objective of a climate
policy by limiting the amount of oil-related carbon emissions. However, these constraints may
also enhance the costs of the transition towards a low-carbon economy by affecting the
distribution of mitigation efforts among fossil fuels (oil, gas, coal) towards an important
decrease of oil even though this source of energy is the most difficult to abstract from in the
short- and medium-term due to its captive uses (transport).
On the other hand, the allocation of sites between different uses (residential, agricultural,
industrial…) and the resulting land-use patterns are crucial determinants of greenhouse gas
emissions in the most important sectors. We limit our analysis to the transportation sector: the
passenger transportation sector, in which location choices and infrastructure networks in the
urban environment drive constrained mobility (commuting, shopping), and the freight
transportation sector, in which the location of production units and consumers determines the
logistics organization and the transport intensity of production/distribution processes. The
mitigation potentials offered by changes in land-use patterns in these activities can be active
only in the long-term because they involve changes of long-lived infrastructures. Conversely,
the adoption of a climate policy favors the redirection of investments towards less carbonintensive spatial organizations, but also limits the availability of investments for infrastructure

31

This interplay plays a crucial role in climate negotiations as demonstrated by the claim by OPEC countries for
compensations for those losses of revenues in exchange for their compliance to climate agreements (see the
Article 4.8 of the UNFCCC and the article 3.14 of the Kyoto Protocol), making them aligned with and
supporting developing countries regarding any stringent global climate policy.
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projects at the core of these relocations because of the crowding-out effect of climate policyrelated investments in the energy sector.
- IMACLIM-R, an architecture to represent a second-best economy and to embark
multiple constraint dimensions32

The tool used in this thesis tries to answer the questions raised by the links between the
various constraints mentioned above. It was built in an attempt to address three
methodological challenges: to incorporate knowledge from economics and engineering
sciences, to support the dialogue with and between stakeholders and to produce scenarios with
a strong consistency, concerning especially the interplay between development patterns,
technology and growth. These goals led to the development of IMACLIM-R, a hybrid macroeconomic model within a general equilibrium framework, including innovative features and
sector-specific modules.
This modeling framework differs from conventional IAMs in several features that make it
relevant to investigate important specificities of transitions towards low-carbon futures
starting from a world where imperfect foresight, incomplete markets and institutional failures
do play a significant role.
First, IMACLIM-R is a hybrid model based on an explicit description of the economy both in
money metric values and in physical quantities linked consistently by a price vector. This dual
vision of the economy is close to the Arrow-Debreu axiomatic and ensures that the projected
economy is supported by a realistic technical background (in the engineering sense) and,
conversely, that the projected technical systems correspond to realistic economic flows and
consistent sets of relative prices. Physical variables and techno-economic parameters allow
for a rigorous incorporation of sector based information about how final demand and technical
systems are transformed by economic incentives, especially for very large departures from the
reference scenario. This information encompasses (i) engineering based analysis about
economies of scale, learning-by-doing mechanisms and saturations in efficiency progress (ii)
expert views about the impact of incentive systems, market or institutional imperfections and
the bounded rationality of economic behaviors. Moreover, the transportation sector holds a
particular place in this modelling framework. In addition to the conventional representation of
the transportation technologies in the

energy-economy-environment (E3) models,

32

A more detailed description of the model is given in each chapter. Each of them is adapted to the subject
matter with a specific methodological focus according to the topic
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IMACLIM-R embeds an explicit representation of the “behavioral” determinants of mobility
with a detailed description of passenger and freight transportation. Although driving the
transportation demand, these determinants are too often disregarded in mitigation
assessments, and embarking them allows investigating policies and measures that go beyond
pricing instruments, like for example those related to infrastructure policies.
Furthermore, contrary to standard representations in intertemporal optimization models,
agents have imperfect knowledge about the future and may take investment decisions
according to biased expectations. Inertias on capital stocks, stickiness of labor market and
market power are represented which respectively limit the pace of technical change, affects
labor adjustments and leads to departures from marginal cost pricing. This allows representing
the possibility to have idle capacities and unemployment. In this inertial context, imperfect
foresight becomes crucial when acknowledging that capital stock cannot be changed
overnight, and that errors cannot be corrected without frictions. The interplay between choices
under imperfect foresight and inertia of technical systems may trigger transitory partial misadjustments of the economy and the equilibrium does not necessarily correspond to economic
optimality. This interplay is key in explaining the peculiar shape of the cost profiles of climate
policies obtained with IMACLIM-R. This is ``bad news'' because of significant short-term
losses caused by the necessity to overcome inertias and ``good news'' thanks to the possible
benefits over the very long run (due to sub-optimalities of the Business-As-Usual scenarios).
This modeling framework that allows representing endogenously departures from steady
growth pathways is a way to follow Solow (1988) who hints that more attention should be
devoted to transition pathways because “growth theory failed to come to grips adequately
with the right way to deal with deviations from equilibrium growth''33. It enables to represent
bifurcations, lock-ins and potential co-benefits that may occur in the course of sustainable
trajectories in a more realistic way than standard technico-economic models would do.
Through the representation of some key second-best features, this tool allows going beyond
the simple quantitative assessment of mitigation costs in China and reveals the mechanisms at
play in low carbon development pathways.

33

The full quote is: “Growth theory was invented to provide a systematic way to talk about and to compare
equilibrium paths for the economy. In that task it succeeded reason-ably well. In doing so, however, it failed to
come to grips adequately with an equally important and interesting problem: the right way to deal with
deviations from equilibrium growth”.
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IV.

Outline of the Thesis
This thesis analyzes the costs of moving towards a low carbon Chinese society and the
underlying mechanisms at play when the second-best nature of the economy is accounted for.
The thesis is organized around four chapters. Note that the chapters can be read
independently, each of them being conceived to provide an autonomous vision of a
distinctive step of the analysis.
Chapter 1 explores the link between economic trajectories, globalization and energy and
climate constraints. It focuses on the twofold sustainability challenge posed to China caused
by oil depletion and climate change in the context of socio-economic and political
globalization. Beyond the agreed role of “green” measures to foster the competitiveness of the
Chinese economy in the short-term, this chapter, analyzes the long-term challenges posed to
China by oil dependency and emissions’ mitigation policies under alternative visions of future
globalization patterns. Various specifications for future globalization processes are considered
to represent consumption styles, the level of globalization or regionalization of the economy,
and the international capital balance or imbalance in the long run. This chapter questions the
link between the nature of the globalization processes and Chinese growth trajectories under
climate and sustainability constraints. It discusses notably the effect on socio-economic costs
of different policy mixes, notably in terms of non-market incentives for long-term investments
and sectoral measures that act complementarily to economy-wide instruments.
Chapter 2 goes further in the analysis of the macroeconomic effects of implementing carbon
price policies in China in the light of the “Common But Differentiated Responsibility”
principle in a global climate agreement. The effects on the Chinese economy are investigated
by considering different stylized climate architectures that are consistent with this principle
and, although aiming at the same stabilization target, differ in terms of (i) the temporal profile
of carbon emissions reductions (early vs. delayed mitigation action) and (ii) the regional
distribution of efforts (different quota allocation schemes). By analyzing the major
determinants of socio-economic dynamics under climate constraint, the chapter questions
notably global top-down systems relying on cap-and-trade and the role of bottom-up measures
additional to the carbon price to make carbon mitigation acceptable in countries like China.
The next two chapter investigate more in-depth this question by analyzing the tools that can
be mobilized at different time horizons.
Chapter 3 investigates some strategies for reducing short-term mitigation costs. It explores
the role of sectoral approaches in the mitigation process, as a commitment that appears less
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stringent for developing countries, and this is done by taking the example of the most emitting
sector, namely the electricity generation sector. It also considers different ways of recycling
carbon tax revenues, as facilitator of the implementation of the mitigation policies relying on
carbon pricing. To this aim, this chapter assumes that developed countries continue with
Kyoto-type absolute commitments, whilst developing countries adopt an emission trading
system limited to electricity generation and linked to developed countries' cap-and-trade
system. Two scenarios differing in the recycling scheme of the revenues of the carbon price
are defined. The first scenario considers a lump-sum approach, while the second considers a
targeted use in which the revenues are used to reduce taxes on, or to give subsidies to,
electricity generation.
Finally, Chapter 4 investigates the effects of early actions on long-lived infrastructures on
long-term mitigation costs on the example of the transportation sector. The transportation
sector represents a real challenge for China in its attempts to develop sustainably given that
transport activities have considerably grown in recent years, and curbing CO2 emissions in
this sector has become crucial, particularly regarding energy security and climate change
issues. This chapter investigates the role of voluntary action promoting mobility growth
control in order to avoid extensive “lock-ins” in carbon-intensive pathways. It also considers,
beyond technological transitions, the role of “behavioral” determinants of mobility when
dealing with mitigation costs assessments over the long-run, particularly, when talking about
an emerging economy such as China, where the demand for transportation is on a continuous
growing trend. By accounting explicitly for the “behavioral” and infrastructural determinants
of mobility (urban forms, modal shift and logistics organization affecting the transport
intensity of production/distribution processes), the analysis investigates the potentials offered
by infrastructure measures favoring lower mobility in the transition to a low-carbon Chinese
economy to decrease mitigation macro-economic costs.
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Abstract. This article analyzes long-term macroeconomic challenges posed to China by oil
depletion and climate change under alternative visions of globalization. We use IMACLIM-R, a
CGE model to think the link between growth, globalization and energy and climate
constraints. We find that fragmented capital markets prove beneficial for China since they
release capitals for local investments, but they affect the pace and direction of technical
change making the Chinese economy more hurt by the climate policy than in a continued
globalized world. Conversely, China is less affected by a mitigation policy when good
markets are regionalized. Even without climate policy, this assumption has a positive effect in
the long-term since less intense international trade moderates the effects of oil constraints.
However, these effects remain small, which proves that acting on globalization processes is
insufficient to avoid important socio-economic tensions due to the sustainability challenges. A
sustainable energy future will thus require implementing measures able to (i) provide correct
incentives for long-term investments by resorting to other signals than current market prices
and (ii) incorporate sectoral measures that act complementarily. The challenge consists in
articulating the objectives and the instruments to trigger the transition towards sustainable
future.

Keywords: energy; resources; climate mitigation; globalization; CGE modelling; China
JEL classification: C68, F18, Q43, Q56
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1. Introduction
The very fast growth experienced by the Chinese economy over the last decades has been
characterized by two crucial features analyzed in this paper. On the one hand, it has been
based on intense fossil energy consumption, and in particular important consumption of
locally- produced coal and of imported oil (oil imports represent more than 3% of the Chinese
GDP in 2012 (IEA, 2012)). On the other hand, it has happened in parallel with the
intensification of the globalization of the world economy, in which China holds a specific
position given its important exportations of capital and competitiveness margins in
manufacturing production. It must in addition be noted that these two trends are closely linked
since, notably, the high surplus of the trade balance on manufacturing goods permits the
important oil exportations.
But, the pursuing of this fossil-intensive growth model with high reliance on international
markets is highly uncertain and therefore questions the nature of future growth patterns of the
Chinese economy. In particular, the fossil energy sector faces the twofold challenge of
tensions on international markets and of climate change, which will inevitably affect fossil
energy international markets. In the Chinese case this is particularly problematic for oil and
gas, given the scarcity of local resources and the specificities of demand, notably for oil (low
price elasticity, captive uses in transport and fast rise of private mobility). Recent trends have
in particular demonstrated the high sensitivity of Chinese expenditures to international
conditions for oil and gas, which have more than doubled between 2009 and 2011, as a result
of increasing energy prices and import volumes (IEA, 2012). The question of coal is not
simpler since the fast rise of demand makes it now necessary for China to rely on
importations to satisfy the fast rise of demand despite important local production capacities;
and coal is the major target of climate policies, as the dominant source of carbon emissions in
the Chinese economy. Finally, the future nature of globalization processes per se is also
uncertain, since current trends show the emergence of important disequilibria that can hardly
be seen as sustainable in the long-term and may then call for readjustments of capital and
trade markets. These issues are acknowledged and frame the Chinese vision of short-term
growth trajectories. In particular, in the 12th Five Year Plan, the Chinese government calls for
enhancing the competitiveness of strategic industries and services, increasing energy
efficiency and improving the environment (OECD, 2013). The Plan put forward the
articulation between environmental policies, energy policies and competitiveness. It states the
objective of building an “environmentally friendly” society by implementing policies to
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mitigate the increasing environmental pollution and climate change. For example, it includes
compulsory target for carbon emissions per unit of GDP - to be reduced by 17% in 2015
relatively to 2010, in line with the 40-45% target by 2020 (Li and Wang, 2012; NDRC, 2012).

This paper analyzes the long-term counterpart of this growth-energy nexus for China, when
deep transformations of fossil energy markets are envisaged as triggered by depletion of
resources and the possible implementation of ambitious climate policies. We do this analysis
for different visions on the future of globalization processes to analyze whether alternative
assumptions on international capital and goods markets change the nature of the interplay
between Chinese economic growth and energy.
The interplay between economic trajectories, globalization processes and environmental
issues has been investigated in the literature following Copeland and Taylor (1994, 1995,
2004). Their approach provides useful insights on the environmental consequences of
economic growth and international trade, but it is a theoretical approach, too general to draw
policy implications at a regional level (namely for China and its specificities in the above
described context). Moreover, economic implications of oil depletion and climate policies
under different visions of globalization have been investigated in Waisman et al. (2014), but
their study focuses on the global and European level.
From a Chinese perspective, there is a wide literature on the link between trade and
environment, but it is mostly done to assess the amount of embodied CO2 emissions in
China’s foreign trade (e.g. Yunfeng and Laike, 2010; Su and Ang, 2014). We can also find a
large literature on the links between trade and the Chinese energy sector (e.g. Kahrl and
Roland-Holstahrl, 2008; Zheng et al., 2011), or on capital flows and the Chinese
competitiveness (e.g. Zhang, 2013).
But, the literature is still lacking an integrated approach able to provide a quantitative
assessment of the long-term interplay between Chinese economic growth patterns,
globalization patterns and global energy constraints, including climate change. This paper
attempts to provide such analysis by adopting the Computable General Equilibrium (CGE)
model IMACLIM-R. It is a multi-sectoral, dynamic modeling approach, which represents
explicitly energy constraints due to limited availability of fossil resources and carbon
mitigation policies, international trade of capital and goods and endogenizes their effect on
growth trajectories.
The following section presents this modeling approach by detailing both the macroeconomic
structure as well as the representations of the oil sector and the climate policy considered.
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Section III presents the long-term profiles of oil markets and their macroeconomic effects on
China in absence of carbon constraint for different visions of globalization processes. Section
IV extends the results to the case where a climate policy is implemented. Section V provides
policy insights and concluding remarks.

2. Methods:
On the backbone of a Computable General Equilibrium (CGE) structure, the adopted
framework captures crucial determinants of the interplay between the energy sector,
sustainability objectives and globalization processes: (i) the possibility of non-marginal
deviations with respect to current socio-economic trends that produce room for deep technical
change over the course of the century34, (ii) beyond technological improvements, the
integration of lifestyles, consumption patterns and preferences in driving the material content
of economic activity is captured (Mitchell, 2012), (iii) the representation of market
imperfections, technical inertias and imperfect expectations that induce limitations in the
flexibility of technico-economic adjustments during transition processes, which affects the
adaptability of the economy to sustainability, and finally (iv) the competitiveness of opened
economies on international markets is pictured, which impacts regional balances of payment.

2.1 An energy-economy model to investigate sustainability transitions in a
globalized economy: Imaclim-R
The economic analyzes of this article are conducted using the energy-economy-environment
(E3) model IMACLIM-R. This CGE hybrid model adopts a dynamic, multi-region and multisector representation of the world economy35 (see Waisman et al., 2012a for an extensive
description). It provides a consistent vision of economic and energy trajectories in yearly
steps over 2010-2100 through the recursive succession of a top-down annual static
equilibrium and bottom-up dynamic modules. The former provides a snapshot of the economy
at each yearly time step, whereas the latter inform the evolution of technical parameters
between two equilibria (Figure 1).
34

Technical change is not necessarily technological but might include organizational transformations or be the
result of a change in a constraint such as regulation, prices, or quantities of inputs.
35

The version of the IMACLIM-R model used in this study divides the world in 12 regions (USA, Canada, Europe,
OECD Pacific, Former Soviet Union, China, India, Brazil, Middle-East, Africa, Rest of Asia, Rest of Latin
America) and 12 sectors (coal, oil, gas, liquid fuels, electricity, air transport, water transport, other transport,
construction, agriculture, energy-intensive industry, services and light-industry).
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Figure 4Figure 1: The recursive and modular structure of the Imaclim-R model

The static equilibrium represents short-run macroeconomic interactions at each date t under
technology and capacity constraints. It is calculated assuming Leontief production functions
with fixed intermediate consumption, labor inputs and mark-up in non-energy sectors.
Households maximize their utility through a trade-off between consumption goods, mobility
services and residential energy uses considering fixed end-use equipment. The equilibrium is
given by market clearing conditions on all markets (including energy), which provides a
snapshot of the economy at date t in terms of relative prices, wages, employment, production
levels and trade flows.
The dynamic modules are reduced forms of bottom-up models, which describe the evolution
of structural and technical parameters between t and t+1 in response to past and current
economic signals. Each year, the regional capital accumulation is given by firms’ investment,
households’ savings (controlled by exogenous saving rates like in Solow (1956)), and
international capital flows. On that basis, the across-sector distribution of investments is
governed by expectations on sector profitability and technical conditions as described in
sector-specific reduced forms of technology-rich models (see details in the Supplementary
Material of (Waisman et al., 2012a)). These modules represent the evolution of technical
coefficients resulting from agents’ microeconomic decisions on technological choices, given
the limits imposed by the innovation possibility frontier (Ahmad, 1966). The new investment
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choices and technical coefficients are then sent back to the static module in the form of
updated production capacities and input-output coefficients to calculate the t+1 equilibrium.
This modeling framework differs from conventional global E3 models in several features that
make it relevant to investigate important specificities of sustainability transitions. First, the
consistency of the iteration between the static equilibrium and dynamic modules relies on
‘hybrid matrices’, which ensure an explicit representation of the material and technical
content of production processes through a description of the economy in consistent money
values and physical quantities (Sands et al., 2005). Second, the equilibrium does not
necessarily correspond to economic optimality since inertias on capital stocks limit the pace
of technical change, the stickiness of labor market affects labor adjustments and market power
leads to departures from marginal cost pricing. This means that production factors (production
capacity and labor force) are not necessarily fully used, which ensures the possibility to
represent idle capacities and unemployment. Third, contrary to the conventional assumption
of intertemporal optimization models, agents have imperfect knowledge about the future and
may take investment decisions according to biased expectations. This allows representing
bifurcations, lock-ins and potential co-benefits in the course of sustainable trajectories.
Fourth, the hybrid structure of the model allows making explicit the technical assumptions
behind the trajectories, which can be informed by sector-based information and expert views
about, e.g., asymptotes on ultimate technical potentials, learning-by-doing mechanisms,
saturation in efficiency progress, the impact of incentive systems and the role of market or
institutional imperfections. Finally, contrary to the common approach of a unique composite
good, the detailed multi-sectoral structure distinguishes productive sectors (agriculture, heavy
industries, manufacturing and services) according to their economic characteristics and their
exposure to international trade. This allows a more precise description of the determinants of
international trade.
The modelling options that have been adopted in this paper are described in the three next
sub-sections: oil markets (2.2), international trade and capital flows (2.3) and climate policy
(2.4).

2.2 Long-term dynamics of oil markets in the IMACLIM-R model
Market mechanisms in the oil sector are driven by the utilization rate of production capacities,
given by the ratio of total demand to production capacities (Kaufmann et al., 2004). Oil price
formation is pictured through an explicit description of its geopolitical, technical and
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economic determinants on both the supply and the demand-side. We represent a) the
heterogeneity of oil reserves in function of their exploitation’s cost and their conventional vs.
non-conventional nature; b) the limitations on the short-term adaptability of oil supply due to
the geological nature of reserves; c) the market power of Middle-East producers until the
depletion that affects the deployment of their production capacities; d) technical change
affecting the demand for liquid fuels in industry, residential, transport and power sectors; and
e) the potentials and obstacles to the diffusion of biofuels and Coal-To-Liquid as oil
substitutes. A more extensive description of these oil market’s features is given in (Waisman
et al., 2012b).
In this paper, we adopt median assumptions on the crucial determinants of oil price dynamics,
namely the amount of reserves (Table 1), geological inertias (assumed to be the same for
conventional and non-conventional reserves) and the short-term price targeted by Middle-East
producers (assumed to be the stabilized around its 2010 level).

Resources
extracted
before
2001

Recoverable resources beyond 2001 a
Conventional oil
Middle-east

0.895

0.78

Rest of the
World
1.17

Non-conventional oil
(Heavy oil and Tar sands)
Latin
Rest of the
Canada
America
World
0.22
0.38
0.4

Table 2 Table 1: Assumptions about oil resources (Trillion bbl)
“recoverable resources” are 2P reserves (Proven+Probable) remaining in the soil, which has been identified as
the relevant indicator to investigate global oil peak (Bentley et al, 2007)
a

2.3 International trade and capital flows
All intermediate and final goods are internationally tradable and the total demand for each
good is satisfied by a mix of domestic production and imports. Domestic as well as
international markets for all goods are cleared (i.e. no stock is allowed) by a unique set of
endogenous relative prices, which adjust to maintain the equilibrium of the balance of
payments defined by the sum of trade flows and capital flows.
Trade flows are represented in physical quantities for energy flows (Mtoe) whereas all other
goods are described with Armington specifications to capture imperfect substitutability
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among goods produced in different regions (Armington, 1969). In order to capture alternative
visions of trade globalization, we consider in this article, two parametric options:


A high value of Armington elasticities representing high substitutability between
goods produced in different regions. This assumption favors a pursuing of current
trends of international trade with intense competition and important export/import
flows in all world regions (assumption G+);



A low value of Armington elasticities representing low substitutability between goods
produced in different regions and a preference for local goods. This assumption
represents a slowing down of international trade and a re-regionalization of production
close to demand markets (assumption G-).

The endogenization of capital flows has hardly been integrated in global-scale energyeconomy models36, because of a lack of shared empirical evidence and unresolved
controversies in the economic literature37. Following this diagnosis, we adopt exogenous
assumptions on the share of capital exports. Capital flows are explicitly represented through
the balance of payments and their dynamics are ruled by two alternative assumptions:


A constant-over-time share of exported capital to picture a pursuing of current
international capital imbalances (assumption K+);



An exponential decrease of all capital flows to represent a progressive correction of
international capital imbalances by 2050. This assumption corresponds to a vision of
fragmented capital markets imposing financing of local investments with local capital
(assumption K-).

By combining the assumptions on trade and capital flows, we define four scenarios
representing four visions of the future of globalization processes (Table 2). The scenario
‘Continued Globalization’ can be viewed as a benchmark case in the sense that it assumes a
pursuing of current trends in both goods’ trade and capital flows. Other scenarios consider

36

A notable exception is (McKibbin et al., 1999)

37

In a historical study on capital flows over 1865-1992, Hogendorn (1998) demonstrates that no simple rule
emerges for their dynamics, given the fluctuations of capital mobility over time in parallel with different phases
of international monetary and financial governance: high capital mobility during the gold standard period (18801913), almost closed economies during the Interwar and Bretton Woods periods (1914-1969) and increasing
mobility in the modern period (1970-1992). Later, the econometric study of Feldstein and Horioka (1980)
highlights low capital mobility over 1960-1974, which was in clear contradiction with widely shared ideas and
induced a huge non-consensual literature about capital flows and their drivers (see Apergis and Tsoumas (2009)
for a survey).
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changes in the globalization process, either through a fragmentation of capital markets
(‘Fragmented Capital’) or a regionalization of trade flows (‘Regionalized Trade’). Finally, the
scenario ‘De-globalization’ combines both breaks in the globalization process.

Assumption on good markets

Assumption on
capital markets

G+

G-

K+

Continued Globalization

Regionalized Trade

K-

Fragmented Capital

De-Globalization

Table 3 Table 2: Scenario definition

2.4 Climate policy and carbon price
The climate objective considered in this article consists in limiting the temperature increase
with respect to pre-industrial levels to +2.5°C, what we think is more realistic than the +2°C
normative objective38. Following (Barker et al., 2007, Table TS2), this objective is translated
into a CO2 emission profile characterized by a peak of world emissions between 2010 and
2030 and a stabilization in 2050 with respect to 2000 levels (Figure 2).

38

The adoption of an ambitious global agreement on climate reduction emissions by 2015 and strong
assumptions on technical change should indeed be necessary to comply with the 2°C objective (Edenhofer et
al.,2010; Guivarch and Hallegatte, 2013).
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Figure 5 Figure 2: Carbon emission profile under climate policy

This emissions’ trajectory is imposed as a constraint on the carbon emissions that arise from
the production and use of fossil energies – coal, oil, and gas -39, and it is satisfied thanks to the
introduction of a market based instrument in the form of a carbon price. At each date from
2010, the carbon price value is endogenously calculated to curve carbon emissions according
to the prescribed objective. It increases the cost of final goods and intermediate consumptions
in function of the carbon content of the energy used, and favors the adoption of carbon
mitigation options in carbon-intensive sectors (power generation, industry, residential and
transport). We consider a homogeneous carbon price across sectors, households and regions;
and the associated revenues are collected by the government that reallocates them to
households through lump-sum transfers. Note that a climate policy applied uniformly to all
regions and sectors and relying on a global carbon price instrument is obviously a
simplification of what can be reasonably expected in the future, but it is chosen for the sake of
clarity and simplicity. It poses in particular number of questions that are far beyond the scope
of this paper but that are worth noting here: (i) monetary transfers to gain compliance of
emerging countries40, (ii) tax exemptions to protect certain specific activities41 and (iii) the

39

Carbon emissions arising from the production and use of fossil energies – coal, oil, and gas – are counted via
coefficients capturing their respective carbon content.
40

See, for example, Luderer et al. (2012) for an analysis of different cap-and-trade schemes and their
consequences on climate policy costs.
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role of accompanying measures to climate policies like fiscal reforms (Combet et al., 2010),
specific labor market policies (Guivarch et al., 2011) or complementary infrastructure policies
(Waisman et al., 2013).

3. Results and discussion
3.1 Fossil fuels profiles and macroeconomic trajectories
We consider in this section only scenarios without any climate policy implementation, i.e.
where no carbon emissions constraint is imposed. Nevertheless, the scenarios are constrained
by trends of oil availability and their implications on oil market, as well as tensions on coal
market. This section investigates the effects of these dynamics on the Chinese macroeconomic
transition towards low-oil development patterns.

3.1.1 Dynamics of oil and coal markets
In all scenarios, world oil production follows an inverted-U shape reaching a maximum
around 2030 (the so-called Peak Oil) before a continuous decrease over the long-run. Oil
prices follow a slightly increasing plateau around 100 $/bbl before a sudden increase at the
moment of Peak Oil reaching 350 $/bbl in 2050. They then follow a continuous augmentation
until reaching 500 $/bbl in 2100. Coal production increase continuously over the whole
century triggering an increase of coal prices: they almost triple during the first 20 years, and
then stabilize between 2030 and 2050 before increasing continuously until 2100. These
outcomes are illustrated for the ‘Continued Globalization’ scenario in Figure 3.
Note that we have chosen to place in a context where energy difficulties are important.
Indeed, in a context that will most probably be increasingly strained, it is particularly
interesting to analyze the economic effects of fossil energy tensions on an energy-intensive
country like China.

41

See for example Hamdi-Cherif et al. (2011) who consider an exemption for developing countries in a form of
“sectoral target”: only their electricity sector is targeted by the global carbon price.
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Figure 6 Figure 3: World oil and coal price in the ‘Continued Globalization’ scenario

To analyze the effect of globalization assumptions in such a context, we compare oil
production and price trajectories in the three other scenarios with the above trends 42 (Figure
4).

World oil production
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Figure 7 Figure 4: World oil production and oil price in the four globalization scenarios

The trends for the ‘Regionalized trade’ scenario (black dotted line) proves that less intense
international trade favors a moderation of oil demand and around 10% lower oil prices in the
long-term. Indeed, the increased preference for local goods favors a reduction of international
trade and hence triggers a lower dependence on fuels for transportation activities. This is
confirmed by the significantly lower global energy intensity of GDP (Figure 5). The trends for
the ‘Fragmented Capital’ scenario (grey dotted line) show that, on the contrary, the decrease
of capital transfers causes a higher energy intensity of GDP. Indeed, less capital fluidity slows
down the pace of technical change and triggers a higher dependence on oil, which results in a
42

Since globalization assumptions have no significant impact on coal production and price trajectories, we focus
the analysis of this sub-section on oil.
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significantly higher oil demand in the first twenty years, a strong increase of oil prices after
Peak Oil and 20% higher long-term level. The ‘De-Globalization’ scenario combining both
fragmentations represents a mix of the two above described effects.
Note that in all analyzes that follow, including in the following sections, we will not discuss
the results of this latter scenario. The De-Globalization’s results prove indeed to be
systematically a combination of the outcomes of the ‘Regionalized Trade’ and ‘Fragmented
Capital’ scenarios as it is illustrated in all the figures of this article.
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Figure 8 Figure 5: Global Energy intensity of GDP in the four globalization scenarios

3.1.2 Long-term impacts of oil and coal markets on the Chinese economy
We now investigate the consequences of the sustainability challenge posed by tensions of oil
and coal markets on the stability of the Chinese socio-economic trajectories. To do so, we
look at the trends of Gross Domestic Product (GDP) over the whole century. More precisely,
we compare the effective growth rate of the Chinese economy with its ‘natural growth’ rate.
The natural growth rate of an economy is given by the sum of population and labor
productivity growths. It corresponds to the growth rate that an economy would follow if
considering a unique sector and full employment of production factors, like for instance in the
standard Solow model. This indicator allows assessing the sustainability of growth patterns in
the sense that an effective growth that is lower than its natural rate is the sign that constraints
affect the economy. They prevent from exploiting all the productivity potentials, causing
unemployment, losses of purchase power and a decrease of production. The natural growth
captures indeed the impossibility of the economy to absorb the total labor force at constant
wages, due to particularly important adaptation difficulties in sectors where the growth is low.
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For China, as we can see in Table 3, it turns out that this situation happens on average over
the whole century, with particularly important gaps in the post Peak Oil period and in the very
long-term. The Chinese economy, as a major oil importer and very energy-intensive, is indeed
particularly vulnerable to oil and coal price variations. The country thus experiences long
periods of unsustainable trajectories, characterized by socio-economic tensions.

2010-2100

2010-2030

2030-2040

2040-2050

2050-2100

Effective growth rate

2.67%

6.82%

2.52%

2.43%

1.13%

Natural growth rate

2.98%

7.52%

3.31%

1.86%

1.38%

Table 4 Table 3: Chinese Growth rates in the ‘Continued Globalization’ scenario

More precisely, the time profile of Chinese growth rates defines four major periods over
2010-2100:
(i) A first period (2010-2030), where although oil prices are moderate, the growth is
lower than its natural rate due to the significant increase of coal prices.
(ii) A deep economic crisis consecutive to Peak Oil (2030-2040) during which a surge
in oil price divides growth rates by three;
(iii) An important recovery phase (2040-2050) fostering a post crisis catch-up, in the
sense that the effective growth is 30% higher than the natural one. This catch-up
happens thanks to the adaptation of the economy to high oil prices, and despite a
temporal trend that is still downward due to the decrease of the Chinese population;
(iv) And finally a long-term regime (2050-2100) in which the Chinese economy
experiences particularly low growth rates (20% lower than natural levels). This is due
to issues related to the transportation sector. During this period indeed, where oil and
coal prices are very high, an important fraction of the Chinese population gains access
to fossil fuels intensive road-based mobility.
To test the effect of globalization on these outcomes, we compare the Chinese GDP levels in
the two other scenarios with the one obtained in the ‘Continued Globalization’ case (Figure6).
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Figure 9 Figure 6: Chinese GDP levels in the four globalization scenarios

(Index1= ‘Continued Globalization’ scenario)

The fragmentation of capital markets (grey dotted lines) has a positive effect on the Chinese
economy during the whole century and particularly at the beginning of the period where the
GDP can be 8% higher. This is the result of the constraints this assumption imposes on capital
availability for investments in technical change. Indeed, China is a net capital exporter over
the whole period, and assuming fragmented capital markets is thus equivalent to release
capitals for local investments. China has then, from the beginning of the period where coal
prices increase, and despite higher oil prices, more resources to invest in production
capacities. This effect is less significant but persists on the long-run (2% increase of GDP in
average over 2050-2100) due to the cumulative effect on technical change that helps China
facing the rising oil prices.
The regionalization of good markets has very different effects (black dotted lines), at least
during the first half of the century. Assuming preference for local goods induces a significant
reduction of the Chinese exportations and thus a drop of the production. This production
decrease induces an increase of unemployment triggering lower wages and thus a lower
demand. However, the magnitude of the generated GDP contraction remains small (at most
2.5% in 2040) as a result of the ‘regionalized trade’ assumption. Indeed, the preference for
domestic goods constraint can be satisfied only if China reduces its competitiveness. But
given the reduction of oil prices (see section 3.1.1), this can only happen through real wages
adjustments, preventing their excessive decrease and inducing a moderate decrease of
households’ power purchase and production (to be able to satisfy the domestic demand). At a
longer term horizon, the overall effect of good fragmentation is on the contrary positive (3%
higher GDP in 2100) thanks to the cumulative effects of the real wages adjustments.
Moreover, lower reliance on international trade at the global level, in patterns where demand
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is mostly satisfied by local production entails lower oil demand and prices. This drives down
the Chinese energy dependency and facilitates the development of local production
capacities43 able to satisfy local demand. Production costs decrease enhancing households’
purchase power, which offsets the effect of the Chinese exportations’ reduction on the GDP.
These outcomes demonstrate that the globalization processes are not neutral for the Chinese
growth trajectories, in particular to face the post-Peak oil period and long-term related issues.
However, whether gains or losses, the Chinese GDP variations are not so significant. The
maximum gaps in GDP levels are indeed +8% and -2.5%. And when considering the average
growth rates, we find that the variation is at most 0.07% on the short to medium term and
0.05% over the whole century (see Table 4). This proves that acting on globalization
processes is insufficient to avoid important socio-economic costs due to the sustainability
challenge raised by oil availability.

Continued
Globalization

Fragmented Capital

Regionalized trade

De-Globalization

2010-2050

4.62%

4.56%

4.64%

4.63%

2010-2100

2.67%

2.63%

2.72%

2.68%

Table 5 Table 4: Effective Chinese GDP growth rates

3.2 The transition towards a low-carbon society
We now investigate the impact of implementing a global climate policy in the form discussed
in section 2.4, that aims at stabilizing temperature increase at +2,5°C with respect to preindustrial levels.

3.2.1 Carbon pricing and global natural resource exploitation
The consequences of the implementation of a global emissions’ cap is first analyzed in the
‘Continued Globalization’ scenario. The constraint on carbon emissions is respected through
the introduction of a global carbon price (Figure 7), for which four distinct phases can be
distinguished, consistent with climate policy analysis in (Waisman et al., 2012a).

43

China is indeed a developing country that still has room for increasing its production capacities, in contrast
with mature industrial systems.
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Figure 10 Figure7: Carbon price in the ‘Continued Globalization’ scenario

During the first twenty years (2010-2030), the carbon price increases progressively to reach
120$/tCO2 around 2030. This level hardly affects oil prices that remain controlled by MiddleEast producers. This carbon price level is sufficient to reach most mitigation potentials in
power, residential and industrial sectors, which represent the core of emissions reductions at
that time horizon (IPCC, 2007). Between 2030 and 2050, the carbon price stagnates and even
slightly declines without hampering emission reductions. Indeed, mainly two mechanisms
combine to sustain the decarbonization process: (i) the cumulative effect of learning- bydoing that induces a decrease of the cost of carbon-free options, and (ii) a stimulation of
fossil-free technical change induced by the sudden rise of oil prices following Peak Oil although moderated by the climate policy-. Between 2050 and 2080, a steep increase of the
carbon price is observed (up to 1450$/tCO2) in order to reach the high-cost mitigation
potentials in the transportation sector. Indeed, the climate policy has fostered low-oil
technologies and structural changes inducing low oil prices at this time horizon (around
70$/bbl). This in addition to the weak sensitivity of transport activities to energy prices
induces a need for strong carbon prices to mitigate sufficiently carbon emissions. Finally,
after 2080, carbon prices stabilize around 1600$/tCO2. This very high level allows
maintaining total emissions below 10GtCO2 as imposed by the long-term emission constraint
in Figure 2.
For what concerns the production patterns of fossil energies, the implementation of a climate
policy allows a significant moderation of their exploitation (Figure 8). Until 2030, the carbon
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price fosters a meaningful lower oil and coal production with, in particular, a plateau instead
of a peak oil production profile. Gas demand increases as substitute of oil and coal, given the
competitiveness advantages of this low-carbon energy. The situation is opposite between
2030 and 2050, when the stagnation of carbon prices favors the return of coal. Finally, after
2050, carbon prices are so high that the use of the three carbon-intensive energies
progressively decline.
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Figure 11 Figure 8: (a) Oil production; (b) Coal production; (c) Gas production

3.2.2 Macroeconomic effects of carbon pricing policy in China
The considered global climate policy, based on a uniform carbon price, decreases the Chinese
average growth rate from 2.67% to 2.51% in the ‘Continued Globalization’ scenario. This
shows that maintaining the global temperature at an “acceptable” level is not neutral for
China, in particular in terms of sustainability.
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2010-2100 2010-2030 2030-2040 2040-2050 2050-2100
Effective Growth rate
Climate stabilization at
+2.5°C

2.51%

6.15%

3.13%

2.59%

0.96%

Natural growth rate

2.98%

7.52%

3.31%

1.86%

1.38%

Table 6 Table 5: Chinese GDP growth rates under climate policy

in the ‘Continued Globalization’ scenario

But beyond this aggregate picture, a global and uniform carbon pricing policy has different
macroeconomic effects on China depending on the time horizon considered (Table 5). At a
short-term horizon (2010-2030), it significantly slows down economic growth (from
6.82%/year without climate policy to 6.15%/year). This is the result of the introduction of the
carbon price which impacts the carbon-intensive Chinese economy, increasing the gap with its
natural level. Conversely, at a medium-term horizon (between 2030 and 2050), the climate
policy triggers a much faster economic growth. This is a co-benefit of low-carbon measures
that foster a decreased oil dependency and moderate the effects of Peak Oil. In particular, the
climate policy reduces the gap observed between the effective and the natural growth rates
over the decade 2030-2040, which corresponds to a reduction of the socio-economic tensions
experienced during the post-Peak Oil crisis. This underlines the role of climate policies in
preparing a sustainable future by building a hedge against the uncertainty concerning oil
supply (Rozenberg et al., 2010). But the picture changes when considering the long-term
period, after 2050. Indeed, Table 5 indicates that a climate policy may cause important losses
as captured by the particularly low growth rate (0.96%/year). This value increases
significantly the gap with the natural rate during the last fifty years, picturing a long-lasting
socio-economic crisis. This is in particular due to the necessity to control transport-related
emissions, which requires a fast increase of carbon price given the weak sensitivity of the
transportation sector to price signals (Waisman et al, 2013).

3.2.3 Macroeconomic effects in China and globalization processes
We finally turn to analyze the major effects of globalization under climate constraints on
these results. We compare the Chinese GDP levels under climate policy in the two other
scenarios with the GDP obtained under the “continued globalization” scenario (Figure 9).
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(Index1= ‘Continued Globalization’ scenario)

As in the case without climate policy, the GDP obtained under the “Fragmented Capital”
scenario (grey dotted lines) is higher than the one obtained under the “Continued
Globalization” scenario, thanks to the higher availability of capitals in China for investments
in new production capacities (see section 3.1.2). But note that on the short to medium term,
the gap between the two scenarios is smaller under climate policy (on average 5% higher in
the climate scenario vs. 6% over 2010-2030). This means that in a “Fragmented Capital”
world, China is more hurt by a global carbon pricing policy than in a “Continued Globalized”
world. Indeed, less capital fluidity at the global level hampers the pace of technology
diffusion between regions, in particular concerning low carbon technologies that are more
necessary when a climate policy is implemented. Moreover, restrictions on the global
availability of capital impose higher carbon prices (e.g. in 2030, it is around 150$/tCO2 in the
‘Fragmented Capital’ scenario vs. 120$/tCO2 in the ‘Continued Globalization’ one), which
affects particularly the Chinese economy44 and slows down its growth considerably (e.g.
6.04% vs. 6.15% over 2010-2030- see also Table 6, first raw).
The effect of the regionalization of good markets (black dotted lines) under climate constraint
differs from its effects when no climate policy is implemented; it proves indeed beneficial
over the whole period. While the level of the Chinese GDP was, in the short to medium term,
lower than in the continued globalization scenario, it is now overall similar (figure 9). This

44

When considering inertial constraints and imperfect markets, a difference of 30$/tCO2 is significant for a
carbon intensive economy like China, for which the energy share in production costs is high and the salaries
share is low (Waisman et al, 2012a).
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means that the Chinese economy is less affected by a climate policy when the world is
regionalized in terms of good markets than in a more globalized world. This is due to the level
of exportations that is less sensitive to a climate policy when the world is more regionalized.
Indeed, the “Regionalized Trade” assumption is implemented through Armington elasticities
(see section 2.3), which control in particular the sensitivity of exportations to prices’
competitiveness. The smaller this parameter, the less sensitive are the exportations to the
variations of prices. The reduction of exportations, due to the climate policy45, is thus less
significant than with higher Armington elasticities (i.e. in a more globalized world). On the
long-term, the regionalization of trade triggers a significant better situation, in particular when
compared to the case where no climate policy is implemented. For example in 2070, the
Chinese GDP under climate constraint is 5.5% higher than in the continued globalization
scenario, while it is only 1.3% higher in the business-as-usual situation. Similarly to the case
without climate policy, the lower reliance on international transport reduces the oil
dependency of the economy and generates a higher GDP (see section 3.1.2). In addition to
that, this decrease of global oil demand in the ‘Regionalized Trade’ scenario induces a lower
carbon price than in the ‘Continuous Globalization’ one (e.g. 970 $/tCO2 vs. 1050 $/tCO2 in
2070), which induces a less hurt Chinese economy.
These results show that globalization processes are not neutral for the Chinese economy when
a global carbon pricing is used as the major mitigation policy instrument. However, similarly to
the case without climate policy, globalization assumptions prove to hardly affect the average
trends, as demonstrated by the close values of average growth rates in Table 6.

Continued
Globalization

Fragmented
Capital

Regionalized
trade

De-Globalization

2010-2050

4.49%

4.44%

4.53%

4.52%

2050-2100

0.96%

1.02%

1.05%

1.09%

Table 7 Table 6: Effective Chinese GDP growth rates under climate policy

Moreover, it is important to highlight the mechanisms at play between 2050 and 2070 when
the dominant effect is due to the fast increase of carbon prices. In the long-term indeed,

45

The climate policy, namely the carbon pricing policy, generates variations in the prices’ competitiveness of
goods.
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different visions of globalization do not radically change the conclusions of a long-lasting
crisis with growth rates below their natural level (1.38% over 2050-2100). The assumptions
on globalization do not modify the basic cause of this outcome i.e. the necessity to control
transport-related emissions. This proves that acting on globalization processes is insufficient
to avoid important socio-economic costs due to the sustainability challenge raised by climate
change.

4. Conclusion and policy implications
Building upon the main results of the paper, this section summarizes the salient
macroeconomic effects on China of the different constraints imposed by the depletion of
fossil fuel resources, global mitigation policies and different visions of globalization.
We have pointed out non-pricing global measures as crucial dimension of sustainable
pathways for the Chinese economy. Indeed, sensitivity tests on globalization processes helped
identifying basic mechanisms that link globalization and macroeconomic trajectories under
energy and climate constraints.
In absence of any climate policy, moving towards more regionalized trade where local firms
are less exposed to international competition has two major effects. On the short-term, we
observe a significant reduction of the Chinese exportations inducing a drop of the GDP.
Whereas at a longer term horizon, the reduction of trade volumes goes with a decoupling
between consumption patterns and transport, which has the advantage of reducing transportrelated energy and carbon uses and being thus beneficial for the Chinese economy. Regarding
capital flows, fragmented markets releases capital for local investments in China since it is a
net capital exporter. This improves the resilience of this oil-importing economy to rising oil
prices. However, the fragmentation of global capital markets affects the pace and direction of
technical change, which make the Chinese economy more hurt by a global carbon pricing
policy than in a continued globalized world. Conversely, China is less affected when good
markets are regionalized due to (i) the less sensitivity of exportations to price variations
induced by carbon pricing on the one hand, and to (ii) the lower reliance on international
transport reducing the oil dependency of the economy on the other hand.
Furthermore, the modeling exercise conducted in this paper considers market prices to address
environmental constraints. Whether it be international energy or carbon prices, these
economy-wide instruments are major determinants of changes since they provide signals
affecting agents’ behaviors in different components of economic activities. The analysis of the
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results demonstrates that these types of instruments can trigger deep changes required under
energy and climate constraints, but not without adverse effects on the Chinese economy. In
particular, the analysis reveals that market price instruments may induce risk of large
economic downturns when the environmental constraints (depletion of fossil fuel resources
and carbon constraint) force drastic but unanticipated economic changes. Indeed, market
prices under imperfect expectations (about oil scarcity in particular), may provide “wrong”
incentives likely to induce allocations of investments that may reveal ill-adapted to future
energy-economy conditions. This is notably the case in section 3.1 where moderate oil prices
during the first decades do not prepare the Chinese economy to oil disruptions that occur
during Peak Oil period. Whatever the globalization process considered, this causes low
medium-term growth rates that remain well below their natural level, revealing large socioeconomic tensions. This illustrates that energy price signals, and oil prices in particular, are
insufficient to support a transition towards sustainable low-oil patterns for a big oil-importer
country like China. The same phenomenon is observed when a carbon price is introduced to
force the economy to adjust to a global climate constraint, inducing very low Chinese growth
rates. Indeed, the results in section 3.2 display that a global carbon price allows for reaching
an ambitious stabilization target (+2.5°C with respect to pre-industrial level) but entails
significant Chinese socio-economic costs throughout the century. In particular, we observe
significant short-term socio-economic tensions due to the necessary steep increase of the
carbon price at the beginning of the policy in order to have a signal strong enough to redirect
investment choices towards low-oil/carbon patterns. These short-term transition costs
obviously go along with significant unemployment issues, which can create high social and
political obstacles for the implementation of a climate policy. Moreover, we find that the
different assumptions on globalization, with or without climate constraint, do not modify the
long-lasting crisis relative to the transportation sector, due to the significant increase of the
fraction of the Chinese population that gains access to road-based mobility. Given the weak
price sensitivity of this crucial sector, the results have highlighted the necessity of very high
carbon prices to curb transport related emissions and the induced drastic slowdown of
economic growth after 2050.
These results concur to demonstrate that global price signals resorting to market adjustments
may not be suitable to provide “correct” information on future energy conditions and may
hence favor “wrong” allocation of investments hampering growth and welfare. They can be a
useful tool to frame the Chinese transition process towards a sustainable energy future, but if
they are used alone, they may entail significant socio-economic costs that make the double
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sustainability challenge hardly viable and acceptable for China. This calls for considering
complementary measures in addition to current market prices, whether they be with or
without carbon prices. In particular, this suggests that a sustainable future will require
implementing measures able to (i) provide appropriate incentives for long-term investments
by resorting to other signals than current market prices and (ii) incorporate sectoral measures
that act complementarily both in the short-term and in the long-term.
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Chapter 2
Global carbon pricing and the
“Common but differentiated
responsibilities”
The case of China
This chapter is a reproduction of the following article:
Hamdi-Cherif M. and Waisman H., 2015, “Global carbon pricing and the ‘Common but
differentiated responsibilities’ - The case of China”. International Environmental
Agreements: Politics, Law and Economics. DOI 10.1007/s10784-015-9289-2
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Abstract. This paper analyses whether using carbon pricing as the major mitigation policy
instrument is compatible with the implementation of the “common but differentiated
responsibility” principle in a global climate agreement. We focus more specifically on China,
a key player in climate negotiations. This is done by analyzing the economic effect of carbon
pricing on the Chinese economy in different climate architectures which, although aiming at
the same stabilization target, differ in terms of the temporal profile of emission reductions and
the regional distribution of efforts (different quota allocation schemes). Model outcomes from
the CGE model Imaclim-R support the idea that neither temporal nor regional flexibilities
provides a satisfactory answer since the Chinese economy remains significantly hurt at certain
time periods. This suggests the recourse to complementary measures to carbon pricing in
order to help smoothing the necessary shift towards a low carbon society. This means in
particular that, to build a climate policy architecture that could be compatible with the
“Common but differentiated responsibility” principle, climate negotiations must go beyond
global top-down systems relying on cap-and-trade to include bottom-up measures likely to
complement the carbon price and make carbon mitigation acceptable in countries like China.
Keywords: Mitigation costs, China, timing of emissions reduction, quotas allocations, CGE,
second best.
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1. Introduction
The Kyoto protocol has been so far the only international agreement on climate that imposed
binding carbon emission reductions to satisfy ambitious objectives. With the end of its second
commitment period in 2020, a new international regime must be designed to organize “the
widest possible cooperation by all countries and their participation in an effective and
appropriate international response, with a view to accelerating the reduction of global
greenhouse gas emissions” (UNFCCC, 2012).
In this context, a crucial challenge is to gain compliance of major emerging countries while
respecting the “common but differentiated responsibility” acknowledged in Article 3 of the
UNFCCC. During the first commitment period, this principle resulted in the exclusion of
developing economies (grouped in non-Annex 1) from any binding carbon reduction
objective, but this strict interpretation is not compatible with ambitious climate stabilization
targets over the next decades. There is indeed large scientific consensus to say that, if
pursuing current trends, carbon emissions from major developing regions alone will exceed
the global emission trajectory necessary to reach any ambitious stabilization objective
(Blanford et al., 2009; Clarke et al., 2009; Metz et al., 2002).
A first step towards the inclusion of emerging countries has been made through national
policies, which were introduced by forty-three developing countries in the appendices of the
Copenhagen Accord (UNFCCC, 2009) and formally confirmed in the Cancun agreements
(UNFCCC, 2010). However, assessments of these national pledges prove that they are far
from being sufficient in light of ambitious reduction targets (Rogelj et al., 2010; Stern and
Taylor, 2010; Dellink et al., 2010; den Elzen et al., 2011, UNEP, 2011). This in turn
demonstrates the necessity of a global framing in the form of world-level carbon emission
trajectory to ensure that the aggregation of national measures is consistent with the global
climate objective.
A global climate agreement raises concerns about the costs incurred by such a regime in
emerging, carbon-intensive economies (Shukla 2005; Hourcade et al., 2008; Shukla and Dhar,
2011). The consequences depend obviously on the emission allocation scheme adopted to
distribute mitigation efforts among regions (Edenhofer et al., 2010). The impact of different
climate regimes and their resulting regional reduction profiles on regional mitigation costs
have been explored in a wide range of quantitative studies (Gupta et al., 2007). In this paper,
we focus the analysis on China, a key player in climate negotiations (Papa and Gleason, 2012;
Narlikar, 2010). China is indeed the first CO2 emitter since 2006 (Olivier et al., 2012) with an
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average growth rate of its emissions of 10% per year over the last decade (World Bank,
2012).
In a very detailed review of model-based studies assessing the economic impacts of different
climate regimes for China, van Ruijven et al. (2012) conclude that in the majority of analyzed
cases, the economic impact for China remains below the global average and that costs
increase to about the global average at maximum46. As acknowledged by the authors, their
literature review reveals three major biases. First, the studies do not consider the post-2050
period and hence ignore the long-term specificities of ambitious climate objectives, given
notably the constraints imposed by the transportation sector (Waisman et al, 2013). Analyses
over the whole century find in particular that Chinese mitigation costs are above the world
average for most models (e.g. Edenhofer et al. 2010; Luderer et al., 2012). Second, only few
existing studies rely on scenarios belonging to the category II of the IPCC47 (Metz et al.,
IPCC 2007), although this level of mitigation ambition corresponds to a good benchmark to
analyze the implication and the role of different regions in reaching the +2°C target. This
point has indeed been highlighted in (Jiang et al., 2013) when considering China’s role in
attaining the global 2°C target. Finally, most studies formulate the objective in terms of
concentration and do not test the issue of temporal flexibility on the Chinese economy
according to alternative global carbon trajectories48.
This paper analyzes Chinese mitigation costs over the whole century under an ambitious
climate constraint, corresponding to the category II of the IPCC. We consider different policy
designs differing in terms of (i) the global temporal profile of carbon emissions reductions
(which is assumed to result from a political decision implemented as an exogenous constraint
on global carbon emissions) and (ii) in terms of the quota allocation scheme which decides the

46

They consider regimes that play a major role in scientific literature, and that are oriented at developing
countries: (i) regimes with immediate and full participation (Contraction and Convergence, Grandfathering,
Equal per capita allocation, Historical responsibility, Tryptych (based on sectoral considerations) and Carbon
tax) and (ii) those with gradual participation (Common but differentiated convergence, Income distribution,
Multi-Stage and South-North Dialogue proposal). Moreover, in addition to this broad range of regimes, their
review considers a large sample of models and articles (corresponding to what is available and well documented
in the literature).
47
The Intergovernmental Panel on Climate Change (IPCC) scenarios that belong to category II aim for a
radiative forcing between 3 and 3.5W/m2, to a CO2-equivalent concentration between 490 and 535 ppm and an
increase of the global temperature between 2.4 and 2.8°C above the pre-industrial level.
48
A notable exception is a recent paper by (Lucas et al, 2013) who find that “postponing mitigation action
increases the lock-in in less energy efficient technologies and results in much higher cumulative mitigation
costs”. But this assessment is run at a 2050 horizon, considers a +2°C temperature target and adopts bottom-up
models that fail to capture the complexity of macroeconomic interplays driven by the adjustment of energy
systems.
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distribution of allowances among regions (a question that has been investigated for example
in Wei et al., 2014; Ding et al., 2009; He et al., 2009
The economic analysis of these effects is supported by quantitative estimates from the energyeconomy Computable General Equilibrium (CGE) model IMACLIM-R (Waisman et al., 2012)..
It is useful here notably to establish the mechanisms at play during transition processes under
imperfect expectations and different visions of international trade in function of different time
profiles of mitigation efforts and their distribution across regions, both features explicitly
represented.in the model.
After the presentation of the modeling framework in section 2, section 3 analyzes mitigation
costs at the global level and in China. Different policy regimes are then considered, that differ
in terms of the time profile of emissions reductions (early vs. delayed mitigation action) in
section 4 and in terms of the quota allocation scheme (Contraction &Convergence and
Common but Differentiated Convergence) in section 5. Section 6 concludes on the
consequences of these assessments for the position of China in international climate
negotiations.

2. The modeling framework
2.1 The IMACLIM-R model: a modeling framework to represent a second best
world
In this paper, we adopt the energy-economy model IMACLIM-R (Waisman et al, 2012) to
support the analysis of low-carbon transition processes in China under a globalized economy.
This model indeed adopts a dynamic, multi-region and multi-sector representation of the
world economy49 that allows analyzing these effects through consistent yearly economic and
energy trajectories over 2010-2100. This model has the specificity of incorporating some
features of second-best economies (imperfect foresights, inertia of technical systems,
imperfect markets) in a CGE framework. Its recursive structure is organized around a
systematic exchange of information between a top-down annual static equilibrium providing
a snapshot of the economy at each yearly time step, and bottom-up dynamic modules
informing on the evolution of technical parameters between two equilibria (Figure 1).
49

The version of the IMACLIM-R model used in this study divides the world in 12 regions (USA, Canada, Europe,
OECD Pacific, Former Soviet Union, China, India, Brazil, Middle-East, Africa, Rest of Asia, Rest of Latin
America) and 12 sectors (coal, oil, gas, liquid fuels, electricity, air transport, water transport, other transport,
construction, agriculture, energy-intensive industry, services & light-industry).
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Figure 13 Fig1. The recursive and modular structure of the Imaclim-R model

The annual static equilibrium determines relative prices, wages, labour, values, physical
flows, capacity utilizations, profit rates and savings at date t as a result of short term
equilibrium conditions between demand and supply on all markets. The bottom-up dynamic
modules describe the changes in technologies and consumption patterns from date t to (t+1)
resulting from agents’ microeconomic decisions and the distribution of investments. These
investment decisions are taken in function of their expectations on sector profitability and
future demand. They are in particular taken under imperfect foresight to picture that, at a
given date, agents have limited information about the future and shape their expectations on
the basis of past and current trends (adaptive expectations). The rate and direction of technical
change is limited by capital availability (controlled by exogenous saving rates like in Solow
(1956)) and the innovation possibility frontier (Ahmad, 1966).
In this framework, growth patterns are driven by (i) exogenous assumptions on regional
labour productivity and demography, which specifies the ‘natural’ growth rate of the
economy, and (ii) endogenous labour allocation across regions and sectors at each point in
time, given relative productivities and short-term rigidities (capital stock inertia, frictions in
reallocating labour and wage rigidity).
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Concerning Greenhouse gases (GHG) emissions, IMACLIM-R accounts only for CO2
emissions from fossil fuels burning50. The double accounting - in money values and physical
quantities- of both energy use and trade of energy goods allows for a rigorous CO2 emissions
accounting. The sources of emissions that are considered are the three forms of final energy
(coal, gas and liquid fuels) that are associated to the three primary fossil energies represented
in the model, namely coal, crude oil and gas. Emissions, resulting from these three final
energy combustion, are obtained from the physical quantity of the consumed energy via
coefficients reflecting their respective carbon content51.
A more detailed description of the model, including an algebraic description, is given in the
Supplementary Electronic Material.

2.2 The baseline scenario
Although the baseline scenario (i.e. in absence of climate constraint) is not the core of the
analysis in this paper, this section describes its main features as a basis to analyze further, in
the following sections, the mechanisms at play when introducing a climate constraint on top
of this scenario. In absence of climate policy, the baseline scenario features a slight increase
of global CO2 emissions in the short/medium-term (from 30 Gt in 2010 to a maximum of 38.5
Gt around 2035) before stabilization around 35 Gt in the second half of the century. This
trajectory corresponds to a carbon budget of 881 GtC for the period 2001-2100 so that this
baseline scenario belongs to the lower class of the SRES (Special Report on Emissions
Scenarios) and post-SRES emissions range (IPCC, 2007).
To characterize more precisely this baseline scenario, we use a ‘Kaya’ identity, which is
commonly used in climate analysis to decompose the major mechanisms at play behind
emissions trends (Waggoner and Ausubel, 2002; Raupach et al, 2007). Here, we consider four
major drivers: population, productivity (measured in GDP/capita), energy intensity of
production (TPES52/GDP) and carbon intensity of fuels (Emissions/TPES). Table 1 gives the
variations of these determinants with respect to their 2010 value at the world level and for
China.

50

An Ongoing work on the model will allow integrating CO2 emissions from LULUCF (Land Use, Land Use
Change and Forestry).
51
These coefficients are equal to 3.79, 2.82 and 2.07 tons of CO2 per toe (ton oil equivalent) for coal, petroleum
products and natural gas respectively.
52

TPES refers to Total Primary Energy Supply.
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2010

2030

2050

2100

2010

2030

2050

2100

Emissions

1.00

1.26

1.17

1.22

1.00

1.92

1.65

Population

1.00

1.20

1.32

1.30

1.00

1.06

1.04

0.85

Income (GDP/Population)

1.00

1.42

2.05

4.75

1.00

4.15

7.93

17.44

Energy intensity (TPES/GDP)

1.00

0.71

0.42

0.18

1.00

0.45

0.21

0.08

Carbon intensity (CO2/TPES)

1.00

1.05

1.03

1.09

1.00

0.97

0.95

0.92

World

1.09

China

Table 8 Table 1: Kaya decomposition of carbon emissions (the baseline scenario)

The 17% increase of global emissions over 2010-2050 is mainly caused by demography (from
around 7 Billion people in 2010 to 9 Billion in 2050) and the doubling of production per
capita (1.8% annual growth) permitted by labor productivity improvements. These effects
pushing up emissions are partly compensated by energy efficiency, which ensures a 58%
decrease of global energy intensity or a 2.1% annual decrease of energy intensity. Compared
to the 1.3% annual improvement experienced since 199053, the scenario then corresponds to a
significant acceleration, which is notably permitted by important efficiency potentials in
emerging economies. Finally, the 3% rise of carbon intensity is due to the diffusion of coal
liquefaction as a substitute to oil for fuels’ production after Peak Oil, which remains however
relatively modest at a 2050 horizon.
When considering the long term period 2050-2100, production per capita continues its
increase although at a slightly more moderate rate (1.7% per year) because the convergence of
labor productivity levels causes slower rates of productivity increase in emerging countries.
Demographic trends are significantly modified with population stagnation around 9 Billion
people, which contributes importantly to the stagnation of global emissions. Energy intensity
improvements remain also important (1.7% in annual average) as generated by high energy
prices that foster the adoption of energy-efficient industrial processes and structural change
towards services. The slowing down of this trend with respect to the previous period is due to
the saturation of technical asymptotes limiting ultimately efficiency potentials. Finally the
moderate acceleration of carbon intensity increase reflects the continued diffusion of Coal-ToLiquid.
These trends are qualitatively similar when considering China but the magnitude of the effects
is more pronounced. Chinese carbon emissions strongly increase in the short-term to reach
their maximum at 11.7 Gt in 203554, before a decline and stabilization around 6.5 Gt in 2100.
53

Historical trend from the World Energy Council Report, 2013.

54

This trajectory is consistent with forecasts by U.S Energy Information Administration which estimates a 2.6%
increase of Chinese emissions over 2010-2035 in their reference case scenario (International Energy Outlook,
2011).
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The two dominant (and opposite) determinants of these trends are the fast growth of
production per capita (+3,2% per year over the century) permitted by significant
improvements of labor productivity and the important energy efficiency improvements
allowing an annual drop of energy intensity by 2,8%. Finally, the constancy of the carbon
intensity masks compensation between two effects: coal liquefaction for fuels’ production
enter significantly into the production of liquid fuels and tends to increase the carbon intensity
whereas the power sector, which is essentially based on coal, is progressively decarbonized
thanks to the diffusion of non-fossil sources (nuclear and renewables) fostered by high coal
prices.

2.3 Introducing a carbon constraint
The global stabilization objective is expressed as the total radiative forcing in 2100, as for the
Representative Concentration Pathways (RCP) developed for the fifth IPCC Assessment
Report (van Vuuren et al., 2011). For the sake of comparability of the results, we consider a
unique climate target throughout the paper, chosen as 3.4W/m2 in 210055.
In IMACLIM-R, climate policies are represented by the prescription of an exogenous carbon
emission profile which defines, at each date, the maximum level of global CO 2 emissions
from the production and use of fossil energies (coal, oil and gas) in final goods and in
transformation processes. To convert the climate target (expressed in radiative forcing) into a
carbon emission trajectory, we use a three-reservoir (atmosphere, biosphere + ocean mixed
layer, and deep ocean) linear carbon cycle model calibrated on the IMAGE model (Ambrosi
at al., 2003). This approach allows us to consider different time profiles of carbon emission
reductions that are all consistent with the same climate objective.
In order to respect the carbon emission profiles imposed when the climate policy is
implemented, a market based instrument is introduced in the form of a carbon price and
defined as an endogenous variable of the model. At each date56, its level is endogenously
determined by the model (like all the other variables, in the static equilibrium resolution) so
that carbon emissions never exceed the imposed constraint. This carbon price applies to all
energy consumptions (coal, gas and oil). It is endogenous but act like a tax: it increases the

55

This objective is intermediate between the two more constrained objectives considered in the RCP literature
(2.6 W/m2 and 4.5 W/m2 and has been chosen in line with scenarios belonging to the category II of the IPCC, on
which we focus the analysis (see discussion in introduction)
56

i.e. each year of the whole period (2010-2100).
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cost of final goods and intermediate consumptions in function of the carbon content of the
energy used. It thus triggers a decrease of energy consumption and favors the adoption of
low-carbon options in the carbon-intensive sectors (power generation, industry, residential
and transport), decreasing thus emissions levels. For the sake of clarity and simplicity, we
consider homogeneous carbon prices across sectors, households and regions and lump-sum
recycling of carbon revenues to households57.

3. Global mitigation efforts and the time profile of costs in China
In this section we start by considering a carbon emission profile that imposes a fast decline of
global emissions (24%, 43% and 85% in 2025, 2050 and 2100 respectively with respect to the
reference scenario, see figure 2). This global effort translates into a reduction of China’s CO2
emissions (compared to the baseline) by 39% in 2025, 50% in 2050 and 92% in 210058,
which, in absolute terms, corresponds notably to a peak by 2030. This pathway is consistent
with ambitious emission reduction trajectories analyzed in Chinese studies (e.g. Jiang, 2014;
Jiang et al., 2010; Jiang et al., 2009) as well as with the recent official US-China Joint
Announcement on Climate which states in particular that “China intends to achieve the
peaking of CO2 emissions around 2030”.
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Figure 14 Fig2. Global CO2 emissions (energy only)

57

This approach of a climate policy applied uniformly to all regions and sectors and relying on a world-level
carbon price instrument is obviously a simplification of what can be reasonably expected in the future. It poses in
particular number of implementation issues that are far beyond the scope of this paper but that are worth noting
here, like the possibility of tax exemptions to protect certain specific activities (Hamdi-Cherif et al, 2011) and
the role of accompanying measures like fiscal reforms (Combet et al, 2010; Jiang and Shao, 2014), action on
labor market (Guivarch et al, 2011) or complementary infrastructure policies (Waisman et al, 2013).
58

Note that Chinese efforts are proportionally more important than global averages because the uniform carbon
price affects particularly carbon-intensive economies like China.
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Figure 15 Fig3. Global CO2 price ($/tCO2): (a) Over 2010-2050; (b) Over 2050-2100

This global constraint on CO2 emissions is satisfied through the introduction of a global CO2
price, which features a specific profile in three distinctive periods. The carbon price indeed
increases fastly over the short-term to reach around 80 $/tCO2 in 2025, before a relative
decline until 2050 (Figure 3a), and the longer-term profile demonstrates a very significant and
continuous rise until 2100 (Figure 3b). The rationale behind these trends is extensively
discussed in (Waisman et al, 2012).
Macroeconomic costs are measured by the relative difference between GDP in the climate
scenario and GDP in the reference scenario (Figure 4 (a)). The profiles confirm the intuition
that, when considering inertial constraints and imperfect markets, the costs are always
significantly higher for China than for the world-average, even in the short-term. This is
because the economies are more affected by carbon pricing, especially in the short-term, when
the energy share in production costs is high and the salaries share is low as it is the case for
China (Waisman et al., 2012). Figure 4 (b) gives the corresponding growth rates in both
scenarios.
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In the short-term (2010-2025), the introduction of the carbon price causes significant
transitory costs (reaching 20% around 2025) associated with a stagnation of growth rates (the
climate policy induces a loss of 1.6pts of annual growth rate over 2010-2025, from 8.5% in
the reference scenario down to 6.9% under climate policy). During this period the most
important decarbonization efforts in China concern the electricity and industrial sectors,
which rely mainly on fossil fuels and particularly on coal (for example, coal represents 80%
of the electricity mix). Under inertial constraints and adaptive expectations, the redirection of
investments towards low-carbon infrastructures requires high carbon prices (80$/tCO2 in
2025) which cause in turn important increases of production costs. This is particularly true for
electricity prices, which are 50% higher than in the baseline in 2025, and industrial
production, which faces 10% increase of production costs. These price increases causing an
increase of end-use prices combine with the rise of the energy bill, to undermine households’
purchase power especially since inertias on the renewal of end-use equipments (residential
appliances, vehicles) limit the decoupling of carbon and consumption patterns. As a result, in
2025, the share of energy in Chinese households’ budget rises from 9.5% in the reference
scenario to 11% under climate policy and final demand drops by 17%. This production
contraction contributes to an additional weakening of households’ purchasing power through
unemployment (16% drop in the total Chinese working population) and lower wages, all these
effects combining to generate the significant GDP losses observed in 2025.
Between 2025 and 2050, a catch-up phase featuring higher growth rates under the climate
policy than in the reference scenario is followed by a stabilization of GDP losses given by
close growth rates in both scenarios. At this time horizon, the mitigation costs are moderated
thanks to the decrease of carbon price towards around 50$/tCO2, which is sufficient to tap
most mitigation potentials in the residential, industrial and power sectors (Barker et al., 2007,
Figure TS27). In addition, the cost of energy in production processes is driven down by two
major positive effects of early carbon prices: (i) the reduction of oil demand in stabilization
scenarios delays Peak Oil and the associated oil price increase and (ii) the accumulation of
learning-by-doing decreases the cost of carbon-free and more efficient technologies hence
favouring their diffusion. As a consequence, the carbon intensity of energy in 2050 is half its
2025 level ensuring a lower sensitivity of the economy to the carbon price.
After 2050, a second phase of increasing GDP losses (reaching almost 24% around 2070) is
due to the sharp increase of the carbon price between 2050 and 2070 and, in particular, the
Chinese economy even experiences periods of very low growth rates (even negative for few
years). Indeed, at this time horizon, most of the low cost mitigation potentials in the
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residential, industrial and power sectors have been exhausted, and the essential of emission
reductions has to come from the transportation sector. This is a particularly crucial issue for
China in a period where an important fraction of the population gains access to carbonintensive road-based mobility. For example, in absence of climate policy, mobility needs in
2070 (measured by passenger-kilometers) are tenfold their 2010 level. Controlling the
associated emissions despite the weak sensitivity of mobility needs to carbon prices requires a
fast increase of price signals causing significant GDP losses because the high carbon prices
affect the entire economy and, in particular, the production sectors that face technical
asymptotes limiting their potential for further energy efficiency. Finally, after 2070, the
continuation of carbon price increases causes no further worsening of GDP losses and GDP
growth rates are close under baseline and climate scenarios. At this long-term period, China
has become a low carbon emitter with emission levels below 1GtCO 2 per year
(869MtCO2/year) and is therefore moderately affected by high carbon prices.

4. Mitigation costs and the time profile of emissions reductions
The above results demonstrate that imposing a stringent reduction of short-term global
emissions poses a twofold acceptability issue in China: very high transition costs and the risk
of very low (even negative) growth around 2050. This section investigates whether the
adoption of alternative emission reduction profiles (still corresponding to the same climate
objective) can help smooth the transition and limit the magnitude of .these two effects in
China.

4.1 Definition of alternative emission profiles
We use the carbon cycle model introduced in Section 2.3 to define a global carbon emission
trajectory that still satisfies the 3.4 W/m2 climate objective in 2100, but delays the core of
mitigation efforts by postponing the date of the emission peak. This alternative trajectory
imposes a reduction of only 9% in 2025 (vs. 24% in the previous case) but deeper long-term
reductions, including the necessity of negative global carbon emissions (Figure 5). In the
remaining of the paper, we refer to the trajectory considered in section 3 as “early action”
scenario, whereas the one introduced here is the “delayed action” case.
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Figure 17 Fig5. Global CO2 emissions (energy only)

4.2 Early vs. delayed mitigation action: a cost analysis
The modelling results show that, although carbon prices follow similar patterns under both
mitigation scenarios with skyrocketing trends around 2050, some notable quantitative
differences appear. Over 2010-2050, short-term carbon prices are notably lower in the
“delayed action” case thanks to the more moderate level of carbon emission reductions efforts
required at this period. In particular, the short-term emission reductions with respect to the
baseline are very limited under the “delayed action” scenario conducting to a minor climate
action captured by a low-carbon price in the first decades (25$/tCO2 instead of 80$/tCO2 in
2025, see figure 6-(a)). Conversely, the stringency of emission reductions to be made in the
long-term under the “delayed action” scenario impose the acceleration of carbon price
increase after 2050 in order to tap the high-cost mitigation potentials needed to reach very low
and, even, negative global emissions (up to 5000$/ tCO2 in 2100, see figure 6-(b)). These
changes have a particularly important effect on the magnitude of Chinese mitigation efforts
because of the sensitivity of this carbon-intensive economy to carbon prices (Figure 7 (a)).
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During the first decades, the moderation of carbon prices in the “delayed action” case allows a
significant reduction of Chinese short-term economic losses which were identified as a core
issue under the “early action” scenario. Indeed, it ensures that the Chinese economy i) faces
much more moderate domestic emission reductions with respect to the baseline scenario (e.g.,
-13% vs. -39% under the “early action” case in 2025) and ii) takes a smaller share of the
burden as captured by a higher share of global emissions (e.g., in 2025, Chinese carbon
emissions represent 28% of global emissions vs. 23% in the “early action” case)59. As a result,
short-term growth rates are much less affected, as measured by the moderate 0.5pts loss of
annual growth rates over 2010-2025 (vs. 1.6pts under “early action”). Indeed, end-use prices
increase much less with respect to the baseline limiting the rise of the energy burden on
production processes and consumption patterns (Table 2). These effects contribute to control
the drop of households’ purchase power and to sustain economic activity as captured by the
reduction of GDP losses down to 6% in 2025 (vs. 20% in the “early action scenario”).

59

In this sense, the “delayed action case” is more in line with the “common but differentiated responsibility”
principle.
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Values in 2025

Baseline
scenario

Early action
scenario

Delayed action
scenario

Electricity end-use price (index 1=baseline)
Share of energy in production costs (%)
Share of energy in households’ expenditures (%)

1
8.3
9.6

1.50
10.1
11.1

1.14
8.8
10.6

Table 9 Table 2: Energy burden on production processes and consumption patterns

But the counterpart of this positive short-term outcome is a notable deepening of economic
losses in the long-term, resulting in particular in almost a decade of negative growth rates in
China after 2060. This is a consequence of the steep long-term rise of carbon price, which is
significantly more pronounced than under the “early action” case because of the combination
of two effects. On the one hand, this period corresponds to the core of global emission
reduction efforts in the “delayed action” scenario as measured by the 26.3 GtCO 2 reduction of
global emissions between 2050 and 2100 (vs. only 14.7 GtCO2 over the same period in the
“early action” scenario). On the other hand and importantly to understand the magnitude of
economic effects, this high carbon price applies to relatively carbon-intensive production
processes and consumption patterns. Indeed, the moderate carbon constraint during the first
decades makes low-carbon technical change slower than under the “early action” scenario so
that high carbon prices affect even more production costs and households’ energy
expenditures. This effect is particularly important in China because of its high carbon
intensity and explains why the fast increase of carbon prices is particularly detrimental to the
Chinese economy.

5. Chinese mitigation costs and quota allocation
The analyses in the section 4 have demonstrated that the temporal flexibility of emission
reductions can help to limit short-term transition costs in China, but at the expense of deep
economic downturns after 2050. Here, we turn to investigate whether setting ex-ante regional
targets via quota allocation is a useful tool to address these economic effects undermining the
political acceptability of climate policies in China. This dimension is explored by considering
a global-cap-and-trade agreement supported by different burden-sharing principles.
The international permit market is modeled by defining regional allocations and introducing
monetary transfers according to the difference between these and actual emissions. Regions
trade allowances with each other at the world CO2 price which is endogenously calculated to
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satisfy the global emission constraint. The revenues from the carbon market are either
perceived or paid by governments and fully transferred to households. Although simplistic
from a policy perspective, this vision can be implemented in the modelling exercise to help
discriminate between the economic mechanisms at play under different distribution of
mitigation efforts across the world.
5.1 Contraction and Convergence scheme and China’s mitigation costs
We start by considering a Contraction & Convergence (C&C) scheme (Meyer, 2000), which
is the most standard regime because of its simple formulation (Hof et al., 2009) and its ethical
and fairness basis (Böhringer and Welsch, 2004; Michaelowa et al., 2005). It considers a
linear evolution of regional emissions shares from their initial value in 2010 to equal per
capita emissions in 2100. Note that this allocation scheme is not particularly beneficial to
China since the combination of high emissions in 2010 and of decreasing demographic trends
leads to a decline of Chinese quotas in proportion of global quota volumes (from 20% in 2010
to 13% in 2100).
Model outcomes prove that this C&C scheme has a negligible effect on Chinese
macroeconomic costs, which remain close to the levels obtained in absence of quotas (annual
growth rates never differ from those obtained in absence of carbon trading by more than 0.1
pt)60. These results are in line with the literature (see, for example Luderer et al., 2012) and
can be understood by considering the amount of monetary transfers associated to carbon
trading in China.
Until 2050, China is net buyer of carbon permits, cumulated allocation over 2010-2050
representing only 80.1% of actual emissions (figure 8); but carbon prices remain relatively
low (lower than 80$/tCO2) so that the amount of carbon expenditures remains moderate (less
than 1% of Chinese GDP) and the negative effect on economic activity is limited. During the
second half of the century, the gap between actual emissions and allocations is reduced and
China even becomes net permit exporter at the end of the period; as a result, the volume of
traded carbon is low (cumulated allocations over 2050-2100 represent 96.6% of cumulated
emissions over the period) so that, even if carbon price reaches very high levels at this period
(see section 3), the volume of monetary transfers remains low (not more than 1.4% of GDP)
triggering negligible macroeconomic effects.

60

Note that the negligible macroeconomic effect of C&C is specific to China. The conclusion is for example
very different for India for whom this scheme is very beneficial, generating a much better economic situation
including almost 50 years of absolute GDP gains with respect to the baseline scenario.
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Figure 20 Fig8. Chinese actual emissions (full lines) vs. quota allocations (dotted lines)

5.2 Common but differentiated allocation scheme
We now turn to consider an alternative allocation scheme resorting to a Common but
Differentiated Convergence (CDC) principle that accounts explicitly for the historical
responsibility of developing countries in global carbon emissions (Höhne et al., 2006).
According to this principle, the carbon constraint is supported by countries with high carbon
intensity, as measured by carbon emissions per capita to be compared with the global average.
For the sake of simplicity, we define a threshold at 75% of world per capita emissions and
impose the carbon constraint on those countries that exceed the threshold, letting other
regions follow their baseline emissions. The consequence is that the carbon constraint is that
emerging economies enter progressively into the carbon market once they reach the threshold
level of carbon emissions per capita.
When considering more specifically the case of China, the consequence is a moderation of
average mitigation costs, from 0.3 to 0.2 points reduction of growth rates over 2010-2100 (see
Table 3). Interestingly, behind this average picture, time profiles are significantly different
under CDC with respect to the absence of quotas.
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China average
growth rates (%)
Growth differential
wrt. baseline (pts)
Table 10

Baseline
No transfers
CDC allocation
No transfers
CDC allocation

2010-2100 2010-2025 2025-2050
3.0
8.5
3.6
2.7
6.9
4.1
2.8
8.6
3.6
-0.3
-1.6
+0.5
-0.2
+0.1
0.0

2050-2100
1.2
0.9
0.8
-0.3
-0.4

Table 3: Chinese annual growth rate / Growth differential with respect to the baseline scenario

Before 2025, China, like all other developing regions, remains below the threshold
conditioning its entrance into the carbon market and follows its baseline emission levels 61.
This allows avoiding the important transitory losses experienced in the ‘No Transfers’ case
and even ensures slightly faster growth than under the baseline scenario. Indeed, over this
period, OECD countries support the core of mitigation efforts to ensure that world emissions
satisfy the global constraint although developing economies follow their baseline emission
levels. The consequence is that these developed economies experience a very high carbon tax
that provides a relative competitiveness gain to the Chinese economy and ultimately
accelerates their short-run growth trends.
After 2025, China has reached the threshold of emissions per capita and progressively enters
the carbon market through the application of an increasing domestic carbon price that reaches
the global level in 2040, which, similarly to what happens in absence of transfers, remains at a
low level (below 50$/tCO2) until 2050. At this time horizon, the late entrance of China into
the carbon market limits the magnitude of fossil-free technical change and its hedging effect
against oil scarcity at this time horizon so that the Chinese economy does not experience the
catch-up phase of the ‘No transfers’ case (i.e. faster growth than under baseline). However,
this hedging effect is sufficient to offset the impact of carbon pricing and ensure close growth
rates than under the baseline.
The core of mitigation costs in China under CDC happens in the long-term, similarly to what
happens in the ‘No Transfers’ case. The situation under CDC is even worse than in absence of
quotas (0.4pts vs. 0.3pts of average growth differential over 2050-2100) because the delayed
entrance in the former case triggers a higher carbon-intensity of the Chinese economy that
proves particularly detrimental when the global carbon price starts to rise significantly.
To summarize, although CDC allocation scheme is efficient in avoiding important short-term
losses in China, it proves to have two major limitations. First, it essentially delays climate
policy costs without avoiding them as demonstrated by the significant and long-lasting
61

A very small domestic carbon tax, not exceeding 25 $/tCO2, is applied to control the surplus of carbon
emissions due to leakage effects from carbon-constrained economies.
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economic downturns in the long-term. In addition, it causes a significant increase of the losses
in OECD countries which bear the core of mitigation efforts, especially in the short-term (for
example, OECD GDP reductions amount to 4% in 2030 while they hardly reach 1% under the
‘No Transfer’ scenario). This raises the issue of the political acceptability of such a scheme.

6. Conclusion
This paper analyses whether using carbon pricing as the major mitigation policy instrument is
compatible with the implementation of the “common but differentiated responsibility”
principle in a global climate agreement. We focus more specifically on China, a key player in
climate negotiations. We assess the effect of carbon pricing on the Chinese economy in
different climate architectures which, although aiming at the same stabilization target, differ
in terms of the temporal profile of emission reductions and the regional distribution of efforts
(different quota allocation schemes).
The introduction of the carbon price proves to alter significantly the Chinese economy. In the
short-term (2010-2025), average growth rates are more than one point lower than under the
baseline scenario because of the increase of the energy-to-labor costs ratio consecutive to the
introduction of the carbon price. The Chinese economy is particularly affected, notably
compared to OECD economies, because of the high energy-intensity of its production
processes and consumption patterns.
This question of short-term costs is of the most importance, since it can create high social and
political obstacles for implementing a climate policy. A possible solution, consistent with the
principle of “common but differentiated responsibilities”, is to postpone the mitigation efforts
in order to avoid these high short-term losses. Unsurprisingly, we found that delaying the
global action allows indeed for significant reductions in the transition costs but drives higher
losses in the long-term. A striking feature is the magnitude of the long-term costs under
delayed action since very low emission levels comes at the cost of fast rising carbon prices
causing important GDP losses. This is essentially because the transport system is not prepared
to very low-emission levels in the long-term if a strong carbon-constraint signal is not sent
early.
We then have investigated the effects of two stylized allocation schemes of emissions permits
on the Chinese mitigation costs. A pure Contraction & Convergence scheme proves to have a
negligible effect on the Chinese economy, but adopting a Common but Differentiated
Convergence scheme allows for economic improvements in the short-term by delaying the
entrance of China until it has reached a certain level of emissions per capita. However,
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mitigation costs still remain significant in the long-term once China enters the carbon market,
especially since fossil-free technical change has been slowed down by the late entrance.
Thus, when implementing a carbon price only policy, neither temporal nor regional
flexibilities proves to provide answer to the “Common but differentiated responsibility”
principle for China since their economy remains significantly hurt at certain time periods.
This demonstrates the importance of adopting complementary measures to carbon pricing in
order to help smoothing the necessary shift towards a low carbon society through, e.g.,
domestic fiscal reforms permitted by the recycling of the carbon revenues or infrastructure
measures designed to prepare low-fossil mobility. This means in particular that, in order to
make the transition acceptable in countries like China, climate negotiations must go beyond
global top-down systems relying on cap-and-trade which have been proven in this paper as
unable to operationalize the “Common but differentiated responsibility” principle. This calls
for adopting instead a bottom-up approach of climate discussions, centred on the two pillars
of i) domestic policies that can be desirable for both carbon mitigation and local development
priorities and ii) mechanisms of international cooperation to support these implementation
(finance, RD&D shared efforts, exchanges on best practices).
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Chapter 3
Sectoral targets for developing
countries:
Combining "Common but
differentiated responsibilities"
with "Meaningful
participation"
This chapter is a reproduction of the following article:
Hamdi-Cherif M., Guivarch C., Quirion P., 2011, “Sectoral targets for developing countries:
Combining ‘Common but differentiated responsibilities’ with ‘Meaningful participation’”.
Climate Policy, Volume 11, Number 1, 731-751(21).
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Abstract. Although a global cap-and-trade system is seen by many researchers as the most
cost-efficient solution to reduce greenhouse gas emissions, the governments of developing
countries refuse to enter into such a system in the short term. Many scholars and stakeholders,
including the European Commission, have thus proposed various types of commitments for
developing countries that appear less stringent, such as sectoral approaches.
This article gives a macroeconomic assessment of such a sectoral approach for developing
countries. It assesses two policy scenarios, in particular, in which developed countries
continue with Kyoto-type absolute commitments, whilst developing countries adopt an
emission trading system limited to electricity generation and linked to developed countries'
cap-and-trade system. In the first scenario, CO2 allowances are auctioned by the government,
which distributes its revenues lump-sum to households. In a second scenario, the auction
revenues are used to reduce taxes on, or to give subsidies to, electricity generation. Our
quantitative analysis, conducted with a hybrid general equilibrium model, shows that such
options provide almost as much emission reductions as a global cap-and-trade system.
Moreover, in the second sectoral scenario, GDP losses in developing countries are much
lower than with a global cap-and-trade system, as also is the impact on the electricity price.
Keywords: Sectoral approach, sectoral target, developing countries, cap-and-trade, carbon
emissions trading, climate policy frameworks, climate regime.
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Introduction
Although a global cap-and-trade system62 is advocated by many researchers as the most costefficient solution to reduce greenhouse gas emissions (GHG), the governments of developing
countries refuse to enter into such a system in the short term, e.g.. in 2013, when the first
commitment period of the Kyoto Protocol ends. One proposal to encourage the participation
of developing countries is to grant them a generous allowance allocation, so that they could
benefit from participating in the global cap-and-trade system by selling allowances (See
Tirole, 2009). However, this proposal is unlikely to be enough to convince developing
countries. Indeed, such a proposal may even be rejected by developed countries as well, on
the grounds that it would imply a massive North-South financial transfer, partly to buy
"tropical hot air" (Philibert, 2000).
Many scholars and stakeholders have thus proposed various types of commitments for
developing countries that prima facie appear less stringent than the participation in a global
cap-and-trade system, such as commitments that are limited to some sectors63.
Surprisingly, very little quantification of these proposals exists: although Amatayakul et al.
(2008), Amatayakul and Fenhann (2009) and Schmidt et al. (2008) assess the amount of
emissions that might be reduced through sectoral targets in the main developing countries,
they do not assess their economic impact. Only Bosetti and Victor (2010) analyse the
economic impact of sectoral targets. More precisely, they study, inter alia, scenarios in which
OECD countries price CO2 emissions in all sectors immediately while the other countries
control the power sector only in the short-term and include other sectors after 2030 (for
middle income countries) or 2050 (for low-income countries) . They conclude that such
“second best scenarios that see one sector regulated more aggressively and rapidly than others
do not impose much extra burden when compared with optimal all-sector scenarios provided
that regulations begin in the power sector. (Bosetti and Victor, 2010, summary)” While we
reach a similar conclusion, we do so by using a very different model.
Imaclim-R, a global multi-region, multi-sector general equilibrium model designed to assess
CO2 emissions scenarios and policies is used here. Imaclim-R is a hybrid model of a secondbest world economy: it represents, in a consistent framework, the macro-economic and
62

Or a uniform global tax, which would be equivalent to a global cap-and-trade system under the assumptions
used in the present paper, i.e. no uncertainty (See Weitzman, 1974) and no market power on the CO2 market (See
Hahn, 1984).
63

See Meunier and Ponssard (2009) and Sawa (2008). The IEA (2009c) and Meckling and Chung (2009)
provide surveys of these sectoral approaches. Most recently, the European Commission (2009) proposed a
"sectoral crediting mechanism" in the run-up to Copenhagen.

135

technical world evolutions, taking into account second-best features such as possible
underutilization of production factors (labour and capital) and imperfect anticipations. The
model is fully detailed in Sassi et al. (2010) and tested against real data in Guivarch et al.
(2009).
To our knowledge, the present paper constitutes the first macroeconomic assessment of such
sectoral approaches for developing countries that uses a global hybrid general equilibrium
model, More precisely, two policy scenarios are assessed in which developed countries
continue with Kyoto-type absolute commitments, whilst developing countries adopt an
emission trading system that is both limited to electricity generation and linked to developed
countries’ cap-and-trade system.
The electricity sector is chosen for three reasons. First, electricity and heat generation is by far
the highest emitting sector: 41% of CO2 emissions from fuel combustion in 2007, increasing
by 60% since 1990 (IEA, 2009a). Second, a massive investment in electricity generation is
expected in the next decades: the last World Energy Outlook (IEA, 2009b) projected a growth
in electricity demand by 76% from 2007 to 2030, requiring 4 800 GW of capacity additions.
Avoiding an irreversible investment in CO2-intensive capacity, the so-called “carbon lock-in”,
is thus of the utmost importance (IEA, 2009c). Third, this sector has a relatively high
abatement potential. Implementing emission trading is easier here than in sectors with more
diffuse sources such as transportation, residential or agriculture.
In the first sectoral scenario, CO2 allowances are auctioned by the government, which then
distributes the auction’s revenues in a lump-sum to households. In the second scenario, the
revenues are rebated to electricity generation firms as a decrease in pre-existing taxes or a
subsidy64 . The economic impact of this approach is equivalent to that of an intensity target,
which limits the CO2/MWh ratio and not CO2 emissions themselves65.
It is shown that both of these scenarios entail a decrease in developing countries’ CO 2
emissions almost as high as a global cap-and-trade system, for a given abatement level in
developed countries and a similar CO2 price. Moreover, the second scenario entails a lower
decrease in developing countries’ GDP and a lower increase in the electricity price, thereby
both limiting the distributional consequences and increasing the acceptability of the climate
policy.
64

Since a single sector is covered, reducing taxes on labour, or on production, yields the same result insofar as
we make the simplifying assumption that the labour/output ratio is the same across electricity production
technologies; otherwise, reducing taxes on labour would increase the share of labour-intensive options. If several
sectors were covered, a uniform reduction in labour taxes would, again, favour labour-intensive sectors.
65
Both scenarios figure in the European Commission sectoral crediting mechanism proposal cited above. For a
survey of the implications of intensity vs. absolute targets, see Quirion (2009).
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The article proceeds as follows: Section 1 details the reasons why a worldwide emission caps
scheme is unlikely, the scenarios are described in Section 2, the results presented in Section 3
and Section 4 concludes. Finally, Appendix 1 provides a description of the Imaclim-R model
and Appendix 2 the results concerning the world energy prices.

1. Why a global emission cap is unlikely, but abatement in developing
countries necessary
At least four factors explain why the governments of developing countries are reluctant to
participate in a global cap-and-trade system.66
First, the principle of "common but differentiated responsibilities", enshrined in Article 4 of
the UNFCCC, implies that developed countries should implement abatement policies and
measures sooner than developing countries67. Imposing the same nature of obligations in
developed and developing countries is seen by many as a violation of this principle. Whilst
some (e.g. Tirole, 2009) have defended the view that a global cap-and-trade system with more
stringent targets in developed countries fits with this principle, the prevalent view in
developing countries is that such a system violates it (e.g. G77 and China, 2008).
Second, absolute emissions caps are often viewed as a constraint both to economic growth
and to the right to (sustainable) development, which is also enshrined in Article 3 of the
UNFCCC.This view is questionable on the grounds that it neglects the possibility of both (1)
decoupling emissions from economic growth and (2) gaining access to the global carbon
market. Nevertheless, as above, this view is widespread among the governments of
developing countries.
Third, a global cap-and-trade system is the most cost-efficient solution only if the global CO2
price is both not limited to inter-governmental emission trading and decentralised in the form
of an emissions tax or of a domestic emission trading system in all countries. Although costefficient, it is believed that such policies would likely have large distributional consequences
in developing countries and the increases in the energy costs caused by the CO 2 price may
well trigger strong political protests.
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See also Godard (2009), who puts forward several reasons for doubting the economic efficiency of this
solution.
67
“Differentiated responsibility of States for the protection of the environment is widely accepted in treaty and
other State practices. It translates into differentiated environmental standards set on the basis of a range of
factors, including special needs and circumstances, future economic development of countries, and historic
contributions to the creation of an environmental problem.” (CISDL, 2002)
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Fourthly, some analysts (e.g. Strand, 2009) underline the “revenue management” issues in the
case of a large transfer of emissions allowances, including the so-called “Dutch disease”, i.e.
the transfer of emission allowances causes real exchange rate appreciation, which in turn
entails a decrease in industry competitiveness.
For these reasons, the prospect of a global cap-and-trade system is extremely unlikely at least
in the short run. Indeed, one might worry that developing countries participation in a global
climate agreement – in the event of such an agreement – will be very weak. In most proposals
put forward by the parties (WRI, 2009a), this participation takes the form of a list of
heterogeneous mitigation actions whose additionality would be difficult or even impossible to
assess, and which would be far from cost efficient.
Moreover, despite the recent political changes in the United States (as could be seen during
and after the Copenhagen negotiations) the US Administration and Senate still insist on a
meaningful participation of major developing economies and do not seem ready to commit to
Kyoto-like emission caps. In addition to the Copenhagen outcome (UNFCCC, 2009,
Copenhagen Accord), this suggests that such a global and general system is, for the moment,
unlikely.
Without a rapid decarbonisation of the major emitters such as the US and the large developing
countries, limiting global warming to 2°C over the pre-industrial level is out of reach: in
2005, non-Annex I parties greenhouse gas emissions (including the six Kyoto gases,
international bunkers and emissions from land-use change and forestry) amounted to 56% of
the global total, and this share is increasing (WRI, 2009b).

2. Scenarios
Five scenarios are considered. The first three are benchmarks to which the latter two are
compared. The scenarios deliberately reflect very simple architectures: the aim indeed is to
shed light on the economic mechanisms and not to assess fully realistic designs.
In every scenario except the business-as-usual one (BAU), Annex I countries68 as a whole
have the same emissions, and the scenarios differ by the climate policy implemented (or not)
in developing countries. Note that the international CO2 price resulting from these policies is
almost equal across scenarios (See Figure 14 in Appendix 2). Hence, if scenarios for a given

68

Throughout the text, we use the terms "Annex I countries" and "developed countries" indifferently, as well as
"Non-Annex I countries" and "developing countries".
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CO2 price had been considered (rather than for a given emissions level in Annex I), the results
would have been similar.
BAU. This is a business-as-usual scenario, i.e. without any climate policy. Since our focus is
on comparing scenarios rather than on forecasting emissions, we neglect the climate policies
that have been or will be implemented before 2013. CO2 emissions from fossil fuel
combustion increase from 24 Gt in 2001 to 33 in 2013 and 37 in 2030. This BAU scenario
belongs to the “B2 family” from the SRES emission scenarios (IPCC, 2000). It is very close
to the scenario “MESSAGE-B2” from the data tables of the Appendix VII of SRES report,
both in terms of economic growth and of emissions: the mean annual global GDP growth over
the 2001-2050 period is 2.3% in our scenario and 2.4% in MESSAGE-B2, and the cumulated
CO2 emissions over the period amount to 477.1 GtC in our scenario and to 479.1 GtC in
MESSAGE-B2.
Global_Cap. A global cap-and-trade system is implemented from 2013 on. A trajectory of
CO2 emissions caps is prescribed from 2013 on, in order to limit the CO2 concentration at 450
ppm (excluding emissions from land-use, land-use change and forestry). Emissions peak at 34
Gt in 2015 and then decrease to 25 Gt in 2030. This global emission cap is split across the
regions according to a "contraction-and-convergence" approach, with a convergence of per
capita allowances in 2100 and a linear progression towards this target from 2013 to 2100. The
regions then trade allowances with each other at a single world CO2 price. This inter-region
cap-and-trade system is decentralised through domestic emission trading systems covering all
CO2 emissions from fossil fuel combustion, so that every emission source pays the same CO 2
price in every sector and in every region.
Though all allowances are auctioned, the use of revenues differs across sectors. In all
productive sectors except electricity generation, auction revenues are distributed to firms as a
decrease in the pre-existing production taxes, or (when the auction receipt is higher than the
amount of the production tax) as a subsidy. Auction revenues of the allowances that cover
emissions from households and electricity producers are distributed to households as a lumpsum. This hybrid way of using the auction’s revenue is consistent with the functioning of the
EU Emissions Trading System (EU ETS) from 2013 on: electricity generation will have to
buy allowances at auction and the revenues will go to the general public budget, while the
large majority of other sources will receive allowances free of charge.69
69

For industry, the quantity of allowances an installation receives under the EU ETS is roughly proportional to
its production capacity (Ellerman, 2008). Over the long run, the production level and the production capacity are
almost proportional, so this way of allocating allowances is roughly equivalent to a subsidy on production.
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A1_Only. Annex I countries have the same emissions as in the Global_Cap scenario and also
trade allowances with each other. The difference in this scenario is that no climate policy is
implemented in developing countries.
SectE_HH. Annex I countries have the same emissions as in the Global_Cap and A1_Only
scenarios and also trade allowances with each other. Developing countries implement an
emission trading system limited to electricity generation and linked to developed countries’
cap-and-trade system. The amount of allowances allocated in each developing country
electricity sector is set so that it equals its’ ex post emissions at the CO 2 price defined by the
Annex I CO2 market: developing countries are neither sellers nor buyers on the global CO2
market.70 This sectoral target is decentralised through a domestic emission trading system,
with domestic allowances auctioned by the governments of developing countries, who in turn
distribute the auction’s revenues as a lump-sum to households.
SectE_Reb. This is the same as SectE_HH, except that in developing countries, auction
revenues are distributed to electricity generation firms as a decrease of the pre-existing
production tax or as a production subsidy. Allocating the allowances for free on the basis of
current output – instead of auctioning them – would have the same economic consequences
(cf. Quirion, 2009). So would have an intensity target, i.e., a cap on the CO2/MWh ratio.

3. Results
3.1. CO2 emissions: the sectoral approaches provide almost as much abatement as
the global cap-and-trade system
The global emission trajectory71 is the highest in the BAU scenario and the lowest in
Global_Cap (Figure 1). In the A1_Only scenario, the emission trajectory is closer to BAU
than to Global_Cap, for two reasons. First, a cap on the emissions of Annex I countries can
only hope to attenuate 50% of the cumulated emission over 2013-2030, since in our BAU
scenario these countries emit 50% of the cumulated emissions over 2013-2030. Second, as is
apparent in Figure 3 below, a small part of the abatement in developed countries "leaks" to

70

Admittedly, in the sectoral crediting mechanism proposed by the European Commission (2009) and in most
other proposals, the crediting target would be set at a higher level than expected emissions with a CO2 price.
Developing countries would then benefit from a transfer of CO2 allowances from developed countries. Such
transfers were not included in order to disentangle the impact of transfers from the other economic mechanisms.
71

The emissions considered here are energy-related CO2 emissions.
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developing countries,. This carbon leakage72 is very limited (the leakage-to-reduction ratio is
only 8% in 2030) and comes mainly through two mechanisms: first, the world prices of oil,
coal and natural gas are reduced by CO2 abatement measures in developed countries (cf.
Figure 11-13 in Appendix 2), thereby increasing fossil fuels consumption and hence
emissions, in developing countries; second, the climate policy increases the production cost of
developed countries’ producers compared to those in developing countries, thereby reducing
the competitiveness of energy-intensive industries of developed countries. As a consequence,
developing countries export more, and import less, energy-intensive goods, contributing
further to increasing their emissions.
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Figure 21 Figure 1. Global CO2 emissions

The most interesting point in Figure 1 is that emissions in the two sectoral scenarios are much
closer to Global_Cap than to A1_Only. In 2030, global abatement compared to the BAU
scenario reaches 32% in Global_Cap, 26% under the two sectoral scenarios and only 13%
under A1_Only, i.e. in 2030, both sectoral scenarios reach 80% of the abatement (compared
to BAU) of Global_Cap.73 Two factors explain this positive result: the potential for emissions
72

Carbon leakage is defined as the increase in emissions in the rest of the world, following a climate policy in a
part of the world (here, Annex I), compared to a reference situation without climate policy.
73
Alternative scenarios could be assessed, in particular those in which the targets for Annex I countries would be
changed, thereby making up for any extra emissions in non-Annex I countries , though the overall target remains
unchanged (See Bosetti and Victor (2010). However, bringing global emissions down to 25 Gt CO2 in 2030
without climate policy in developing countries (as in our Global_Cap scenario) would require an extremely high
and completely unrealistic CO2 price in Annex I countries. Thus, with the exception of the BAU scenario, the
emissions level in all the scenarios analysed in this article is kept fixed in Annex I countries.
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reduction in the power generation sector of non-Annex I countries’ is both important and
relatively easy to reach. Electricity generation is the main emitting sector in the BAU
scenario, contributing 41% of non-Annex I countries’ emissions in 2030. Moreover, these
emissions are relatively easy to abate given that there are low carbon power generation
technologies and they become profitable at moderate levels of carbon pricing. In this regard,
the results are in line with existing studies that reveal large reduction potentials in the power
sector, accessible at low carbon prices (see for instance Clapp et al., 2009).
Figures 2 and 3 detail the CO2 emissions from Annex I countries and non-Annex I countries
respectively. Unsurprisingly, Annex I emissions follow the same trajectory in all policy
scenarios, below BAU emissions trend. Indeed, the AI_only, SectE_HH and SectE_Reb
scenarios correspond to architectures in which Annex I countries are allocated the same
emissions as in Global_Cap, without quota transfers between Annex I and non-Annex I.
Figure 3 shows that the emissions of non-Annex I countries are above BAU level in AI_only,
due to the leakage mechanisms explained above. The emissions of non-Annex I countries are
the lowest in the scenario in which all sectors of their economies are subject to carbon pricing
(Global_Cap) though they lie between Global_Cap and BAU levels in both sectoral scenarios.
Further examination of this point requires separate analysis of the emissions trends of the
power generation sector (Figure 4) and the energy intensive industry (Figure 5).
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Figure 4 focuses on emissions from electricity generation in non-Annex I countries.
Emissions are close to Global_Cap, only a little higher, in both sectoral scenarios,. In
Global_Cap, electricity consumption is reduced since the climate policy affects overall
economic activity (Cf. Figure 6 below). Emissions are slightly higher in SectE_Reb than in
SectE_HH. Indeed, in the former scenario, the rebate partially offsets the price increase, hence
electricity generation is less impacted and the decrease in emissions is lower.
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Figure 24 Figure 4. Emissions from power generation in non-Annex I countries
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In SectE_HH and, to a much lesser extent, in SectE_Reb, emissions from the energy-intensive
industry in developing countries increase compared to BAU (cf. Figure 5). This inter-sectoral
emission leakage - from power generation to industry - has two different sources or
mechanisms:
(i) the rise in electricity price (Cf. Section 3.3 below) induces industry to substitute fossil
fuels for electricity, and
(ii) the competitiveness gains of non-Annex I industries, with respect to those Annex
countries’ industries that are subject to carbon pricing, increase the volume of
industrial production.
Industrial production is also increased in some cases, as we will see in Figure 6, by more
domestic demand for industrial goods in non-Annex I countries, driven by higher overall
economic activity. The first of these two mechanisms is dominant in the SectE_HH scenario.
For instance, coal intermediate consumption, per unit of industrial good produced, is 10%
higher in China, in 2030, in the SectE_HH scenario compared to the BAU level. In this
scenario, industrial production remains below its BAU level until 2026 and is 1.8% above in
2030.
By contrast, in the SectE_Reb scenario, the rise in electricity price plays only a marginal role
and is limited to the first years of the period considered: the electricity prices (Cf. Section 3.3)
become lower than in the BAU scenario after 2020. For example, coal intermediate
consumption, per unit of industrial good produced in China, is only 1% higher in the
SectE_Reb scenario compared to that of the BAU level in 2020. After 2020, the inverse
mechanism is operative: lower electricity prices drives substitution away from fossil fuels in
the industry sector. For example, coal intermediate consumption per unit of industrial good
produced in China is 0.4% lower in 2030. However, this is counterbalanced by a larger
volume of industrial production, i.e. the second source of underlying sectoral leakage
mentioned above. The results show, for instance, that in this SectE_Reb scenario Chinese
industrial production is, by 2018, larger than in BAU scenario and is approximately 2.5%
above its BAU level from 2025-2030.
Despite the fact that the two mechanisms can have different respective contributions and
sometimes work against each other, the combination of the two always has the same net
result: an increase in overall emissions from energy-intensive industry in both SectE_HH and
SectE_Reb scenarios compared to the BAU level. The increase is more pronounced in the
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SectE_HH scenario, which explains why, in 2030, though aggregate non-Annex I emissions
are a little lower in SectE_Reb than in SectE_HH (Figure 3), non-Annex I emissions from
power generation remain higher in SectE_Reb than in SectE_HH.
As shown in Figure 5, emissions from the energy-intensive industry in non-Annex I countries,
in the A1_Only scenario, are a little higher than in BAU, because developing countries’ CO2intensive industries production is larger. Indeed, since these industries are not subject to
carbon pricing while Annex I countries’ industries are, developing countries export more of
these goods to, and import less from, developed countries. A small amount of carbon leakage
is thus thereby generated.
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3.2. GDP losses: The sectoral approach with rebates entails much lower GDP
losses in developing countries
In Figure 6, in the Global_Cap scenario, the transitory GDP losses following the introduction
of carbon pricing in developing countries are significant: they reach more than 3% (compared
to BAU) around 2018. These important short-term macroeconomic losses are due to the
conjunction of installed productive capital inertia, imperfect anticipations, and rigidities in
labour markets74 that prevents the rapid adaptation of the economy to the shock on prices
74

Guivarch et al. (2010) analyze in detail the influence of labour markets rigidities on the costs of climate
policies.
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induced by the carbon tax. After 2018, GDP progressively catches up with its BAU level.
This partial catch-up is due to induced technological change mechanisms (Crassous et al.,
2006) and less vulnerability to peak oil. The economies’ vulnerability to peak oil in baseline
scenarios is due to the imperfect expectation of oil price increase when producers are
constrained by the depletion of resources. This imperfect expectation is partially corrected by
carbon pricing: technical change, and consumption structure change induced by climate
policies, reduce economies’ dependence on oil. Nevertheless, the prospect of such short-term
losses would be difficult to accept for the governments of developing countries.
Comparing Figures 6 and 8 reveals that the costs of a global cap-and-trade system, such as
Global_Cap scenario, are significantly higher for non-Annex I, than for Annex I, countries:
the peak GDP losses reach 3% of the reference GDP vs. 0.6%.75 This explains why such
architecture is unacceptable for non-Annex I countries. To make a global cap-and-trade
system more attractive to non-Annex I countries, quota allocation rules that are more
favourable to these countries might be considered. However, these would entail very
significant transfers from Annex I to non-Annex I countries. For example, if we calculate ex
post76 the additional transfers necessary to cancel non-Annex I GDP losses in our Global_Cap
scenario, they peak at 1.2% of Annex I GDP in 2018 and are above 1% over the 2017-2027
period. Such large transfers engender the “revenue management” issues raised in Section 1. 77
It also raises the question of acceptability for Annex I countries and the subsequent credibility
concern, if one remembers that Annex I countries never enforced the objective of contributing
0.7% of their GDP to overseas aid.

75

Note, however, that the significant difference in the order of magnitude of non-Annex I and Annex I costs is
moderated if results are presented in terms of delays in reaching the GDP level of the BAU scenario. Indeed, the
peak GDP loss corresponds to a 10 month growth delay for non-Annex I countries, while it represents a 5 month
delay for Annex I countries. Presented that way, the costs for non-Annex I countries still appear higher than for
those of Annex I, but the relative sizes of the costs are less stark. This is linked to the fact that developing
countries grow faster than developed countries.
76

We make the daring assumption that the transfers would be macroeconomically neutral. McKibbin et al.
(1999), among others, have demonstrated that large transfers do have macroeconomic implications. The simple
ex post calculation given here therefore has an indicative value only.
77

The financial inflows linked to the selling amount of emission quotas to up to several percents of the
countries’ GDP in the Global_Cap scenario (e.g. 3% for Africa in 2029 and 2.5% for India in 2027). For
comparison, the financial flows from oil and gas represented 1.5% of the Dutch GDP at the end of the 1960s
(OECD,National Accounts of OECD countries 1961-1978, Detailed Tables, Volume II). Such orders of
magnitude tend to confirm the risk of “Dutch disease” symptoms linked to quota exchanges.
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In SectE_HH, the losses are lower but still reach 2% around 2018. Note that in this scenario,
GDP is actually higher than in BAU after 2029, mainly because developing countries benefit
from lower world energy prices. In SectE_Reb, GDP losses are always less than 1% and GDP
is higher than BAU as soon as 2020.
From Figures 3 and 6, it can be seen that in the late 2020s, SectE_Reb provides a similar
emissions reduction than SectE_HH though for a much lower impact on GDP in developing
countries. This result may be a surprise since in a simple model without pre-existing
distortion, and without leakage, using the auction or tax revenues as a production subsidy
increases the abatement cost for a given abatement target compared to a lump-sum
distribution of the revenues (e.g. Fischer, 2001). The explanation of this surprising result is
that in our setting, a lump-sum distribution of the revenues exacerbates the pre-existing
distortions, and generates inter-sectoral emissions leakage (from electricity generation to
industry), more than a distribution of the revenues as a decrease in pre-existing production
taxes or as a production subsidy.
Finally, in the A1_Only scenario, developing countries’ GDP increases, compared to BAU for
two reasons: first, their production of CO2-intensive goods increases due to competitiveness
gains vis-à-vis Annex I regions (as explained above) and they benefit from lower world
energy prices. Indeed, lower energy prices have a positive effect on households’ real income
(The Slutsky effect, Slutsky, 1915), and lead to more consumption, hence production.
GDP losses in China78 follow the same trends, but with higher magnitudes (Figure 7), due to
its high CO2-intensity: 0.6 kg CO2/US$ PPP in 2007 vs. 0.47 for the world average and 0.48
for non-Annex I countries in average (IEA, 2009a).

78

The case of China is singled out because it is the first CO2 emitter. Moreover, the Copenhagen conference
demonstrated its diplomatic importance in the negotiations.
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The picture differs for Annex I countries whose GDP is always lower than in BAU (Cf.
Figure 8). The loss is the lowest in Global_Cap because in the other scenarios, the
competitiveness of Annex I industries is affected because they are subject to carbon pricing
whilst the industries of non-Annex I countries are not. Moreover, world energy prices are the
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lowest under Global_Cap (See Appendix 2). The highest losses occur in the A1_Only and
SectE_Reb scenarios, with very close values, whereas losses are intermediate for SectE_HH.
What explains this last result is that in SectE_HH, the competitiveness of the industries of
developed countries is less affected because developing countries producers’ suffer from a
higher electricity price than in A1_Only and SectE_Reb.
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3.3. Impacts on electricity markets are much milder with rebates
As shown in Figure 9, under Global_Cap and SectE_HH, the electricity price 79 almost
doubles in China, both compared to BAU and to the historical level. The main reason for this
increase is that electricity producers pass on the cost of allowances to consumers. A second
reason is that more expensive production technologies partly replace the relatively cheap
fossil fuel technologies.
In SectE_Reb, the electricity price increases much less: the price increase due to the CO 2
allowances is partially offset by the subsidy. More surprising is the fact that after 2020
electricity price actually drops below the BAU level. There are two explanations for this.
First, some learning-by-doing occurs in low carbon technologies, which are used more in the

79

The electricity price shown here is the production price, i.e. including production taxes and subsidies (if any),
averaged over time slices. It is not the final consumption price, which differs across sectors and includes
consumption taxes and subsidies.
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scenarios with climate policies. Second, in Imaclim-R, electricity producers set their price
according to the complete cost of electricity generation over the life time of their power
plants, using the current fossil fuel prices as the expectation of the future prices. However, in
the BAU scenario considered, gas and oil prices increase (Cf. Figure 11 and 12 in Appendix
2). Thus the electricity generation mix in BAU is too carbon-intensive compared to the ex
post private optimum.80 A CO2 price helps to correct this myopia by pushing producers to
reduce the share of fossil fuel in their generation mix.
Electricity production (Figure 10) mirrors electricity price. In Global_Cap and SectE_HH,
electricity generation is roughly stabilised in China, whereas its growth follows the BAU level
in the A1_Only and SectE_Reb scenarios.
As Table 1 and Table 2 show, the same trends occur in other regions except Brazil, which
benefits from a large share of hydropower and is thus less affected by carbon pricing. The
same mechanisms as in the Chinese case, described above, are valid for other regions. They
lead to a significant increase in the electricity prices compared to the BAU level in 2020. This
phenomenon is particularly pronounced in both Global_Cap and SectE_HH scenarios and
continues until the end of the period. In the SectE_Reb scenario the electricity price increase
is moderate in 2020 and a price decrease is observed in 2030.
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China
India
Rest of Asia
Africa
Brazil

Global_cap
77%
61%
55%
67%
6%

Table 11 Table 1.

China
India
Rest of Asia
Africa
Brazil
Table 12

secE_HH
90%
66%
65%
74%
8%

secE_Reb
3%
4%
6%
7%
3%

A1_only
-1%
-1%
-2%
-2%
1%

Electricity price variation (% BAU) in 2020

Global_cap
74%
39%
48%
58%
3%

secE_HH
75%
46%
46%
57%
2%

secE_Reb
-14%
-8%
-8%
-4%
3%

A1_only
-3%
-3%
-4%
-3%
0%

Table 2. Electricity price variation (% BAU) in 2030

Conclusion
Many experts and stakeholders have proposed sectoral targets for developing countries. This
article provides the first macroeconomic assessment of such proposals using a global multiregion, multi-sector general equilibrium model. More precisely, scenarios are assessed in
which both (i) developed countries apply Kyoto-type targets and (ii), emissions in developing
countries from power generation are subject to the same CO2 price as those in developed
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countries. These scenarios are compared to a global cap-and-trade architecture, in terms of
both the macroeconomic cost for emerging and developing countries and in terms of emission
reductions achieved.
The results indicate that a sectoral target for developing countries, limited to the electricity
sector, is able to provide around 80% of the global energy-related CO2 emission reductions
achieved in a global cap-and-trade system. Moreover, if this sectoral target is implemented as
an emission trading system, or as an emissions tax with revenues distributed to electricity
generation firms in the form of a decrease in pre-existing production taxes, or a production
subsidy, the economic impact in developing countries is milder than that of a global cap-andtrade system: GDP losses are much lower and so is the impact on the electricity price.
Such sectoral approaches may thus appear more acceptable for non-Annex I countries than a
global cap-and-trade scheme. Equally, they lead to significant emissions reduction. They thus
constitute an interesting option to combine “common but differentiated responsibilities” with
“meaningful participation” in the design of post-Kyoto architectures (all the more as the
Copenhagen Accord leaves the door open to these new sectoral approaches).
The scenarios assessed are intentionally, however, very stylized. In the real world, if a
sectoral approach is applied, it will certainly feature a higher level of differentiation across
regions including, inter alia, a staged implementation with entry dates depending on
development levels, price differentiation and international transfers. Moreover, there are
numerous barriers to the rational use of electricity, which are unlikely to be removed by
carbon pricing policy alone. Therefore, supplementary measures to foster a real improvement
in the energy efficiency of electricity end-uses will be needed to make sectoral policies that
target power generation effective (IEA, 2009c). Furthermore, the analysis presented here does
not take into account the fact that in many developing countries, electricity markets are not
liberalized and regulated tariffs often include important subsidies to electricity consumption.
This is one important limitation of the study, 81 and forms one of the main difficulties for the
implementation of a sectoral policy for power generation.
In the longer term, the share of emissions from other sectors, especially transportation, will
grow, as they did in developed countries, in developing countries. Moreover, with economic
growth, the major emitters in the developing world will have a better capacity to make
commitments and seek to control all emitting sectors. Consequently, the sectoral approach
81

In a case study using a version of Imaclim-R that includes regulated tariffs and subsidies to electricity
consumption, Mathy and Guivarch (2010) try to go beyond this limitation and analyze the suboptimalities in the
Indian power sector and their implications for climate policies,
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presented here should be seen as a transitory policy, rather than as an alternative to a more
global and general approach.
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Appendix 1. The Imaclim-R model
Imaclim-R is a hybrid recursive general equilibrium model of the world economy, divided
into 12 regions and 12 sectors (Table ) and solved in a yearly time step (Sassi et al., 2010).
The base year of the model (2001) is built on the GTAP-6 database, which provides a
balanced Social Accounting Matrix (SAM) of the world economy. The original GTAP-6
dataset has been modified to (i) aggregate regions and sectors according to the Imaclim-R
mapping, and (ii) accommodate the 2001 IEA energy balances, in an effort to base Imaclim-R
on a set of hybrid energy-economy matrixes.
Note that the emission trajectory82 simulated in the business-as-usual scenario considered in
the article is very close to the IEA CO2 emissions data (IEA, 2009a) over the 2002-2007
period: according to the IEA, CO2 world emissions from fossil fuel combustion grew from
23.7 Gt CO2 in 2001 to 29.0 in 2007, whereas the output of the Imaclim-R model is 29.1 Gt
CO2 for 2007.

82

In the current version of the model, the emissions covered are energy-related CO2 emissions.
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Regions

Sectors

USA

Coal

Canada

Oil

Europe

Gas

OECD Pacific (JP, AU, NZ, KR)
Former Soviet Union
China

Liquid Fuels
Electricity
Air transport

India

Water transport

Brazil

Other transports

Middle-East Countries
Africa

Agriculture

Rest of Asia
Rest of Latin America

Table 13

Construction

Energy-intensive industry
Composite (services and light industry)

Table 3. Regional and sectoral disaggregation of the Imaclim-R model

As a general equilibrium model, Imaclim-R provides a consistent macroeconomic framework
to assess the energy-economy relationship. Specific efforts have been devoted to building a
modelling architecture allowing the incorporation of technological information coming from
bottom-up models and experts’ judgement within the simulated economic trajectories. The
rigorous incorporation of information about how final demand and technical systems are
transformed by economic incentives is allowed for by the existence of physical variables that
explicitly characterise equipments and technologies (e.g. the efficiency of cars, the intensity
of production in transport etc.). The economy is then described in both money-metric terms
and physical quantities, the two dimensions being linked by a price vector. This dual vision of
the economy is a precondition to guarantee that the projected economy is supported by a
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realistic technical background and, conversely, that any projected technical system
corresponds to realistic economic flows and consistent sets of relative prices.
The full potential of this dual representation could not be exploited without abandoning the
use of conventional aggregate production functions that, after Berndt and Wood (1975) and
Jorgenson (1981) were admitted to mimic the set of available techniques: it is arguably almost
impossible to find mathematical functions flexible enough to cover large departures from the
reference equilibrium and to encompass different scenarios of structural changes resulting
from the interplay between consumption styles, technologies and localisation patterns
(Hourcade 1993). In Imaclim-R the absence of formal production functions is compensated by
a recursive structure that organizes a systematic exchange of information between:


An annual static equilibrium module with Leontief production functions (fixed
equipment stocks and intensities of intermediary inputs, especially labour and energy;
but a flexible utilisation rate). Solving this equilibrium at some year t provides a
snapshot of the economy: information about relative prices, output levels, physical
flows etc.



Dynamic modules, including demography, capital dynamics and sector-specific
reduced forms of technology-rich models, most of which assess the reactions of
technical systems to the previous static equilibriums. These reactions are then sent
back to the static module in the form of updated input-output coefficients to calculate
year (t+1) equilibrium.

Between two equilibriums, technical choices are fully flexible for new capital only; the inputoutput coefficients and labour productivity are modified at the margin because of fixed
techniques embodied in existing equipment and resulting from past technical choices. This
general putty-clay assumption is critical to represent the inertia of technical systems and the
perverse effect of economic signals volatility.
Imaclim-R thus generates economic trajectories by solving successive yearly static
equilibriums of the economy interlinked by dynamic modules. Within the static equilibrium,
in each region the demand for each good derives from household consumption, government
consumption, investment and intermediate uses from the production sectors. This demand can
be provided either by domestic production, or imports, and all goods and services are traded
on world markets. Domestic and international markets for all goods – excluding labour – are
cleared by a unique set of relative prices that depend on the demand and supply behaviours of
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representative agents. The calculation of this equilibrium determines relative prices, wages,
labour, quantities of goods and services, and value flows.
The dynamic modules shape the accumulation of capital and its technical content; they are
driven by economic signals (such as prices or sectoral profitability) that emerge from former
static equilibriums. They include the modelling of (i) the evolution of capital and energy
equipment stock, described in both vintage and physical units (such as number of cars,
housing square meter, transportation infrastructure), (ii) technological choices of economic
agents described as discrete choices in explicit technology portfolios for key sectors such as
electricity, transportation and alternative liquid fuels, or captured through reduced form of
technology rich bottom up models, and (iii) endogenous technical change for energy
technologies (with learning curves).
In this framework, the main exogenous drivers of economic growth are population and labour
productivity dynamics. However, international trade, particularly that of energy commodities,
and imperfect markets for both labour (wage curve) and capital (constrained capital flows,
varying utilisation rates of productive capacities), significantly impact on economic growth.
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Appendix 2. Impact on world energy and CO2 prices
The world prices of oil, natural gas and coal are endogenous and result from demand
dynamic, availability of substitutes and depletion of resources (c.f. Waisman et al., 2010, for a
presentation of this part of the model).
As shown in Figure 11, the world energy prices are the highest in BAU and the lowest in
Global_Cap. More generally, the higher the emissions, the higher the energy prices, because
the implicit supply curve of fossil fuels is upward-slopping.
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Figure 33 Figure 13. Coal world price

As we can see in Figure 14, the CO2 price is almost equal across all scenarios but a little
higher in Global_Cap. The explanation is that in this scenario, the fossil fuel prices are lower,
so a higher CO2 price is required to reach a given emissions level in Annex I countries.
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Chapter 4
The transportation sector as a
lever for reducing long-term
mitigation costs in China
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Abstract. Chinese transport activities have considerably grown in recent years, and curbing
CO2 emissions in this sector has become a major challenge, particularly regarding energy
security and climate change issues. In addition to technological solutions, this paper
investigates the potentials offered by infrastructure measures favoring lower mobility in the
transition to a low-carbon Chinese economy. This is done by embarking a detailed description
of passenger and freight transportation in an energy-economy-environment (E3) model. The
standard representation of transport technologies is supplemented by an explicit
representation of the “behavioral” determinants of mobility. Although driving the
transportation demand, these determinants are too often disregarded in mitigation
assessments. This framework considers (i) constrained mobility needs imposed by the spatial
organization of residence and production (essentially commuting and shopping), (ii) modal
choices triggered by installed infrastructures and (iii) the freight transport intensity of
production processes. This study highlights the role of transport in the mitigation process.
Given a climate target, the implementation of measures fostering a modal shift towards lowcarbon modes and a decoupling of mobility needs from economic activity prove to modify the
sectoral distribution of mitigation efforts and to significantly reduce the mitigation macroeconomic costs relatively to a “carbon price only” policy.
Keywords: transport, mitigation policy, infrastructure, spatial organization, China
JEL classification: C68, O18, R40

169

170

1

Introduction

In the lead-up to the recent announcement on GHG emission reductions, China set clear
targets on low carbon options in its 12th Five Year Plan (Hong et al., 2013; Han et al., 2014).
With this regard, most efforts of energy planning have been done in the electricity and
industry sectors because of their major contribution to economic growth and energy
consumption (Liu et al., 2013). But the Chinese transportation sector has been given
increasing attention since it has become the fastest energy consuming sector (Ou et al., 2010)
and one of the most challenging in terms of decreasing the dependence on fossil fuels
(Mathiesen et al.,2008). Moreover, China faces many challenges related to traffic congestion,
air pollution and climate change (He et al., 2013). Curbing CO2 emissions in the
transportation sector has thus become a major challenge for China. Chinese transport
activities have indeed considerably grown during this last decade, with growth rates for both
passenger and freight transportation close to GDP growth rates (Bai and Qian, 2010). This has
been unfortunately but unsurprisingly accompanied with a significant increase of carbon
emissions from this sector: carbon emissions from transport have been indeed multiplied by
2.5 over the period 2000-2011 (CAIT, 2014) and are expected to pursue this trend in the
future (IPCC, 2014a). Indeed, although China has considerably developed its railway network
for both passenger and freight transport (in terms of length and technical efficiency), it has
much more developed its road network to answer to the significant increase of demand for
transportation that has accompanied the economic development (Bai and Qian, 2010, Hu et
al., 2010). So, given the long life span of transportation infrastructures, if things continue like
this, China might be locking itself in carbon intensive development pathways. This makes the
choice of current development of infrastructure very critical, particularly because at long-term
horizon, the drastic reduction of carbon emissions made necessary by low stabilization targets
cannot be reached without controlling transport related emissions (Waisman et al., 2013).
A large body of literature explores mitigation options and policies in the Chinese
transportation sector and emphasizes that ambitious reductions would require actions on the
“technology” side to decrease both the energy intensity of transportation modes and the
carbon content of fuels, but also on the “behavior” side to reduce the volume of mobility and
foster the adoption of low-carbon modes. But as far as we know, the existing studies that rely
on modelling tools are mainly based upon sectoral models that have either a “technology171

based” nature or a “behavioral-based” one. In the latter case, they have the ability to assess
behavioral changes that may result from structural development, in particular they are able to
show that urban forms and infrastructure changes can play a decisive role in the mitigation
process (IPCC, 2014a). However, sectoral models can’t measure, by definition, transport
emissions reductions with respect to the amounts that other sector could contribute in order to
reach long-term concentration goals. Moreover, given the important interactions between
transportation and the rest of the economy, one could think that energy-economy-environment
(E3) models are the more suitable and useful tools to investigate the role of transportation in
the transition to a low-carbon economy. But, these approaches remain limited to explore the
full mitigation potentials of the transport sector because they essentially focus on the
assessment of the “technology” side (e.g. Schafer et al., 2009) and most of them don’t
integrate the “behavior” side of the issue. To provide a more comprehensive vision, these
tools have to be complemented with representation of the “behavioral” determinants of
transportation dynamics (Schafer, 2012).
In light of these specificities, this chapter revisits the role of the transportation sector in lowcarbon pathways. It is an attempt to bridge the gap between E3 models and studies on
mitigation options and policies. This is done via the E3 general equilibrium model
IMACLIM-R (Waisman et al., 2012), which, contrary to most models used for carbon
mitigation assessments, embarks a stylized representation of “behavioral” determinants to
explicitly represent the interplay between transportation, energy and growth patterns. It
accounts for the rebound effect of energy efficiency improvements on mobility, endogenous
mode choices in relation with infrastructure availability, the impact of investments in
infrastructure capacity on the amount of travel, and the constraints imposed on mobility needs
by firms’ and households’ location. Using this framework, this analysis demonstrates the risk
of high losses if using carbon price as the sole instrument, and investigates the potentials
offered by richer combination of measures. Complementarily to carbon pricing, we consider
actions to control the “behavior” determinants of transportation in the course of the Chinese
low-carbon transition. More specifically, we consider (i) spatial reorganizations at the urban
level and soft measures towards less mobility-dependent agglomerations, (ii) reallocation of
investments in favor of public modes at constant total amount for transportation infrastructure
and (iii) adjustments of the logistics organization to decrease the transport intensity of
production/distribution processes.
This analysis provides a first step towards the identification of non-energy determinants of
Chinese mitigation costs and is organized as follows. It first reviews the literature on climate
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policies (in China in particular) and the transportation sector, to delineate the determinants
and obstacles to CO2 emissions reduction in that sector (section 2.1) and emphasize the
potential role of different policies, especially on the “behavior” side of transportation
dynamics (section 2.2). Section 3 positions and describes the IMACLIM-R modeling
framework. It describes the way this model embarks transportation determinants for both
passenger and freight transport, and their impact on mobility and emissions. This framework
is then used in Section 4 to assess the role of transportation in low-carbon pathways, in
particular in terms of macro-economic costs. Finally, Section 5 concludes with policy
implications and a roadmap for further integrating transportation, housing and urban
dynamics issues into macroeconomic assessment of climate policies.

2

Climate policies and the transportation sector: general framework

2.1

Determinants and obstacles of carbon emission reductions in the transport
sector

In order to highlight feasible options for emissions’ reductions in the transportation sector, but
also to identify the major obstacles in this way, we decompose carbon emissions from
transport activities as it is standard to proceed in climate analysis 83, namely in: (i) the carbon
intensity of fuels, (ii) the energy intensity of mobility, (iii) the modal structure of mobility and
(iv) the volume of mobility. Following Chapman (2007) and Schafer (2012),

these four

essential determinants can be separated in two groups: the two first have to do with
“Technology” while the two last are connected with “Behaviors”.
2.1.1 Technological determinants
- The carbon intensity dependents on the primary sources used to produce the final energy
used for fuel vehicles. Today, this energy comes primarily from oil refining, but
anticipations of oil price increases, due to resource depletion and potential climate policies,
push the Chinese government to invest in large-scale diffusion of other sources at a mediumterm horizon (US Energy Information Administration, 2014). Therefore, the decrease of
fuels’ carbon intensity critically depends on the potential of low-carbon processes for liquid
fuel supply (biofuels) and on the diffusion of alternative energy carriers (electricity and
83

We use the “ASIF approach”, which decomposes emissions into: A (total Activity), S (modal Structure), I
(modal energy Intensity), and F (carbon content of Fuels). (Schipper et al., 2000; Kamakaté and Schipper, 2009).
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hydrogen). But even if China has set clear targets on low carbon options in its 12th Five Year
Plan (Hong et al., 2013; Han et al., 2014), these options remain unfortunately faced with
intrinsic limitations.
Indeed, biofuel policies have become increasingly controversial (IPCC, 2014a), and in
particular, the promotion of their development in China raise three types of concerns, which
may limit their large scale diffusion (Qiu at al. 2012). First, the technical potential of
biomass production remains controversial and difficult to characterize due to large
uncertainty on yield improvements, the production potential of degraded land and climate
change feedbacks (Chum et al., 2011). Second, the lifecycle impact of biomass on GHG
emissions may be less beneficial than expected with respect to conventional fuels,
depending on the use of fertilizers, the input of fossil fuels in the production, transport and
conversion of biomass, as well as on how land use is affected by the biomass production
(see Searchinger et al., 2008; Tilman et al,. 2009). Third, large scale biomass production
faces the issues of land-use and water-use competitions with other usages and objectives like
timber production, forest conservation or food provision (Koizumi, 2013). In addition,
Nuclear and renewables, the main carbon-free power technologies, are limited by political
acceptability and intermittency, respectively (Sun and Zhu, 2014; Sovacool, 2009). Finally,
hydrogen still faces important difficulties like competitiveness issues and safe storage
systems with the appropriate end-user infrastructure (Ren et al., 2015). Put together, all these
obstacles highlight the risk that the supply of long-term end-use energy for transport in
China may rely importantly on carbon-intensive options. Indeed, even if the natural gas
resource is rather poor in China, it is already used and should continue to be for transport
and particularly widely used for taxis and buses (Chen et al., 2014).But the most important
risk concerns the very likely recourse to coal-to-liquid fuels since coal remains a particularly
abundant resource in China and the technology is already at a relatively mature stage (Qi et
al., 2012).
- The energy intensity of mobility results from the technical characteristics of the vehicle
fleet, which depend on vehicles’ design (e.g. vehicle loads, drive train efficiency…) and also
on the way vehicles are operated (e.g. flying altitude of planes, traffic management …).
Energy efficiency of transport may thus be limited by asymptotes on technical progress and
inertias on the deployment of new energy-efficient vehicles. Indeed, the market potential for
energy-efficient vehicles could be only a fraction of its economic potential because purchase
decisions are influenced by other considerations than the only energy consumption (e.g.
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safety, performance, size…) and because they are taken under partial information and
imperfect expectations about the future of energy costs (Allcott, 2010; Anderson et al,
2011; Allcott, 2011). Therefore, future energy savings due to vehicle efficiency may
implicitly be undervalued (Greene, 1998) and often not accounted for in purchasing
practices (Turrentine and Kurani, 2007). Nevertheless, despite technological, industrial and
social challenges, the Chinese government deploys policies and planning guidance to favor
the development of new energy vehicles for a sustainable future, including for instance
energy efficiency standards (Yuan et al., 2015). Note that many relevant standards for
energy savings have been implemented in China since 2004 (Wang et al., 2014), but even if
they have proven to be efficient to foster the diffusion of more carbon-efficient vehicles,
their effect at more stringent constraints may be limited in absence of clear price-signals
allowing an appraisal of long-term benefits in terms of energy savings (Waisman et al.,
2013).
2.1.2 Behavioral determinants
- The modal structure of mobility breaks down between energy-intensive options (air and
road transport) and low-energy ones (public transport and non-motorized modes for
passengers; rail, shipping and inland waterways for freight). Modal shift from high to lowenergy intensive modes requires that they provide similar or even better services which are
defined by the coverage, speed, reliability and flexibility of each mode. This means in
particular that the promotion of low-carbon modes needs dedicated investments in
infrastructures for public modes. Yet, in absence of intermodal synergies, and when
accounting for inertias in the renewal of long-lived infrastructures, cumulative mechanisms
such as positive network externalities often make it cheaper to expand one network instead
of maintaining two in parallel (for example rail and road). Therefore, if decisions rely
mainly on short-term economic optimization, and without strong political will to redirect
investment choices, path-dependencies and lock-ins in energy intensive mobility options
may arise. This is particularly true for China where specific efforts have been done during
the last decades for the development of transportation infrastructures. Indeed, the 12th Five
Year Plan insists specifically on the development of urban transport but without any capping
of the relative energy consumption or carbon emissions (Li and Wang, 2012). This have led
to a huge increase of road transportation infrastructure accompanied with an important
augmentation of consumption of private vehicles and trucks: for example, in less than ten
years, from 2000, the length of available highways has increased by 155%, with an average
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annual growth rate of 7.2% and 8% for volume of road passenger traffic and road freight
traffic respectively (Hu et al., 2010).
- The volume of mobility is highly dependent on the spatial distribution of housing, transport
and industrial infrastructures, which are long-lived and hence may impose strong inertia on
the dynamics of mobility. Indeed, the volume of mobility results from two components:
(i) Households’ tradeoffs between passenger transport and the demand for other goods
under budget and time constraints.
Indeed, mobility needs that are linked to location choices, are decided in function of a
tradeoff between transport and housing expenditures. The decrease of transport prices in
real term (with respect to income) combined with an increase of housing prices are
behind urban sprawl and thus trigger an increase of mobility needs (Brueckner, 2000).
Note that these trends could be reversed only if the dynamics of transport and housing
sectors are reversed (Waisman et al., 2013). Moreover, when the temporal dimension is
taken into account, it imposes that passenger mobility decisions are constrained by a
constant travel time budget as it has been originally showed by (Zahavi and Talvitie,
1980). This stability of the devoted time to mobility has been confirmed by further and
more recent studies (Metz, 2008; Schäfer et al, 2009; Schäfer, 2012) and for China in
particular (Zhang et al., 2007)84. Hence, speed gains allowed by infrastructure
deployment may give rise to increased traveled distances with longer daily travels and
more often occasional trips; it may also be accompanied with modal shifts in favor of
fast modes within the time constraint, like for instance aviation.
(ii) Firms’ freight mobility needs in the production/distribution process.
The logistics organization plays a major role regarding the volume of freight mobility.
Obviously, the more intensive is the production/distribution processes in transport, the
bigger is the volume of freight mobility. Hence, the specialization/concentration of the
production (or not), as well as the tradeoff between inventories and just-in-time
organizations

determine

the

total

vehicle-kilometers

travelled

for

the

production/distribution of a given volume of goods (McKinnon, 2010; Piecyk and
McKinnon, 2010).
Furthermore, two well-known feedback effects affect the volume of mobility (Hymel et al.,
2010). First, the “induced demand effect” (Goodwin, 1996), which is a response to
infrastructure building or improvement and may trigger an increase of mobility. Indeed, the
84

See Mokhtarian and Chen (2004) for an extended discussion about the stability of travel time budget.
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structure and volume of mobility are crucially dependent upon the availability of transport
infrastructures. Hence, building new infrastructure may trigger an increase of mobility needs
by enhancing accessibility and improving the provided services by a given mode. In the long
run, enhanced accessibility also changes the economic value of land, affecting the locations
of activities and housing and hence mobility needs (Noland, 2008). Second, the “rebound
effect”, which is a response to energy efficiency measures (Greening et al, 2000). It captures
the increase of mobility consecutive to reductions of the marginal costs of travel allowed by
a reduction of fuel consumption due to improved efficiency. The magnitude of this effect
can be significant and synonymous with an important increase of the volume of
transportation; it then unfortunately offsets the majority of expected reductions in energy
consumption (and CO2 emissions) from efficiency improvements. This has been shown for
the case of China, for example in (i) Wang et al. (2012), where the average rebound effect
for passenger transport by urban households has been estimated around 96%, and in (ii)
Wang and Lu (2014), where the rebound effect for road freight transport has been estimated
to 84%; note that they also signal that the rebound effect should be higher in China than in
developed countries.
This general picture illustrates that beyond energy prices and revenue levels, transportation
patterns can be highly influenced by crucial determinants such as spatial organization,
housing costs and transport infrastructure availability.

2.2 Mitigation policies in the transport sector
A very large literature explores mitigation options and policies in the transportation sector at
different spatial scales. Many recent publications concern the global level (e.g. IEA, 2009;
Schafer et al., 2009; Johansson, 2009; IEA, 2012a,b,c), but also the regional or the national
level (e.g. Banister, 2000 for Europe; Hidalgo and Huizenga, 2013 for Latin America; Liu et
al., 2013 for Eastern Asia; Greene and Plotkin, 2011 for US) and the city scale too (IEA,
2013).
Concerning the specific case of China, there is a huge literature. Indeed, the transportation
sector and its relation with CO2 emissions reductions have been widely studied in recent years
both at the national and regional scale. (Lin and Xie, 2014) explores the main factors affecting
carbon dioxide emissions and find that there is huge reduction potential in the Chinese
transportation sector in the future. Regarding the national level, (Yuan et al., 2015) encourage
the development of new energy vehicles to favor a sustainable transportation industry, while
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Liu et al. 2013 recall the adverse effect of vehicle energy efficiency improvements, namely
the rebound effect, and they thus suggest the necessity to develop measures to control private
vehicle demand as (Zhang et al., 2014a) did in their paper. (Yan and Crookes, 2009) found
also that private vehicle control would be an effective way to reduce emissions as well as fuel
economy regulation and fuel taxation. For what concerns the tax instrument, (Mao et al.,
2012) highlight that taxing CO2 could be an effective policy tool, but the politically
acceptable rates are unlikely to provide sufficient emissions reductions. He et al., 2013
emphasize the behavioral aspect of the issue and promote the public transportation and actions
to optimize urban forms, while (Tian et al. 2014) call for the optimization of production and
distribution process as well as the recourse to multimodal transport for freight. Many Other
studies highlight the importance of the modal breakdown and the implementation of measures
to encourage modal shifts towards sustainable transport modes as well as policies towards
travel reduction (e.g. Wang et al., 2011; Loo and Li, 2012). Finally, back to 2008, (Han and
Hayashi, 2008) were already recommending the use of a policy mix to have an efficient CO 2
mitigation in the transportation sector (using both fuel taxes and infrastructure development
for railway as well as measures to slow down highway development). In the same vein, but at
the regional or city level, one can refer for example to (Feng et al, 2013; Guo et al, 2014; Hao
et al. 2014a; Zhang et al., 2014c).
All these studies lead to the conclusion that a mix of (i) technological solutions (reducing the
carbon intensity of energy and the energy intensity of transport modes) and (ii) actions on the
modal structure and volume of mobility (grouped under the label “behavior”) will be required
to achieve the goal of an effective reduction of CO2 emissions in the transportation sector. But
besides the issue of the relative importance of actions on the “technology” side vs. actions on
the “behavior” side, the question of the policy instruments to trigger emissions reductions is
central.
2.2.1 Price signals: are they the appropriate instrument to control energy demand and carbon
emissions in the transportation sector?

To reduce emissions in the transportation sector, market policies are economically more
efficient than fuel carbon intensity standards (Holland et al., 2009; Sperling and Yeh, 2010;
Chen and Khanna, 2012; Holland, 2012; IPCC, 2014a). However, a crucial specificity of this
sector is that travel demand and fuel consumption for vehicles tend to be weakly sensitive to
energy prices (Creutzig et al., 2011; Yeh and McCollum, 2011). Indeed, even if it appears that
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this sensitivity increases when price augmentations are planned and certain (Sterner, 2007),
drivers are relatively inelastic to fuel taxation (Hughes et al., 2006; Small and van Dender,
2007). This appears clearly in (Dahl, 2012), who distinguishes econometric estimates of longrun price elasticities for gasoline and diesel demand, for different price and income levels and
for 120 countries. He obtains that price elsaticities range between -0.11 and -0.33, and
between -0.13 and +0.38 for gasoline and diesel respectively, while income elasticities are
much higher (between +1.26 and +0.66 for gasoline and around +1.34 for diesel). Among the
studied countries, he finds that price elasticities for China amount to -0.26 and -0.22 and
income elasticities equal to 0.97 and 1.17 for gasoline and diesel demand respectively.
(Dargay, 2007; Barla et al., 2009; IPCC, 2014a) note that there is a strong relation between
travel and income that can be explained by the positive income elasticities and the relative
price inelastic nature of passenger travel. The higher income elasticities illustrate that, even at
a long-term horizon, fuel consumption reductions triggered by price increases may be offset
by wealth effects, particularly in fast growing economies. A more recent study specifically
dedicated to China has confirmed these conclusions for an intermediate-run horizon. (Lin and
Zeng, 2013) find indeed that the price elasticity of demand for gasoline in China range
between -0.497 and -0.196 and the income elasticity is between 1.01 and 1.05. Furthermore,
they also estimate the price elasticity of demand for the vehicle miles traveled (VMT) and
find that it ranges between -0.882 and -0.579. They highlight that these results indicate that
increases in disposable income induce a soar in gasoline consumption and traffic volume,
which is mainly due to the increasing ownership of cars and energy efficiency gains. In
particular, they have quantified these results and show that given the current income increase
rate of 6–8%, an increase of gasoline price by 18%–23% is needed to counteract income
effects for one year. Finally they mention that a minimum of 30% of gasoline tax rate is
needed to achieve the goal of reducing gasoline consumption and thus of GHG emissions, and
that this taxation level is politically hardly acceptable. This is in accordance with (IPCC,
2014a), which points out that only a sustained increase of price signals is likely to affect
significantly transport-related carbon emissions.

2.2.2 The mobility-control measures as complementary policies to carbon pricing
A direct implication from the above review is that, under a “carbon-price-only policy”,
substantial mitigation in the transportation sector can be reached only through very high
carbon prices. This diagnosis is confirmed by the last IPCC assessment report (IPCC, 2014a)
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which continues the reflection by suggesting the recourse to a suite of policy instruments to
gain large emissions reductions. Indeed, the concerns raised by the political acceptability and
the economic consequences of such high carbon prices lead to consider the role of
complementary measures that aim at controlling transport-related carbon emissions through
specific actions on their determinants.
Number of measures can be envisaged to decrease the carbon intensity and/or the energy
intensity determinants of carbon emissions, but all of them are submitted to constraints
limiting their efficiency (see section 2.1.1, and Yan and Crookes, 2009 for the specific case of
China). For instance, the development of electric or hydrogen vehicles would need dedicated
and coordinated policies to encourage their diffusion and override the technological barriers
(Hao et al., 2014b, Han et al., 2014, Yuan et al., 2015). It can consist of basic research and
R&D (to foster the batteries’ improvements in terms of autonomy and safety), infrastructure
deployment (e.g., able to provide the necessary density of charging stations) or pricing
incentives (able to move forward the date at which such alternative types of vehicles would
become cost-effective at large scale)85. Furthermore, note that energy intensity standards86
(like fuel efficiency or carbon emissions standards) prove to be an effective way of reducing
transportation emissions (IPCC, 2014a) and help to overcome private agent’s partial
information and imperfect foresight when making vehicle purchase decisions. However, even
if standards have proven efficient to foster the diffusion of more carbon efficient vehicles,
their potential effect may be limited at more stringent constraints. Indeed, in absence of clear
price-signals, saturation of efficiency potentials in mature fleet and the slow renewal of
vehicle fleet, particularly in developing countries, may be obstacles to appraise the long-term
benefits in terms of energy savings (Waisman et al., 2013).
Moreover, the obstacles faced by the technological solutions lead naturally to consider
specific measures on the “behavioral” determinants of transport-related emissions, i.e. on the
volume and structure of mobility. These latter are highly dependent upon the spatial
organization of the economy, so that without specific measures, economies and China in
particular face the risk of lock-ins in very carbonized transportation pathways (IPCC, 2014, a,
b). In fact, to reduce the overall demand for transportation, some degree of reorganization of
85

This also depends, in the electric case, on the rhythm of decarbonization of electricity generation.
It is worth noting that China has adopted strict fuel economy standards since 2005. This has induced a
significant reduction in the fuel consumption of the new automobile fleet (the rate has decreased by 15%
between 2005 and 2009) (He et al., 2013).
86
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firm’s production/distribution process and households’ patterns of consumption and lifestyles
is necessary (McKinnon, 2010; Piecyk and McKinnon, 2010; Bristow et al., 2008). Both are
closely dependent upon infrastructure deployment, spatial planning policies and their
interaction with mobility policies when they exist (De Vos and Witlox, 2013; Su et al., 2014).
Concentration of production units and their location with respect to consumption areas are
decisive determinants of the volume and modes of freight transport (Pan et al., 2013, Tian et
al., 2014). Moreover, the necessity to access to essential activities, particularly to commute
for work purpose represents a strong constraint on household’s mobility demand. These points
are strongly correlated with the spatial organization of human settlements, and particularly
with the development patterns of urban areas. In China, the expansion of the urban area in
major cities has doubled during the period from 1997 to 2009 (Shen and Zhou, 2014), the
urban population ratio has increased from 26% in 1990 to 50% in 2010 and is expected to
continue increasing over the next decades (Chen and Song, 2014). Many econometric studies
have demonstrated that energy consumption and CO2 emissions from transport are correlated
with population density or other more precise city morphological indicators (city shape,
accessibility to public transport, etc) (Mindali et al., 2004; Bento et al., 2005; Grazi et al.,
2008; Le Néchet, 2011). Several case studies discuss the hypothesis of the compact city as a
sustainable urban form (Holden and Norland, 2005; Muniz and Galindo, 2005) and the
association between automobile dependence (or emissions) and land use planning and
regulations (Newman and Kenworthy, 1996; Glaeser and Kahn, 2010). Aware of that, the
“China Ministry of Housing and Urban–Rural Development” has published in 2010 a
document called ‘‘Urban Comprehensive Transportation System Planning Procedure” that
will serve as a legal requirement for the development of urban and transportation planning, it
requires in particular that both transportation system planning and urban general planning
need to be coordinated (Su et al., 2014). For instance, transit-oriented development strategies
that encompass reflections about residential, employment, and shopping facilities
localizations can encourage the recourse to low carbon transportation modes, and thereby
provide the double benefice of reducing car dependence and preventing urban sprawl
(Newman and Kenworthy, 1996; Cervero, 2004; Olaru et al., 2011). Furthermore, the
reduction of the use of LDVs (light duty vehicles) represents a major challenge, particularly in
China (IEA, 2009). A large and diverse mix of policy measures must be implemented to
restrain them, by focusing on land use patterns, public transport options as well as pricing
policies (IPCC, 2014,a, b). For instance, parking managements, dedicated bus lanes, possibly
in combination with a vehicle access charge for LDVs, can strongly help shifts towards public
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transport (Creutzig and He, 2009). The implementation of such policies in China has already
proven their effectiveness. Indeed, when comparing Shanghai and Beijing, two similar cities
(in terms of affluence level, culture and population (Hao et al., 2011), we observe that
Shanghai is three times less dependent on LDVs than Beijing (IPCC, 2014a). Shanghai has
indeed implemented number of measures to restrain the use of LDVs (setting expensive
license auctions, building few new roads and investing massively in public transport
network), whereas Beijing has built an extensive network of high capacity expressways and
until recently, didn’t do much to restrain vehicles use or ownership87. Moreover, many other
policy strategies can help reducing the volume of energy intensive mobility like for instance
improving traffic managements (Barth and Boriboonsomsin, 2008), better truck routing
systems (Suzuki, 2011) or weather high-speed rail to substitute for short-distance air travel
(e.g. the Beijing to Shanghai line). More generally, complementary policies should include
infrastructure policies, fiscal policies, land-use policies, building regulations and other
policies affecting how buildings are designed, but also industrial policies and other
regulations that affect how firms locate, etc. In addition to such policies dealing with physical
infrastructure elements, more soft policies should also be considered, those using information
and communication technologies such as dynamic ride sharing, smart real-time information to
find parking space, demand-responsive para-transit services or replacing physical mobility by
telecommunications (Cairns et al. 2004; Anable et al., 2005; Cairns et al., 2008; Santos et al.,
2010)88.
As a result, to gain large emissions reductions, a mix of policy instruments is required,
including a voluntarist reorientation of investments and greater support for innovation. Note
that voluntary schemes towards public modes in particular cannot but be associated with
policies that affect households and firm locations89 (Shalizi and Lecocq, 2009).
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Beijing has recently put in place measures to restrain the use of vehicles: forbidding the car use one day per
week since 2008 and limiting the number of new license plates issued each year since 2011 (Santos et al., 2010;
Hao et al., 2011). Such measures have proven to substantially reduce C02 emissions (Zhang et al., 2014a).
Furthermore, Beijing Municipal Government has released in 2013 a “Clean Air Action Plan 2013-1017”
document to control on-road vehicles emissions. (Zhang et al., 2014b) demonstrate that such traffic control
policies play a significant role in mitigating urban vehicle emissions.
88

For what concerns the more efficient use of vehicles, recent programs have estimated the contribution of ecodriving behaviors (International Transport Forum, 2007) and find that they can contribute to a 10% reduction of
fuel demand (Barkenbus, 2010).
89

notably land-use policies, fiscal policies to control land markets etc.
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3

Modeling the transport-energy-economy nexus of mitigation costs

3.1 Energy-economy models and the transportation sector:
The points made above are by no means new discoveries and were already evident when
climate emerged as a major issue in the late 80s. The two oil shocks have revealed indeed that
even significant energy prices’ increases have limited impacts on transportation volume, fuel
consumption or emissions and that transportation respond to other drivers. One could then
expect that modeling frameworks developed to assess the costs of climate policies would have
embarked the specificities of the transportation sector through joint frameworks between
energy, transportation and urban dimensions (Hourcade, 1993). However, the overwhelming
majority of energy-economy-environment (E3) models conventionally used to assess
mitigation costs reveal a methodological lock-in towards a focus on energy at the detriment of
an explicit representation of transport dynamics. Indeed, most of them don’t encompass a
detailed representation of infrastructural and behavioral changes, nor the link between urban
forms and mitigation. They have a limited ability to assess behavioral changes resulting from
structural developments and impacting on modal breakdown or journey avoidance 90 (IPCC,
2014a). These limitations may impact their results and make their estimates for transport
conservative (Pietzcker et al., 2013); furthermore they imply considering carbon price as the
only driver of decarbonizing economies (Waisman et al., 2013). However, the transportation
sector is of course not absent from these models91 but most of them still lack an explicit
representation of the non-price drivers and lifestyles (recent steps in this direction include
(Anable et al., 2012) and (Brand et al., 2012).
Schafer (2012) offers an overview of the state of the art of transportation representations in E3
models, and calls for the introduction of behavioral change into these models. This means in
particular bridging a gap between (i) bottom-up technology-rich models, which rely on
exogenous trends of transportation demands, and therefore have no endogenous evolution of
modal choices or mobility volumes, and (ii) top-down macroeconomic models, which
conventionally represent the transportation sector in nested CES (constant elasticity of
substitution) production functions, so that demand changes are exclusively price-induced.
90

Note that this concerns exclusively E3 models, and that sectoral transportation models deal explicitly with
these issues (but at the expense of measuring transport emissions reductions with respect to the amounts that
other sectors could contribute (IPCC, 2014a)).
91

They can be run under various assumptions about, e.g., degree of optimism about the date at which costeffective electric vehicles will be available, or shape of the demand function for transportation services.
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Moreover, none of these two types of models can account for the “rebound effect” following
technology improvement nor for the “induced demand effect” following infrastructure
development.
We adopt the E3 model Imaclim-R (Waisman et al, 2012), which belongs to the family of
models trying to bridge the gap between bottom-up and top-down models and to introduce to
various extent non-energy and non-price drivers of transportation dynamics.

3.2 IMACLIM-R: an energy-economy modeling framework to illustrate the role
of transport in long-term socio-economic trajectories
In the context of mitigation policies and their cost assessment, in order to distinguish the role
and the potentials offered by the transportation sector in the assessment of the long-term
Chinese socio-economic trajectories, we use the hybrid dynamic general equilibrium model
IMACLIM-R.
This global and multi-sector92 model describes dynamic trajectories in one year step over the
whole 21st century through the recursive succession of top-down annual static equilibria and
bottom-up dynamic modules (Figure 1).
Each year, at date t, short-term static equilibria between demand and supply of goods, capital
and labor are resolved providing a snapshot of the economy: relative prices, wages, output
levels in value, physical flows, capacity utilization and profit rates for each sector, as well as
savings and allocation of investments among sectors.
These static equilibria outputs are then sent as inputs to the dynamic modules that are sectorspecific reduced forms of technology-rich models. These dynamic modules assess the reaction
of technical systems to the sent economic signals and send back new input-output coefficients
to the static model that will use them to compute the next year equilibria (at date t+1).
Note that IMACLIM-R adopts a “putty-clay” representation of technical choices (Johansen,
1959), in that they modify only at the margin the input-output coefficients and the labor
productivity that are embodied in the existing equipment and that result from previous
technical choices. This “putty-clay” modeling choice allows representing the inertia in
92

The global version of the IMACLIM-R model that used in this thesis divides the economy in 12 regions—
USA, Canada, Europe, OECD Pacific, Former Soviet Union, China, India, Brazil, Middle East, Africa, Rest of
Asia, Rest of Latin America—, and 12 productive sectors—Coal, Crude Oil, Natural Gas, Refined products,
Electricity, Construction, Agriculture and related industries, Energy-intensive Industries, Air Transport, Sea
Transport, Other Transports, Other industries and Services. In addition IMACLIM-R includes transportation
with personal vehicles and non-motorized transport.

184

technical systems and in particular allows giving a realistic representation of the reaction of
technical systems to the economic signals volatility.

Figure 35 Figure 1: Recursive and modular architecture of the IMACLIM-R

Furthermore, IMACLIM-R relies on an endogenous technical change framework where costs
of equipment and production techniques are linked to their cumulative production via
learning-curves. Thus, the technical progress is driven by cumulated effect of economic
choices over the projected period and can be interpreted as encompassing both R&D and
learning-by-doing.
The demand for fuels (oil refined products) arises from production sectors and households’
consumption. The evolution of this demand is obviously linked to the general level of the
economic activity, but its ability to adjust to oil price variations is highly impacted by inertias
on (i) the renewal of equipment and (ii) on technical progress in the three major oilconsuming sectors (industry, residential and transport).
To ensure a robust description of the economy in consistent money values and physical
quantities (Sands et al., 2005), IMACLIM relies on ‘hybrid matrices’ (Hourcade et al., 2006)
and allows in particular representing the material and technical content of the economy. This
dual description guarantees that (i) the projected economy relies on a realistic technical
background (informed by expert views or sectoral analyses) and conversely, that (ii) any
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projected technical system corresponds to realistic economic flows and consistent sets of
relative prices93.

3.3 IMACLIM-R and the representation of the transportation sector dynamics:
The hybrid general equilibrium model IMACLIM-R offers a framework that helps
disentangling the role of transport in long-term socio-economic trajectories and the potentials
offered by specific measures on this sector for mitigation costs.
In climate policy analysis, the dual approach adopted by this model (see section 3.2) is crucial
for energy goods to represent explicitly their carbon-to-energy ratio (Malcolm and Truong,
1999). Thus, since the transportation sector is another key sector for climate and energy
security issues, the model has extended this dual representation to transport by adopting an
explicit representation of passenger and freight mobility (expressed in passenger-km and tonkm respectively).
This section describes the way this sector and its dynamics are represented in the IMACLIMR model.
3.3.1 Passenger mobility demand: a result of households’ utility maximization program

IMACLIM-R is a general equilibrium model where a representative household (representative
consumer) maximizes its utility function under an income budget constraint and a travel time
budget constraint. The existence of two budget constraints in addition to the originality of the
arguments of this utility function94 allow capturing the induction of final demand by technical
change and infrastructure policies, especially in the energy and transportation sectors.
Households maximize their utility through a tradeoff between consumption goods and
mobility services. More precisely, they derive utility from:
93

The GTAP-6 dataset, which provides a set of balanced input-output tables of the world economy in 2001, has
been modified to aggregate the tables according to the IMACLIM-R mapping in 12 regions and 12 sectors, and to
make them fully compatible with the 2001 IEA energy balances and data on mobility from (Schäfer and Victor,
2000).
In addition, let us notice that the used version of IMACLIM-R for this Thesis is calibrated on GTAP-6 and not
on a more recent database. A new calibration would certainly modify some numerical results, but it is not likely
to modify the trends of the results and in particular the time profile of the policy costs because they are very
closely linked to the structure of the model.
94

None of the five energies considered IMACLIM-R are taken as arguments of the utility function. Indeed, final
energy consumptions don’t directly provide utility to households, they are considered as intermediates necessary
to provide mobility and residential energy uses. Note that the expenditures due to final energy consumptions
affect the equilibrium of the economy and agents’ welfare since they are cut from the real disposable income.
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The consumption of goods i above its minimum level Ci  Ci(0) . The “goods”
consumed are those produced by the agriculture, industry and services sectors.



Mobility services above their minimum level Sm  S m(0) . The basic needs of mobility

Sm(0) measures constrained mobility (i.e. the minimum level that households have to
satisfy, mainly for commuting).
The utility function is thus written as:
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Where parameters ξi and ξm are the elasticities of utility to the level of goods’ consumption
and of mobility service respectively.
To provide the mobility service, four transportation modes are considered:


Terrestrial public transport95



Air transport



Road transport (private vehicles)



Non-motorized transport (walking and biking)

These modes are imperfect substitute because of regional particularities and mostly because
of the differences in amenities delivered by each of them. They are thus nested in a constant
elasticity of substitution (CES) function. The aggregate mobility service Sm is defined as a
composite of passenger.km in the four transportation modes under consideration:
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 modes j  b j  




1
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(2)

Where  is the elasticity of substitution between the modes, and bj are mode-specific
parameters.
Households’ transportation decisions are constrained by:
(i) A standard income budget constraint (3)

95

“Public transport” includes both urban public transports (buses, metros… etc.) and inter-city trains because the
model does not differentiate between inter- and intra-city trips.
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This constraint captures that transport-related expenditures enter into a tradeoff with the
consumption of other goods and services Ci paid at price pi. The mobility services
provided by public and air transport modes are paid at their end-use prices, p public and pair
respectively96, whereas private modes, that are auto-produced by households, involve only
the purchase of liquid fuels or electricity97 that are respectively paid at prices pliquid and
cars
cars
pelec . Given  liquid
and  elec
, the unitary consumptions of liquid fuels and electricity per

unit of distance (passenger.km), the income constraint can be written as:
cars
cars
Disposable Income   pi  Ci  p public  pkm public  pair  pkmair   liquid
. pliquid   elec
. pelec  pkmcars
i

(3)

(ii) A travel time budget constraint (4)
As it has been observed empirically, this constraint represents the regularity in travel time
budget across time and space. Number of studies demonstrates indeed that at an aggregate and
average level, households allocate a fixed amount of time to transportation, regardless of
transportation costs (see for example Zahavi and Talvitie, 1980; Bieber et al., 1994;
Vilhelmson, 1999; Schafer and Victor, 2000)98. In particular Zahavi (1979, 1980) and later
van Wee et al. (2006), using samples of cities in developed and developing countries observed
that a traveler spend between 1.1 and 1.3 hours per day in transports. Here, we follow Zhang
et al. (2007) who studied the concept of travel time budget stability for China: we consider
that a Chinese traveler assigns a constant amount of its time Tdisp equal to 1.1h per day to
transport99.
This time constraint plays with the households’ demand for transportation services as well as
the modal share between the four modes considered, it can be written as:

96

These prices include fuel, capital and Operating & Maintaining costs.

97

Fixed costs associated to car ownership are considered in households’ investments and do not enter into this
consumption tradeoff.
98

Controversies can be found in the literature, like for example in Mokhtarian and Chen (2004). However, even
them, they support the existence of a constant travel time budget when the level of aggregation is sufficiently
high.
99

For the sake of simplicity and given the level of aggregation considered here, we assume that this time
constraint governs both intra and inter-city trips, and that it concerns rural areas as well as urban ones.
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pkm j

Tdisp 

 

Modes j

0

du
v j (u )

(4)

Where v j  u  measures the marginal speed of transportation mode j (i.e. the speed for an
additional passenger-kilometer). For each mode j, this speed v j  u  is linked to congestion
effects and can be written as a function of the utilization rate of transportation capacities
Captransportj as captured by figure 2: the higher the utilization rate, the lower the effective
speed of the mode and the higher congestion.

Figure 36 Figure 2. Marginal speed and the utilization of the transportation infrastructure

capacity (Subscript j denotes the transportation mode j)

This curve is specific to each mode with, for example, very strong effect for road passenger
transport and conversely very little effect for rail passenger transport.
This representation is an extrapolation, at a high aggregated level, of the “macroscopic
fundamental diagram” that gives a relation between vehicle traffic fluxes and traffic density
(speed and infrastructure capacity) at the scale of a large transportation network (Geroliminis
and Danganzo, 2008).
The form chosen is:
vj  xj  

v j0
a  x j  1


pkm j
with x j  
 Captransport
j
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Parameters values are calibrated such that:
(i)

v0 equals 700, 80 and 50 km/h for air, cars and public transport respectively.

(ii)

v j 1  v1 that equals 5km/h for all modes.

(iii)

the households maximization program results in observed data on mobility and
budget shares per mode for the calibration year 2001.

Important stylized facts of passenger mobility can be captured thanks to this twofold
constraint structure:


The rebound effect on mobility due to energy efficiency improvements: More
efficient vehicles trigger lower households’ fuel expenditures and thus free up
resources to increase the overall consumption, and the mobility demand in particular.
The budget constraint (3) allows indeed capturing this effect and shows that higher
disposable households’ income allows an increase of all goods and services
consumption, including demand for transportation.



The induction effect of infrastructure deployment on mobility demand: For a given
transportation mode, the deployment of new additional infrastructures increases the
capacity of the corresponding network and decreases the congestion constraint100. The
average speed allowed by the available infrastructures is thus higher and the
passenger.kilometers in that mode are less time-consuming. This allows households to
increase their overall travel demand within their time budget constraint (4).



The modal distribution between different modes: The four considered modes (air,
road, public and non-motorized) are explicitly differentiated according to their (i)
costs, (ii) provided mobility service measured by their average speed, and (iii) the
availability of infrastructures that determine congestion levels. Effective modal
distribution then results endogenously from a tradeoff within the twofold constraint:
income budget (3) and travel time budget (4).



The constrained mobility induced by firms’ and households’ localization choices:
This concerns daily travels that households have no choice but to realize to satisfy
specific travel purposes (essentially commuting and shopping). They are exogenously
represented by the basic needs parameter Sm(0) in equation (1).

100

Obviously, the marginal effect of infrastructure deployment depends on the shape of the congestion curve
(Figure 2).
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Note that from all this appear a positive feedback loop in the transportation sector between
technical choices, households’ modal choices and overall mobility demand.
3.3.2 Freight mobility demand: a result of a Leontief representation
In IMACLIM-R, production functions of all the sectors take the form of Leontief
specifications, with fixed equipment stocks and fixed intensity of labor, energy and other
intermediary inputs in the short-term101. This means in particular that, at a given point in time,
the freight transportation intensity of production is measured by input-outputs coefficients

IC j ,Sec , which define a linear dependence of freight mobility in a given mode j to production
volumes of sector Sec. The higher the production volumes, the higher the freight mobility
demand.
Three freight transportation modes are considered: air, water and terrestrial transport. The
latter includes both trucks and rail modes because of data limitations. The two modes
correspond indeed to a single aggregated sector in the GTAP 6 economic accounting matrixes
used for the IMACLIM-R calibration (Dimaranan and McDougall, 2006).
This freight mobility representation via input-output coefficients of production captures
implicitly two important features that drive the modal breakdown and the intensity of freight
mobility needs:
(i) The

spatial

organization

of

the

production

processes

in

terms

of

specialization/concentration of production units
(ii) The constraints imposed on distribution in terms of distance to the market and just-intime processes
Furthermore, the input-output coefficients IC j , Sec evolve in time102 to capture changes in:
(i) The energy efficiency of freight vehicles
(ii) The logistic organization of the production/distribution processes
(iii)The modal breakdown

101

These Leontief specifications (with fixed inputs per unit of production) are nevertheless characterized by
flexible utilization rates of installed production capacities.
102
They evolve in a “putty-clay” modeling way (see section 3.2)
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3.3.3 Energy efficiency in the transportation sector
3.3.3.1 Transportation technologies within the private motorized mobility:

Within the personal vehicles market, three types of technologies are represented:


Internal combustion engine standard (ICE_std)



Efficient internal combustion engine (ICE_eff)



Electrical vehicles (EV)103

The description of these transport technologies remains at a rather aggregated level to
facilitate the dialogue with the top-down macroeconomic description. Each technology is
specified as a set of:
(i)

Capital cost, which decreases endogenously in function of learning-by-doing
process. We use learning curves to represent induced technical change; they
link decrease in capital cost to the cumulative sale of a given technology.

(i)

Operating and maintaining (O&M) costs, that are considered as variable costs
and modelled as a quantity of composite sector consumed per unit of travelled
distance, and finally

(ii)

Energy intensity.

The energy consumption (in liters of gasoline equivalent by kilometer, lge/km) is related to
conventional gasoline and diesel, but also to biofuels and synfuels as Coal-to-Liquid fuel
(CTL) or electricity. Instead of having specific car technologies for each liquid fuel type,
those are supposed to be mixable with refined oil. This means that non-electrical vehicles can
run equally well on a blend of CTL, biofuel or diesel/gasoline. Note that we don’t explicitly
take plug-in Hybrid vehicles into account, and that only Electric vehicles consume
electricity104.
cars
Energy efficiency in private vehicles is measured by the evolution the parameters  liquid
and
cars
in equation (3), which result from households’ decisions on the purchase of new
 elec

vehicles among the three types of technologies. These decisions are based on a mean cost
103

Electric vehicles represent implicitly all types of vehicles that use electricity as service provider, including
fuel cells and hydrogen vehicles.
104

We could have a representation of Hybrid vehicles (efficient and/or standard ones), but since the purpose is
mainly focused on final energy consumptions behind (entailed by) the private motorized mobility demand, the
three technologies representation is enough.

192

minimization criterion under imperfect expectations. More precisely, the dynamic of the
evolution of these energy efficiency parameters is the following:
Each year, an endogenous motorization rate (number of personal vehicle per capita) is
computed as a region specific function of personal income. Its income elasticity varies in
function of income levels (Dargay et al, 2007): For low per capita incomes, the elasticity is
maintained at a low level (0.3) because poor people rely essentially on non-motorized modes
and public transport; at middle per capita income levels (from 5000$ to 30000$), the elasticity
is set at 2 to capture the acceleration of the access to private motorized mobility (motorization
grows twice as fast as income); finally, at the highest levels of per capita income (comparable
to those of the OECD), the elasticity decreases progressively to represent equipment
saturation (it is assumed in particular that the motorization rate never exceeds the current US
value which equals to 0.7 vehicle per person). Numerical values for this income elasticity are
adjusted from the SMP Model (Fulton and Eads, 2004)105.
Based on this motorization rate, fleet depreciation is explicitly considered and derived from
the described vintaged car stocks and lifetimes. Sales are calculated as the sum of total
equipment increment and the number of down run cars. They are then allocated amongst the
different technologies as follows:


Households associate a complete life cycle cost (LCC) to each technology taking into
account its capital cost, energy intensity, electricity and liquid fuel prices (including
all taxes as well as an hypothetical carbon tax), O&M costs, the annual average
travelled distance and a discount rate106.



Market share of a given technology is then computed through a logit function on
LCCs in order to avoid a market concentration in the most competitive vehicle and to
account for heterogeneous consumers’ preferences as well as for the diversity of cars
(Horne et al., 2005).

Finally, taking into account that only a small part of the fleet is replaced each year, the
regional energy intensity parameters of the fleet are then calculated as a mean on all operating
car vintages.
105

China moves through all the steps’ revenue (low, middle, and high) along with the whole century. Each step
revenue period depends on the scenario considered. For example, in the BAU scenario of this study, China has
low per capita income from 2010 to 2020, then a middle per capita income from 2020 to 2085 and finally, it has
a high per capita income from 2085 to 2100.
106

We use a 13% discount rate, which reflects consumers’ aversion to invest in more expensive but more
efficient technologies, unless the financial payback time is short. Consistently with Imaclim-R simulation
philosophy, a high discount rate represents actual consumers’ perception rather than optimal economic choices.
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Note that energy efficiency improvement is thus encompassed at a macroeconomic scale in
the sense that a growth of fuel prices induces a natural direction of households towards more
energy efficient vehicles.
3.3.3.2 Energy efficiency for freight transportation:

Unlike the private vehicle case, energy efficiency for freight transportation is not represented
through explicit technologies but is captured through the evolution of Leontief coefficients.
For each freight transportation mode (water, air and terrestrial transport), input-output
coefficients measure the energy requirement for the production of final transportation goods.
Their evolution is driven by an exogenous trend but also by a short-term fuel price elasticity
(for example, the average fuel consumption of trucks evolves with a (-0.35) price-elasticity).
These coefficients are thus responsive to energy price variations, which allow capturing
endogenous energy efficiency gains, in other words, the incentive for technical progress in
function of market conditions. Furthermore, since the terrestrial transport mode gathers both
road and rail freight transport, this way of modelling allows also capturing the modal shifts
that occur amongst this mode when fuel prices vary.

4

The role of the transportation sector in building a Chinese low carbon
society

4.1 Two alternative visions
In the context of assessing the role of the transportation sector in the necessary Chinese
transformation towards a low carbon society, we consider two illustrative climate policy
scenarios. Their comparison will highlight and allow assessing the role of some targeted
policies for the transportation sector. Both scenarios have the same global stabilization
objective that has been considered in the chapter II of this thesis (Global carbon pricing and
the “Common But Differentiated Responsibilities”): it corresponds to a total radiative forcing
of 3.4W/m2 in 2100107 and leads to an increase of the temperature of 2.5°C with respect to
pre-industrial area. They are constrained by the identical global CO2 emission trajectory108,
107

This objective is intermediate between 2.6 W/m2 and 4.5 W/m2 that are the two more constrained objectives
considered in the last IPCC assessment report (IPCC, 2013) and more broadly in the RCP literature
(Meinshausen et al., 2011) . This target corresponds to the radiative forcing in 2100 from the pathway developed
by IMAGE model in the Energy Modeling Forum 24 study.
108

The emission trajectory is elaborated by using a three-reservoir (atmosphere, biosphere + ocean mixed layer,
and deep ocean) linear carbon cycle model calibrated on the IMAGE model (Ambrosi at al., 2003).
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which corresponds to a carbon emission reduction with respect to the baseline scenario of
24%, 43% and 85% in 2025, 2050 and 2100 respectively109 (figure 3).

45
40
35

GtCO2

30

3.4W/m2 in
2100

25
20

BAU

15
10
5
0

Figure 37 Figure 3. Global CO2 emissions (energy only)

In order to satisfy this climate objective, a CO2 price is endogenously calculated by the model
in each of the two scenarios. Indeed, each year, the model finds the level of carbon tax so that
the increase in the cost of fossil energies triggers a decrease of their use consistent with the
emission constraint. The carbon tax revenues are here recycled in a lump-sum manner within
each region (and thus in China in particular)110.
Even if the carbon prices obtained are different in the two scenarios (see section 4.3), the
reductions that they generate in China - when compared to the baseline- are roughly the same:
on average 39%, 49% and 88% in 2025, 2050 and 2100 respectively.
The two stabilization scenarios are distinguished by the nature of transport-related policies
that are considered or introduced in parallel with the carbon tax.
The first scenario (S1) considers a continuation of current trends in terms of investment
choices driving mobility demand, i.e. no changes with respect to the baseline scenario are
implemented. We assume in particular that:


Constrained mobility ( Sm(0) in equation (1)) evolves proportionally to total mobility Sm .
In order to (i) take into account all basic mobility purposes – such as commuting,

109

The reader can refer to chapter II of the thesis (Hamdi-Cherif & Waisman, 2015) for details about the baseline
scenario and its CO2 emission trajectory.
110

One can find in the literature many other ways of recycling carbon tax revenues that allow reducing the costs
of climate policies (for example using them to protect certain specific activities via the reduction of production
taxes (Hamdi-Cherif et al., 2011), or via the reduction of labor taxes (Guivarch et al., 2011), or whether
encompassing them in more general fiscal reforms (Combet et al., 2010)). But since the purpose of this chapter is
to highlight and assess the potential of the transportation sector in reducing mitigation costs, and for the sake of
simplicity we use here the more standard one.
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shopping and access to services- and (ii) have a proxy to represent the increase of
urban sprawl as households gain better access to increased performance of transport
modes, the ratio of the constrained mobility over the total households’ mobility
demand is set to 50% throughout the century.


The allocation of investments in transportation infrastructure follows modal mobility
demand and is implicitly driven by the objective of avoiding congestion. This means
that for each transportation mode, the construction of infrastructure (road, railways
and airports) follow the increase of mobility demand of this mode (e.g. the more
passenger.kilometer are satisfied by private vehicles, the more roads will be
constructed).



The organization of production/distribution processes remains similar throughout the
period, which means in particular that the freight transport intensity of production
keeps constant (the input coefficient per unit of production remains at its baseline
level). For example, when transportation costs increase due to energy or carbon price
increases, the dependence of the production processes on transport is maintained
constant111.

In the second scenario (S2), the carbon pricing policy is complemented by measures that serve
to control the “behavioral” determinants of transport in the course of the low-carbon
transition. We represent spatial planning policies and changes in investment decisions for
long-lived transport-related infrastructures. These representations are done in a very synthetic
way but encapsulate rich policy packages that are implemented at different spatial scales 112.
The measures affect three crucial determinants of transportation activities that are explicitly
represented in IMACLIM: constrained mobility Sm(0) (equation (1)), transport capacities
Captransportj (equation (4)) and freight transportation intensity of production IC j , Sec (see
section 3.3.2). We assume:


A progressive reduction of households’ basic mobility Sm(0) from 50% of total mobility

Sm in 2020 to 30% in 2050 and after. This is to represent a spatial reorganization at
the urban level (more dense cities) and soft measures towards less mobility-dependent
conglomerations.
111

instead of the increase observed in recent years (McKinnon et al., 2010).

112

A detailed description of the content of these policies can be found in (Santos et al., 2010) for passengers’
mobility and (McKinnon et al., 2010) for freight transportation. The articles cited in the first paragraph of section
2.2 and those of section 2.2.2 also provide case studies of such policy packages
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Shifts in the modal structure of investments in transportation infrastructures favoring
public modes instead of private vehicles113. This is done through a limitation of
building infrastructures for road and air transport, which induces a saturation of the
corresponding transportation capacities (Captransportroad and Captransportair). We
assume a maximum threshold to the mobility offered by these two modes targeted for
China at 3500 pkm/capita and 80pkm/capita respectively.



Reorganizations in production/distribution logistics inducing a decrease of
transportation needs (e.g. improved backloading, more space-efficient packaging,
shorter or more transport-efficient ordering cycles…etc.). This is done through a 1%
yearly decrease of the freight transportation intensity of production (the input-output
coefficient ICTerrestrial _ Transport , Sec ).

The next sections will highlight the role of the transportation sector in the road towards a low
carbon society and will try to disentangle the mechanisms at play in the interaction between
transport and the rest of the economy in this context.

4.2 The transportation sector in low carbon transitions
In all the scenarios considered, CO2 emissions from the Chinese transportation sector peak
around 2045 then decrease continuously until 2090 and follow a plateau during the last 10
years of the century (figure 4, left-hand panel). Despite this decrease, CO2 emissions from
transportation sector in the climate stabilization scenarios represent an important share of
remaining emissions, particularly at the end of the century where they can reach 60% in S1
(figure 4, right-hand panel).
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Figure 4: Chinese CO2 emissions from transportation sector as an index of 2010 level
[left-hand panel];

113

This reallocation of investments is assumed at constant total amount of investments for transportation
infrastructure.
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Share of CO2 emissions from the transportation sector in the total Chinese CO2 emissions
[right-hand panel]

As it is standard in climate analysis, and because the structure of the model allows a detailed
representation of the transportation sector, we decompose the analysis into emissions from
passenger transport and those from fright transport to understand the mechanisms at play
when facing the challenge of transportation sector decarbonization.
4.2.1 Climate policy and the dynamics of Passenger transport
Chinese CO2 emissions from passengers’ transport are significantly increasing during the first
half of the 21st century whatever the transportation mode and whatever the scenario
considered, even under climate policy (Figure 5). But, while the level of these emissions
remain above their 2010 level in 2100 in absence of climate mitigation policy, they become
significantly lower in the stabilization scenarios, particularly when early transport-specific
measures are taken (37% lower in S1 and 72% lower in S2). This last point illustrates the
importance of the transport related complementary measures in the decarboniszation
processes (even when optimistic assumption on technology potentials are taken, e.g. on
electric vehicles).
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Figure 5: Chinese CO2 emissions (in MtCO2) from passengers transport.
Low carbon modes include public transport and non-motorized modes.

Let us notice that these passenger transport emissions come mainly from personal vehicles.
But to go further this observation, and in order to understand more in depth what are the
mechanism at play and the dynamics of these emissions among the modes, the mechanisms
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are decomposed into (i) the evolution of the total passenger mobility per capita, (ii) modal
structure evolution and (iii) vehicle fleet efficiency improvements and/or electrification;
(Volume, Structure and Intensity effects, see section 2.1).
(i) The rapid increase of mobility in the baseline scenario is only moderately affected by the
mitigation policy when the carbon price is used as the sole instrument. The Chinese
passenger mobility per capita is indeed only 7% lower in 2050 and 13% lower in 2100 in
S1 than in the baseline (Figure 6). On the one hand, this weak effect is due to the lowering
of international oil and coal prices (thanks to lower oil and coal demand induced by the
climate policy), which limits the increase of fuel costs. On the other hand, this is also due
to urban organization that constraints mobility for commuting, shopping and access to
services. It is a long-lived organization and hence characterized by strong inertia. Despite a
carbon pricing policy, it can’t be changed overnight 114 and thus limit the decrease of the
passenger mobility. The role of infrastructures is highlighted by the results obtained under
the S2 scenario. The passenger mobility is indeed significantly lower (29% in 2050 and
48% in 2100 than in the baseline) when specific measures triggering an early action in
favor of urban sprawl moderation are implemented.
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(ii)

Figure 6: Total Chinese mobility, in passenger.kilometers per capita

The modal structure of the S1 scenario is similar to the baseline case (Table 1). The

lowering of international oil and coal prices, which partially offset the increase of fuel
costs due to the carbon price, makes motorized modes more accessible. This is then
associated with investments in road infrastructures, which decreases road congestion and in
turn favors the attractiveness of private cars at the expense of other transportation modes.
But if specific measures triggering an early redirection of investments in favor of lowcarbon transportation infrastructures are implemented (S2 scenario), the modal structure
114

Agennt’s imperfect expectations
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becomes very different. We indeed observe a significant shift from personal vehicles to
public and non-motorized transport. One can note that the S2 scenario is also characterized
by a higher share of air transport, even if it remains very small (1.5% in 2100). Indeed,
mobility needs are decreased due the urban structure, and can be satisfied by low-carbon
modes, which releases time and budget to travel by plane.

2010
Pesonal vehicles
Low carbon modes
Air transport
Table 14

(iii)

28%
72%
0.2%

BAU
78%
22%
0.3%

2050
S1
74%
25%
0.4%

S2
60%
39%
0.6%

2100
S1
88%
11%
0.7%

BAU
92%
7%
0.6%

S2
67%
31%
1.5%

Table 1: Transportation modes shares in total Chinese passenger mobility
Low carbon modes include public transport and non-motorized modes.

Finally, we consider liquid fuel consumption of the Chinese personal vehicle fleet per

passenger.kilometer to capture both the increased efficiency of internal combustion
engines (ICE) and the electrification of the fleet through the diffusion of hybrid and
electric vehicles (Figure 7). In the S1 scenario, the carbon price ensures significantly better
vehicle efficiency than in the baseline case, while this efficiency effect is slowed in the S2
scenario. This is because carbon prices are lower in S2 than in S1 case (see section 4.3)
and the fleet turn-over is slower due to lower vehicle use, both effects affecting the
diffusion of efficient ICE and electrified vehicles.
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Figure 7: Liquid fuel consumption of the Chinese personal vehicle fleet per passenger.kilometer
(As an index of 2000 level)
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This analysis illustrate that depending on the measures that are adopted, the determinants of
CO2 emissions reductions trends can be very different. We find indeed that under a “carbon
price only” policy (S1), the major effect is due to the diffusion of energy efficiency in
vehicles, whereas modal shifts towards low-carbon modes coupled with mobility reduction
measures play a dominant role.
4.2.2 Climate policy and Freight transportation
Even when a climate policy is implemented, total emissions from freight transport increase
significantly in the first half of the century: they increase as fast as in the baseline case but are
on average 20% lower (Figure 8, left-hand panel). The two emission trajectories (S1 and S2)
then decrease continuously over the long-term and start to be really distinguished from 2060.
Under carbon-price-only policy (S1), emissions are 58% lower than their baseline level in
2100, while they are 75% lower when complementary policies are implemented.
Maritime and air freight transport emissions are only moderately affected by the climate
policy in the first half of the century (13% and 11% lower than the baseline emissions
respectively in S1 and S2, figure 8, right-hand panel). They are much more affected in the
second period (respectively 59% and 63% lower than the baseline emissions in 2100) due to
lower freight mobility needs in parallel with less overall economic activity and less trade
(because of higher international transport prices induced by the carbon price).
However, one can note that emissions from freight transport come mainly from inland freight
that represent on average 85% of freight emissions (figure 8, right-hand panel). The reduction
of emissions from inland freight is faster under the S2 scenario and leads to a level of
emissions that is 50% lower than their level in S1. Note that the difference is critically
explained by the freight transportation input per unit of production in S2 and S1.
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Figure 8: Total Chinese CO2 emissions from freight transportation (as an index of 2010 level)
[left-hand panel];
CO2 emissions from Inland freight and Other freight (MtCO2) [right-hand panel]
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(Inland freight includes heavy-duty-vehicles and rail freight; Other freight aggregates maritime and air
freight transportation)

To go further these observations, and to better understand what are the different determinants
of emissions reduction in the freight transportation sector, let us proceed like for emissions
from passenger transport: we decompose the mechanisms into (i) Volume, (ii) Structure and
(iii) Intensity effects.
(i) Under constant freight transportation input per unit of production (S1), freight transport
activity is significantly reduced with respect to the baseline case (figure 9), particularly on
the long-term (29% lower in 2100). Indeed, the carbon pricing policy induces a contraction
of the economic activity and the Chinese energy intensive industrial production in
particular (see chapter II), as well as structural change towards less transport-intensive
activities (e.g. services).
In the S2 scenario, the economic activity is less reduced due to lower levels of carbon
prices (see section 4.3). Despite this, the freight transport activity is nevertheless
significantly lower, particularly over the long-run (52% lower than the baseline case in
2100). This is due to the constraint imposed on firm’s freight mobility needs in the
production/distribution process. Indeed, implementing early action towards adjustments on
logistic organization and optimization of vehicles’ use, decrease the transport intensity of
these processes and hence induce a significant lower volume of freight mobility needs.
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(ii)

Figure 9: Chinese freight transportation activity (ton.kilometers).

The modal structure of the freight transportation is the same in all the scenarios

considered. Obviously, as we could expect from the modal distribution of emissions (figure 8,
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right-hand panel), the freight transportation activities are almost entirely ensured by the inland
freight over the whole century (Table 2).
2010

2050

2100

BAU

S1

S2

BAU

S1

S2

Inland freight

94%

97%

97%

97%

98%

98%

98%

Other freight

6%

3%

3%

3%

2%

2%

2%

Table 15

(iii)

Table 2: Transportation modal structure of Chinese freight

Finally, similarly to the case of passenger transport, we consider liquid fuel

consumption per ton.kilometer performed in order to capture the increased efficiency of
Chinese heavy-duty-vehicles (HDV). Since inland freight transportation is responsible for
more than 85% of emissions from freight and account for almost all the freight activity, we
indeed focus on the energy efficiency gains of this “sector” (i.e. we will not look at energy
efficiency gains of the maritime and air transportation).
Energy efficiency gains are similar in the three scenarios, with an average of 0.7% annual
increase over the period 2010-2100 (Figure 10). This means that the climate policy doesn’t
induce significant improvements in terms of energy efficiency of the inland freight
transportation. However, we observe that these gains are a little bit more important in the S1
scenario than in S2, particularly during the last twenty years (e.g. liquid fuel consumption of
HDV are 8% lower in S1 than in S2), due to the lower carbon prices of the S2 scenario.
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Figure 10: Inland freight transportation liquid fuel consumption per ton.kilometer

This analysis illustrates that the major determinant of CO2 emissions reduction in the Chinese
freight transportation sector is the volume of inland freight mobility needs.

Hence,
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implementing early actions towards a reorganization of production/distribution processes (e.g.
a concentration of production units as well as their location with respect to consumption
areas) plays a major role for mitigations policies.

4.3 Beyond carbon pricing:
infrastructure policies

Chinese

macroeconomic

implications

of

We finally analyze in this section how the implementation complementary policies to carbon
pricing, namely specific measures to control mobility, affect the Chinese economy in its
transition to a low-carbon future.
When we look at emissions reductions in the three main Chinese emitting sectors (Table 3),
we find significantly different pictures under the two mitigation scenarios. In the S1 scenario,
the transportation sector has the lowest decarbonization rate, with even continued increasing
emissions during the first half of the century despite the mitigation policy. This means that
without specific measures towards reducing mobility, decarbonization efforts bear mainly on
non-transporttaion sectors (electricity and industry). Under the S2 scenario, Table 3 shows
lower values of emissions variations for transport and higher for electricity and industry. This
illustrates that the “transportation policies” increase the contribution of the transportation
sector to mitigation efforts and allow the other main emitting sectors to slow their
decarbonization effort.

Table 16

2010-2050 2050-2100
S1
2.2%
-2.8%
Transports
S2
1.8%
-3.4%
S1
-2.7%
-3.0%
Electricity
S2
-2.3%
-2.3%
S1
-0.3%
-6.5%
Industry
S2
-0.1%
-6.2%
Table 3: Mean annual emissions variations (negative for reductions and positive for increases)

Furthermore, one can note that the carbon intensity of the Chinese liquid fuels is significantly
lower in the S2 scenario than in the S1 case (15% lower in 2050 and 30% lower in 2100, as
captured by figure 11). This is explained by the penetration of the Coal-to-Liquid (CTL) fuels
in the S1 scenario and its absence in the S2 case due to lower mobility needs.
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Figure 11: Carbon intensity of the Chinese liquid fuels as an index of 2010 level

As a consequence, the carbon price path necessary to respect the global emissions trajectory is
lower in S2 than in S1 (Figure 12, left-hand panel), witch induces reductions of the
macroeconomic mitigation costs (Figure 12, right-hand panel).
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Figure 12: Path of carbon prices (in [constant 2001] U.S. dollars/tCO2) [left-hand panel];
GDP variations between stabilization and reference scenario [right-hand panel]

In S1, when no specific measure to accompany the carbon pricing policy is implemented, very
high CO2 prices are necessary in the second half of the century to comply with the stringent
emission constraint (e.g. 1400$/tCO2 in 2085). As explained in chapter I and II, these very
high prices are mainly linked to the transportation sector since (i) all the other sectors have
already made substantive cuts in their emissions, (ii) an important fraction of the Chinese
population gains access to fossil fuels intensive road-based mobility and (iii) because this
sector is particularly weak sensitive to price signals. Furthermore, the recourse to such high
price levels can be explained by (i) the inertia of infrastructures, location choices, and urban
forms embedded in the model, and (ii) by the important rebound effect of mobility (Waisman
et al., 2013). These very high carbon prices allow reaching significant emissions reductions –
we indeed observe a reduction of total Chinese emissions by 50% in 2050 and by 86% in
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2100 with respect to the baseline emissions- but they lead to important macroeconomic costs
(Figure 10, right-hand panel). The lack of change in infrastructure and associated demand
dominate the mitigation costs that can exceed 30% of the baseline GDP.
In S2, when the carbon pricing policy is complemented by transport-specific measures that
favor low-carbon modes and lower mobility needs, carbon prices are on average 18% lower
until 2050 and 25% lower over 2050-2100. The higher decarbonization of the transportation
sector allows indeed CO2 prices to be significantly lower and thus the associated
macroeconomic costs to be significantly reduced too (Figure 12): long-term mitigation costs
are reduced by 5 points in 2050 and by 10 points in 2100 when compared to S1 scenario’s
costs. Indeed, lower carbon prices and less passenger mobility needs induce a decrease of
households’ energy expenditures dedicated to transport (Table 4). The reduction of
households’ transport spending releases budget for other goods enhancing their purchase
power and the production. This contributes to lower the unemployment, increase real wages
and again enhance the households’ power purchase and the production which helps the
Chinese economy to perform better.

BAU
S1
S2
Table 17

5

2020
2%
2%
2%

2050
6%
6%
3%

2070
7%
6%
4%

2100
2%
3%
1%

Table 4: Share of energy expenditures dedicated to transport (fuels for cars) in the total
households’ budget

Conclusion

Chinese economic development goes hand in hand with (i) a growth of the production that is
accompanied with an increase of the freight transport, and (ii) an enriched population and
fast-growing urbanization that induce increasing demand for passenger transport (notably an
increase of the motorization rate). Given the high reliance of transport on oil products, its
increasing energy demand and CO2 emissions, the transportation sector is a crucial sector for
China, particularly regarding energy security and climate change issues. In its attempts to
have a sustainable development, the transportation sector is indeed particularly challenging
for China. To avoid important “lock-ins” in carbon-intensive pathways, especially given the
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high coal availability (to produce Coal-To-Liquid fuels) and the important life span of
infrastructures (cf. the great ability of China to develop roads), China has to redouble its
efforts with voluntary schemes promoting mobility growth control. In particular, specific
transportation infrastructure policies and urban planning should be encouraged, since they can
provide major contributions to mitigation.
This paper investigates the role of passenger and freight transportation activities in the
transition to a low carbon Chinese society. A particular attention is given to specific measures
designed to control the growth of mobility. It is an attempt to quantify the impact of urban
voluntary policies on Chinese mitigation costs. This is done by adopting the EnergyEconomy-Environment model IMACLIM-R, which represents explicitly the transportation
sector, including its non-price determinants (infrastructures and spatial organization), and
captures its interactions with rest of the economy through a general equilibrium framework.
Transport proves to be the sector for which carbon emissions are the more difficult to reduce.
It thus represents a dominant share of remaining emissions in the long-term when ambitious
mitigation objectives are set. Because of its weak reactivity to price increases, very high
levels of carbon prices are needed in the second half of the century to reach low mitigation
targets. We find indeed that they can reach 1400$/tCO2 by the end of the century.
But we find that controlling mobility growth allows limiting these effects by offering
mitigation potentials independent of carbon prices. This study considers three potential
sources of mobility moderation: (i) urban reorganization lowering the constrained mobility
(i.e. mobility for commuting and shopping), (ii) infrastructure deployment favoring lowcarbon modes (essentially public transports) and (iii) changes in logistics organization driving
lower freight mobility intensity of production/distribution processes. These measures allow
significant reductions of carbon price levels (on average 25% lower over 2050-2100) and
hence help limiting the macroeconomic costs of the mitigation policies (e.g. long-term
mitigation costs are reduced by 5 points in 2050 and by 10 points in 2100).
However, one has to keep in mind that these conclusions rely on an aggregate level of
description. Indeed, the used modelling framework does not represent explicitly the
underlying policy measures adopted at different scales to trigger these evolutions, like for
example land planning, explicit transportation policies or fiscal policies (e.g. De Vos and
Witlox, 2013, Su et al., 2014). This means that this study does not enter into the discussion
about the detailed policy instruments to be combined, although this discussion is particularly
crucial for the transportation sector, since a wide range of factors drives mobility calling thus
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for fine adjustments of different policies and measures. Albeit in a general equilibrium
framework that allows capturing interactions between transportation and other important
sectors of the economy, this means also that we ignore some potentially important indirect
effects of these policies beyond the transportation sector, like for instance those affecting real
estate markets. Indeed, acting on transport behaviors may drive land price changes with a
potentially important effect on household’s purchase power and location decisions.
Despite these limitations, our results seem to be robust since they are consistent with findings
of a large literature that highlight the importance of transportation infrastructure policies and
urban planning in the mitigation processes (IPCC, 2014 a, b, for the aggregate level; e.g. Han
and Hayashi, 2008; Loo and Li, 2012; He et al., 2013; Yuan et al., 2015 for the specific
Chinese case). Hence, our results allow us to conclude that further investigations on the
synergies between carbon pricing schemes and a wide set of spatial and housing policies
aimed at controlling mobility needs are critical to set in place efficient energy policies,
especially when considering ambitious climate mitigation strategies. Further investigation of
these questions and with associated issues such as welfare and distributional impacts, goes
along with further development of the modeling approach to capture in detail the crucial
synergies and co-benefits between economic, social and environmental objectives.
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This thesis contributes to the on-going effort of assessment of the consequences of climate
policies in China, in support to political negotiations towards an enhanced climate action. Beyond
the comprehensive assessment of climate mitigation costs, the thesis allows (i) exhibiting the
mechanisms underlying these costs in the short-term and in the long-term, and thus (ii) revealing
levers that might be used to reduce them. In order to drive China’s transition towards an
innovative development pathway while reaching its INDC target, a wide range of policies and
measures will be needed. The thesis provides principles to frame the implementation of climate
and energy policies that could help the transition to a low-carbon economy, consistent with the
challenges raised in the “green growth policies” announced in the 12th Five Year Plan, and also
raised by the shift towards a “new normal” that China seems to undertake. Our findings can be
summarized in four points:

-

The ambiguous effects of global price instruments

This thesis discussed the controversial issue of whether or not global prices are appropriate
instruments to tackle energy security and climate stabilization. This is an impressive case of the
‘implementation gap’ between real practices and the recommendation by the economic theory of
carbon prices as the most efficient way of addressing the climate externality. The modeling
exercises conducted in this thesis thus tested the economy-wide price instruments to change
agents’ behaviors in various economic activities.
The results confirms unsurprisingly that price instruments can trigger the deep changes required
under energy and climate constraints, but that, to do so, they might have adverse effects on the
Chinese economy. The main reason is that, under imperfect foresight on future energy prices and
final demand for goods and services, carbon prices have to be very high to provide the right
incentives apt to induce the desired redirection of investments. Low or moderate carbon prices do
not prepare the Chinese economy to future oil shocks that may occur in the course of the century;
this is specifically due to the lock-in in oil dependency in particular because of the access of an
increasing fraction of the Chinese population to road-based mobility. When considering a global
carbon price high enough to reach an ambitious stabilization target (+2.5°C with respect to preindustrial level) we find that it entails significant socio-economic costs throughout the century.
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Thus global price signals, if they are used alone, will entail significant economic downturns that
make climate policies hardly acceptable for China. This calls for the introduction of investment
incentives that depart from pure market price signals and that incorporate long-term views on
resource and climate through a strong political will.

-

Complementary local policies

The Chinese demand for energy resources is expected to grow significantly in the future, which is
notably due to the rapid growth of urbanization, stock of motor vehicles and energy intensive
industries (like power generation, steel and cement). Facing the double challenge of oil depletion
and climate change, local policies are thus of the most importance for the economic sustainability
of China and the deployment of the so called INDCs. Aware of this situation, the Chinese
government has already announced and undertaken numbers of measures in crucial sectors for
energy and climate issues (as part of the Five Year Plans). The complexity is to implement local
measures in sectors faced with behavioral biases (e.g. imperfect foresights on future prices) and
technical inertias. The modeling exercises conducted in this thesis help to identify some key
challenges for their design regarding long-term sustainability objectives.
A frequent confusion in policy debates arises from the fact that sectoral measures, because they
lower climate mitigation costs, are often named “negative costs options”. The historical origin of
this negative cost concept is the debate on the abatement potentials on the energy demand (See
the 3rd IPCC report). Because these options should be adopted anyway, their existence is
questioned by many economists who argue that the ‘efficiency gap’ is mostly due to
unobservable but real transaction costs in the purchase, usage and maintenance of these
technologies. To avoid this debate it is better to frame these sectoral policies in terms of
alignment between climate policies and development policies. They can indeed be seen as
opportunities that help anticipating the future of energy resources and reduce the vulnerability of
the economy to energy system changes on the short-term as well as on the long-term. They are
necessary because, even in the presence of carbon prices, short-term market prices might pass a
wrong information about future economic conditions and fail to accelerate technical change
towards low-energy and low-carbon Chinese economy in due time. A typical set of
complementary measures concerns sectors like buildings and transportation since, because of
their inertia, it is necessary to curb down their emissions trends as early as possible, without
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waiting for the emergence of a clear price signal. In line with the “green growth policies”
announced (and launched for some of them) in the 12th Five Year Plan, sectoral measures should
not be limited to energy efficiency, but also include infrastructure policies that affect the structure
of socio-economic interactions and its exposure to energy and climate constraints (Li and Wang,
2012; Waisman et al., 2014). As concerns the crucial energy and carbon intensive transportation
sector, given its weak price sensitivity, specific measures to control mobility growth are therefore
necessary, especially in the Chinese urban areas that are growing very quickly and characterized
by rapidly increasing motorization rates. The results have highlighted the necessity of very high
carbon prices to curb transport related emissions and the induced drastic slowdown of economic
growth over the long-run. However, the core of these costs can be avoided if the deployment of
infrastructures favoring sustainable cities and low-transport production systems starts in the early
phase of the climate policy. Indeed, early investments in critical infrastructures could (i) avoid
long-term technological and behavioral lock-ins into high carbon emissions pathways, and (ii)
allow for gaining development and environment co-benefits.

-

Evolution of the Chinese fiscal system

In addition, the results have also highlighted significant short-term socio-economic tensions when
a global mitigation policy is implemented. This is due to the necessary steep increase of the
carbon price at the beginning of the policy in order to have a signal strong enough to redirect
investment choices towards low-oil/carbon patterns. These short-term transition costs obviously
go along with significant unemployment issues, which can create high social and political
obstacles for the implementation of a climate policy. Therefore, in order to promote an inclusive
growth with green policies, the Chinese government could consider the implementation of fiscal
reforms based on the carbon tax revenue recycling. “Carbon revenues” could be used for instance
to lower labor or production taxes which would offset the short-term increase of energy prices
and foster employment during the carbon transition. This would enhance income, consumption
and living standards, and hence increase the social and political acceptability of carbon pricing
policies. The logic of these findings is consistent with the double dividend literature but in a very
different context. Likewise China finds itself at a crucial moment in terms of bifurcation
concerning technological and consumption development pathways, China faces the critical
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bifurcation issue of the type of welfare state that will be implemented in a context of emerging
middle classes. The question is indeed whether China will finance its healthcare and pension
systems from production, like developed countries have proceeded, or will use pollution
taxation?

-

Towards a policy mix to tackle long-term sustainability issues

The Chinese “green growth policies” announced in the 12th Five Year Plan state implicitly that
china has to maximize synergies between competitiveness, energy security and environmental
sustainability. The analyses conducted in this thesis identify challenges that require a policy mix
that resorts to a plurality of instruments. This mix of policy instruments to tackle the twofold
challenges posed by resource scarcity and climate change must be designed to benefit from
potential synergies between both objectives. The analysis of the medium-term effect of a carbon
pricing policy has showed the potentials for co-benefits of carbon control measures. It can act as
a hedging strategy against the scarcity of oil reserves and ensures an environmentally friendly
society.
Furthermore, a key finding of this thesis is the importance of the time sequencing of policy
instruments. They must be a major concern when designing the policy mix to ensure a sustained
action throughout the century. On the one hand, price instruments have an immediate effect and
the implementation of fiscal reforms - based on the recycling of carbon tax revenues- generates
their co-benefits on the short-term. On the other hand, policies targeting long-lived infrastructure
involve a gap between their implementation and their ultimate effects. This is why early
investments in transport infrastructures to support climate action are required to ensure that they
generate benefits in the middle of the century. They then become crucial to control transportrelated emissions due to the increasing access to oil-based mobility.

Methodological conclusion
These conclusions have been built upon IMACLIM-R, a Computable General Equilibrium model
designed to represent energy-economy interactions for climate measures assessment. The
modeling framework adopted in this thesis constitutes a methodological advancement that allows
226

widening the discussions about climate policy to the investigation of issues raised by
development and energy policies under carbon constraints. In particular because it captures
important elements of a second-best setting, inertia constraints and imperfect expectations, under
non optimal exploitations of production factors (labor, capital), as well as behavioral
determinants of energy consumption patterns. This work opens the way for further research in
echo with modeling developments aimed at improving the representation of some specific
aspects:
-

To capture more in depth the crucial role of sectoral measures, the global model IMACLIM-R
could be improved to represent more explicitly infrastructure networks and behaviors
associated to the building and transport sectors. This means in particular incorporating an
explicit representation of mechanisms related to urban dynamics and production structure
with a more precise description of location decisions and transport choices than with the
current stylized description, including explicit modal choice for constrained mobility and
logistics organization in line with available transport infrastructures.

-

To go further into the assessment of the effects of infrastructure policies under energy and
climate constraints, a particular attention should also be given to the funding of low-carbon
infrastructures. Indeed, the redirection of investment yet needs specific devices. Hourcade
and Shukla (2013) building upon Hourcade et al. (2012) show the crucial role of organizing a
“low-carbon finance” able to generate a sufficient amount of capital and to direct them
towards the funding of low carbon infrastructures. IMACLIM-R could be improved by
representing explicitly all determinants of capital allocation. This would help analyzing the
conditions of investments’ allocation in accordance with energy sustainability objectives.

Finally, it is worth noting that to go further in adressing the low-carbon energy transition in China
in its full socio-economic complexity, a country versoin of the model, grounded on the
IMACLIM modelling platform, should be developed to capture more precisely all structural and
technical specificities of the Chinese economy. In particular, the development of a new hybrid
IMACLIM-China model, designed to integrate technical and economic analysis, would enable
capturing explicitly specific aspects that are particularly relevant in the Chinese context:
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(i) detailed sectoral disaggregation, which would notably allow investigating the structural
aspects of the industrial transition and competitiveness issues.
(ii) urbanization processes, which are crucial drivers of the energy and material demand over
the next decades, including a refined description of the transportation sector
(iii) different classes of households, which would allow analyzing inequality and income
distribution issues.
(iv) a particular attention will be given to the modelling of savings and their orientation in the
economy, notably towards low-carbon investments. This would allow analyzing savings as a
lever to trigger sustainable growth (Hourcade et al., 2015).
(v) and finally air pollution dimensions to assess co-benefits of climate policies.
Such a model would enable to build consistent storylines for China that go further in the analysis
of development and energy related issues under climate constraint.
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This Supplementary Material is an online document that supplements the paper “Global carbon
pricing and the “Common but differentiated responsibilities-The case of China”. It provides
extensive description of the Imaclim-R model used to support the analysis of the paper (section
A), before detailing the equations of the static equilibrium (section B), the Nexus describing
technical change in the energy sector (section C), and the data defining the calibration date and
‘natural’ growth drivers (Section D).

A- The Imaclim-R model: rationale and description
The IMACLIM-R model is a recursive, dynamic, multi-region and multi-sector Computable
General Equilibrium (CGE) model of the world economy115. It describes growth patterns in
second best worlds (market imperfections, partial uses of production factors and imperfect
expectations) through a hybrid and recursive dynamic architecture.

A.1. A growth engine with gaps between natural and effective growth
IMACLIM-R incorporates exogenous assumptions of regional labour productivity growth and
active population growth (see section D.2), which determine the exogenous ‘natural’ growth
rate116. Effective growth rates are endogenously driven by labour allocation across regions and
sectors at each point in time, given relative productivities and short-term rigidities (capital stock
inertia, frictions in reallocating labour and wage rigidity). Aggregate capital accumulation is
controlled by exogenous saving rates like in Solow (1956), and IMACLIM-R represents investment
decisions under imperfect foresight. At a given date, agents have limited information about the
future and shape their expectations on the basis of past and current trends (adaptive expectations).
Under such semi-myopic foresight, installed capital resulting from past investment decisions may
not be adapted to future economic settings. However, it cannot be renewed overnight due to
115

The version of the IMACLIM-R model used in this study divides the world in 12 regions (USA, Canada, Europe,
OECD Pacific, Former Soviet Union, China, India, Brazil, Middle-East, Africa, Rest of Asia, Rest of Latin America)
and 12 sectors (coal, oil, gas, liquid fuels, electricity, air transport, water transport, other transport, construction,
agriculture, energy-intensive industry, services & light-industry).
116

A large strand of literature has emerged after Solow (1956) that traditionally represents growth trajectories on the
basis of this “natural” growth rate, which boils down to representing the global economy as characterized by a
unique composite production sector operating at full employment.
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inertias and acts as a constraint on the adaptability to variations of economic conditions (activity
levels and prices).

A.2. A recursive and modular architecture to endogenize technical change
The general equilibrium model IMACLIM-R endogenizes the rate and direction of technical change
by representing the bottom-up impact of investment decisions on the deployment of technical
systems. The consistency of the top-down/bottom-up conversation is guaranteed by a hybrid
structure representing the economy in money values and physical quantities (Hourcade et al,
2006). This dual accounting, following the Arrow-Debreu axiomatic (Arrow and Debreu, 1954),
ensures that the projected economy is supported by a realistic technical background (in the
engineering sense) and, conversely, that projected technical systems correspond to realistic
economic flows and consistent sets of relative prices. In climate policy analysis, this approach
has for long been claimed as crucial for the energy goods to represent explicitly their carbon-toenergy ratio (Malcolm and Truong, 1999; Sands et al., 2005). IMACLIM-R extends it to
transportation as another key sector of climate analysis.
A recursive structure then organizes a systematic exchange of information between a top-down
annual static equilibrium providing a snapshot of the economy at each yearly time step, and
bottom-up dynamic modules informing on the evolution of technical parameters between two
equilibria (Figure 1).

Figure 47

Fig1. The recursive and modular structure of the Imaclim-R model
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The annual static equilibrium determines relative prices, wages, labor, value, physical flows,
capacity utilization, profit rates and savings at date t as a result of short term equilibrium
conditions between demand and supply on all markets, including energy. Utility-maximizing
households base their consumption choices on both income and time constraints; the former is the
sum of wages, capital returns and transfers, whereas the latter controls the total time spent in
transportation. Firms adapt their-short term production considering fixed input-output
coefficients (the average of techniques embodied in their capital stock) and decreasing static
returns when capacity approaches saturation117. They determine their prices with a margin rate
over production costs (mark-up) to capture the effect of imperfect competition118.
Total demand for each good (the sum of households’ consumption, public and private
investments and intermediate uses) is satisfied by a mix of domestic production and imports 119.
All intermediate and final goods are internationally tradable. Domestic as well as international
markets for all goods are cleared (i.e. no stock is allowed) by a unique set of relative prices and
this determines the utilization rate of production capacities 120. The equilibrium values of all
variables are sent to the dynamic modules to serve as a signal for agents’ decisions affecting
technical coefficients at t+1.
The dynamics of the economy is governed by endogenous descriptions of capital accumulation
and technical change, given the exogenous ‘natural’ growth assumptions. Each year, regional
capital accumulation is given by firms’ investment, households’ savings, and international capital
flows121. On that basis, the across-sector distribution of investments is governed by expectations

117

Following (Corrado and Mattey, 1997), decreasing returns reflect the higher labor costs associated to extra-hour
operations, costly night work and increasing maintenance works when capacity approaches saturation.
118

The mark-ups are exogenous except in energy sector where they are endogenous to reflect (a) the market power of
fossil fuel producers (b) specific pricing principles in the power sector (e.g., mean cost pricing), and (c) the different
margins over the three inputs for liquid fuels production (oil, biomass, coal).
119

For non-energy goods, we adopt Armington specifications (Armington, 1969) to capture the partial
substitutability between domestic and foreign goods, while physical accounting for energy goods (in MToe) makes
them fully substitutable.
120

The partial utilization rate of production capacities allows representing operational flexibility through early
retirement of those capacities which, although installed, are not used for actual production because not competitive in
current economic conditions.
121
In absence of explicit interest rate, we assume a gradual correction of current imbalances, as a standard proxy for
the complex determinants of international capital flows in energy forecasting exercises (Edmonds et al, 2004; Paltsev
et al., 2005).
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on sector profitability and technical conditions as described in sector-specific reduced forms of
technology-rich models (referred to as Nexus modules and extensively described in section C.).
The Nexus modules represent the evolution of technical coefficients resulting from agents’
microeconomic decisions on technological choices, given the limits imposed by the innovation
possibility frontier (Ahmad, 1966). They embed a) sector-based information of economies of
scale, learning-by-doing mechanisms and saturation in efficiency progress, and b) expert views
about the asymptotes on ultimate technical potentials, the impact of incentive systems, and the
role of market or institutional imperfections. The new investment choices and technical
coefficients are then sent back to the static module in the form of updated production capacities
and input-output coefficients to calculate the t+1 equilibrium.
This structure comes to adopt a standard putty-clay representation with fixed technical content of
installed capital, which allows distinguishing between short-term rigidities and long-term
flexibilities (Johansen, 1959).

A.3. Labor market representation
In each static equilibrium, producers operate with a fixed input of labor per unit of output. This
labor input, corresponding to labor productivity, evolves between two yearly equilibria following
exogenous trends of labor productivity (see Table SM.4).
Three of the model features explain the possibility of under-utilization of labor as a production
factor, and thus of unemployment. First, rigidity of real wages, represented by a wage curve
(equations SM.9 and SM.10), can prevent the wages falling to their market-clearing level. Put
another way, the wages are adjusted instantaneously to the economic context in the static
equilibrium, but not in an optimal manner. Second, in the static equilibrium, the fixed
technologies (Leontief coefficients even for labor input) prevent substitution among factors on
the short run. And third, the installed productive capital is not mobile across sectors, which
creates rigidities in the reallocations of productions between sectors when relative prices change.
No endogenous mobility of workers between regions is allowed in the model. Thus twelve
separate labor markets are represented.
We chose to model labor markets imperfections through an aggregate regional wage curve that
links real wage levels to the unemployment rate. This representation is based on theories
developed in the 1980s and early 1990s, in which an aggregate wage curve, or wage setting
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curve, is the primary distinguishing feature (an overview can be found in Layard et al., 2005;
Lindbeck, 1993; or Phelps, 1992). The novel approach of these models, when introduced, was to
replace the conventional labor supply curve with a negatively-sloped curve linking the level of
wages to the level of unemployment. The interpretation of this wage curve is given either by the
bargaining approach (Layard and Nickell, 1986) or the wage-efficiency approach (Shapiro and
Stiglitz, 1984). Both interpretations rely on the fact that unemployment represents an outside
threat that leads workers to accept lower wages when the threat is important. The bargaining
approach emphasize the role of workers (or unions) power in the wage setting negotiations,
power that is weakened when unemployment is high. The wage-efficiency approach takes the
firms' point of view and assumes that the firms set wage levels so as to discourage shirking; this
level is lower when the threat of not finding a job after being caught shirking gets higher. The
wage curve specification allows the theories to be consistent with both involuntary
unemployment and the fact that real wages fluctuate less than the paradigm of the conventional
flexible labor supply curve predicts. Micro-econometric evidence for such formulation was given
in a seminal contribution by (Blancflower and Oswald 1995).
There remain important uncertainties about the values to assign to the elasticity of wages level to
unemployment and to the underutilization of the labor force at the calibration date. By default, we
assume all regions labor markets are identical and set the underutilization of the labor force at
10% and the wage curve elasticity at -0.55 for all regions (This is a value emerging from many
econometric studies, e.g. see (Blanchflower and Oswald, 1995), (Blanchflower and Oswald,
2005)). But, it is uncertain enough to justify a sensitivity analysis of our model's results, which
will be done in future researches, but already have been done in other modeling exercises using
the IMACLIM-R model (see Guivarch et al., 2011).

A.4. A specific treatment of the transport sector
The potentials of the IMACLIM-R structure have been exploited to make explicit the specifics of
the transport sector and its impact on energy demand. This sector, vital for economic and human
development, is characterized by a strong path dependency of options, by the influence of nonenergy determinants in the collective and individual behaviors (for example the spatial setting via
location choices of both firms and households) and by the dependence upon long-lived
infrastructure investments.
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The IMACLIM-R model represents the specific role of i) the attractiveness of alternative modes
influencing the modal choice of individuals, ii) households’ mobility needs constraining average
distances of travel and commuting, and iii) the spatial organization of production determining
freight transport needs:
i. The relation between transportation infrastructure, mobility demand and modal choices is
captured in the maximization of households’ utility where saturation of infrastructures cause
speed decreases when normal load conditions are exceeded. Then, investments in transport
infrastructures determine the efficiency of the different transport modes and, hence, the
allocation of travel time budget across modes of different efficiencies.
ii. The utility demand for mobility is dependent upon agents’ localization choices through
households’ constrained mobility for commuting and shopping (Grazi et al., 2008). It does so
through a “basic need’ level which is not directly sensitive to fuel prices variations but rather
capture location and infrastructure constraints (residential areas, work centers, transport
infrastructures), including urban policies aimed at limiting urban sprawl.
iii. The freight transport content of production processes is represented by explicit inputoutput coefficients. The absence of decoupling between production and transport (constant
input-output coefficient) corresponds to pursuing current trends of transport-intensive
production; in alternative scenarios we also consider a progressive decrease of the freight
content of production in a way to represent changes in producers’ choices on the supply
chains, relocation of production infrastructures (more vertically integrated, and spatially
closer to markets) and a moderation of “just-in-time” processes.

B- Equations of the static equilibrium
We distinguish between endogenous variables (marked in bold) and fixed parameters of the static
equilibrium at date t. For the sake of readability, indexes i and j are used for sectors, and index k
is reserved for regions.

B.1. Table of variables
Table SM-1 details the list of variables calculated by the static equilibrium.
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Table 18

Variable name

Table SM-1: Variables of the static equilibria.

Description

Income k

Households total revenues in region k

transfers k

Transfers from States to households in region k

pk,i

Production price of good i in region k

pCk,i

Final consumption price for households for good i in region k

pGk,i

Final consumption price for States for good i in region k

pIk,i

Price for investments for good i in region k

pICj,i,k

Intermediate consumption price for sector i for good j in region k

pindk

Households final consumption price index in region k

wpi

International price of good i

pkimp
,i

Import price of good i in region k

wk,i

Unitary salary in sector i in region k

Wk,i

Increasing cost factor in sector i in region k

Qk,i

Volume of production of good i in region k

Ck,i

Households final consumption volume of good i in region k

S k,mobility

Households’ demand for mobility services

pkmk,mode

Passengers.kilometers travelled per mode (air transport, public
transport, private vehicle, non motorized mode) in region k

Ik,i

Volume of good i purchased for Gross Fixed Capital Formation
(Investment) in region k

zk

Unemployment level in region k

M k,i

Volume of imports of good i in region k

Xk,i

Volume of exports of good i from region k

Xi

Volume of the international market of good i
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Table 19

Table SM-1 (continued): Variables of the static equilibria.

Variable name

MSkX,i
/ dom
shareCkimp
,i
/ dom
shareGkimp
,i

/ dom
shareI kimp
,i
/ dom
shareICkimp
,i

Description
Market share of exports from region k in the international market of
good i
Imports (/Domestic production) share in households final
consumption of good i in region k
Imports (/Domestic production) share in States final consumption of
good i in region k
Imports (/Domestic production) share in investments of good i in
region k
Imports (/Domestic production) share in sector i intermediate
consumption of good j in region k

NRBk

Net regional savings of region k

GRBk

Gross regional savings of region k

InvFink,i

Investment allocated to sector i in region k

pCapk,i

Price of one unit of productive capital in sector i and region k

DCapk,i

New productive capital in sector i and region k
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B.2. Table of parameters
Table SM-2 details the parameters, which are fixed in each static equilibrium and are modified in
the recursive framework by dynamic modules

Table 20 Table SM-2: Parameters of the static equilibria.
Parameter name

Description

Gk,i

States final consumption of good i in region k

ICj,i,k

Sector i intermediate consumption of good i in region k

Lk

Total active population in region k

lk,i

Quantity of labour per unit of output in sector i in region k

awk,i

Wage curve parameter for sector i in region k

π k,i

Markup rate in sector i in region k

ptck

Households propensity to spend (one minus saving rate) in region k

divk,i

Share of profits in sector i in region k given as revenues to households

bnk,i

Basic need of consumption of good i in region k



Mean consumption of energy Ei per passenger.kilometer by car in region k

cars
k , Ei

 km, Ei2

Mean consumption of energy Ei per square meter of residential buildings in region k

Tdispk

Total households travel time in region k

Capk,i

Productive capacity of sector i in region k

Captransportk,j

Total capacity of transport mode j in region k

taxkw,i

Labour tax rate in sector i in region k

taxkM,i

Tax rate on imports of good i in region k

taxkX,i

Tax rate on exports of good i from region k

taxkdomC
,i

Tax rate on households final consumption of domestic production of good i in region k

taxkimpC
,i

Tax rate on households final consumption of imports of good i in region k
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21 Table SM-2 (continued): Parameters of the static equilibria.
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Parameter name

Description

shareExpKk

Share of gross regional savings of region k exported to the international ‘pool’ of capital

shareImpKk

Share of the international ‘pool’ of capital imported in region k

shareInvFink,i

Share of net regional savings of region k allocated to sector i

β j,i,k

Quantity of good j necessary to build one unit of productive capacity of sector i in region
k

nitkit,i

Transport need in mode it for imports of good i in region k

S
kC,i , k,i

Parameters of the utility function

bk,mode

Calibration parameters for the constant elasticity of substitution function giving the
transport service in function of passengers.kilometers per mode in region k

s 1
, with s the elasticity of substitution of the function giving the transport
s
service in function of passengers.kilometers per mode in region k


ηk
wrefk,i

Salaries at calibration date in sector i in region k

pindrefk

Households final consumption price index in region k at calibration date

zrefk

Underutilization of the labour force at the calibration date for region k

ρk,i

 

σk,i
b

dom

1


Armington elasticity for good i in region k
,b

θi

imp

Calibration parameters for Armington expression for good i in region k

 

1 


λi

Armington elasticity in the international market for good i

ψ k,i

Calibration parameter for Armington expression for exports of good i from region k in the
international market ‘pool’

kimp
,i

Parameter for the expression of the imports (/Domestic production) share in households
final consumption of good i in region k

 kX,i

Parameter for the expression of the market share of exports from region k in the
international market of good i
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B.3. Core equations of the static equilibrium
Income formation

Incomek 



Ωk,i  w k,i  lk ,i  Q k,i 

sectors i



divk ,i   k ,i  p k,i  Q k,i  transfers k

(SM-1)

sectors i

Governments’ budget

 taxes  

G k ,i  pG k,i  transfers k  InvInfra k

sectors i

The sum of taxes corresponds to the total of tax revenues, i.e. the tax rates (parameters) applied to
the taxable amounts (often endogenous in the equilibrium).
Utility maximisation
 
 kS, j
 kC,i 

U k Ck , S k     Ck,i  bnk ,i    S k,mobility  bnk , mobility 
 goods i






(SM-2)
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(SM-3)

Income constraint

ptck  Incomek 



pCk,i  Ck,i 

sectors i



Energies Ei

m²
m²
pCk,Ei   pkmkcars   kcars
(SM-4)
, Ei  S k   k , Ei 

Travel time budget constraint
Tdispk 



means of transport j

pkm k,j


0


u
 k, j 
 Captransport
k, j



 du ,


(SM-5)

where j represents the marginal efficiency in transport time (the time necessary to travel an
additional passenger.kilometer with mode j) :
 k , j ( x )  ak , j  x

ktransk , j

 bk , j .

(SM-6)
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The first order conditions give N+S equations, with N the number of consumption goods and S
the number of mobility services, and add two unknowns, the Lagrange multipliers for both
constraints.
Sector budget (supply curve)

pk,i =



sectors j

pIC j,i,k  IC j ,i ,k  Ω k,i  w k,i   lk ,i  (1  taxkw,i )   k ,i p k,i

(SM-7)

 Q 
Ω k,i  Ω  k,i  represents an increasing cost (or decreasing returns) function of the productive
 Capk,i 

capacities utilisation rate. The functional form for  is:



Q 
Ωk,i  a  b  tanh  c  1 

 Cap  


(SM-8)

Labor market (wage curve)

zk  1 

wk,i
pind k

 awk ,i 



lk ,i  Qk,i

sectors i

(SM-9)

Lk

 z 
f k 
pindref k
 zref k 
wref k ,i

(SM-10)

Equilibrium constraints on physical flows
imp
imp
imp
M k,i  shareCk,i
 Ck,i  shareG k,i
 Gk,i  shareI k,i
 I k,i  [



imp
Q k,j  ICiimp
, j , k  shareIC i,j,k ] (SM-

sectors j

11)

dom
dom
Q k,i  shareCdom
k,i  Ck,i  shareG k,i  Gk,i  shareI k,i  I k,i  [



Q k,j  ICi , j ,k  shareICdom
i,j,k ]  X k,i

sectors j

(SM-12)
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Investment formation



NRBk  GRBk  (1- shareExpK k )    GRBk'  shareExpKk '   shareImpKk
 countries k '


GRB k  Income k   1 - ptck  



sectors j

 k , j  p k, j  Q k, j  1  divk , j 

InvF in k,i  N R B k  shareInvFin k,i

 

pCapk,i 

j ,i , k

sectors j

ΔCapk,i 



I k,j 

(SM-13)

(SM-14)

(SM-15)

 pI j,i,k 

(SM-16)

InvFink,i

(SM-17)

pCapk,i

 j ,i ,k ΔCap k,i

(SM-18)

sectors i

B.4. Intermediate variables for international trade
Armington goods
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(SM-19)

(SM-20)
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 k ,i

shareC

dom
k,i



pCk,i
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i

p k,i  (1  taxkdomC
) 
,i


(SM-21)
 k ,i

shareC

imp
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pCk,i
  1  bkdom
,i   imp
impC 

p k,i  (1  taxk ,i ) 


(SM-22)

Similar equations to (SM-19)–(SM-22) are valid for public consumptions, investments and
intermediate consumptions.
imp
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Energy goods
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dom
imp
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(SM-27)

(SM-28)
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imp
shareCdom
k,i  t   1  shareC k,i  t 

(SM-30)

Similar equations to (SM-27)–(SM-30) are valid for public consumptions, investments and
intermediate consumptions.
imp
pk,i
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countries k
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C- The dynamic modules of IMACLIM-R
The purpose of this section is to describe the Nexus of IMACLIM-R, which determine technical
change through the evolution of production costs and end-use equipments. We start, in section
C.1, by describing the evolution of the constraints on fossil fuel production (oil, coal, gas) before
turning to energy transformation (liquid fuels and electricity) in section C.2. Finally, we turn our
attention in section C.3 to the technical coefficients driving final energy consumption in both
stationary uses (industry and residential uses) and non-stationary uses (freight and passenger
transportation).

C.1. Modelling primary supply of fossil fuels
C.1.1 Oil supply
The ‘oil supply’ Nexus embarks three crucial specificities of oil supply:
(a) a small group of suppliers benefits from a market power.
(b) the geological nature of oil reserves imposes a limited adaptability of oil supply.
(c) uncertainties on the technical, geopolitical and economical determinants of oil markets
alter agents' expectations. The assumption of perfectly optimizing atomistic agents, which
remains a useful analytical benchmark, fails to provide a good proxy for the oil economy.
We distinguish seven categories of conventional and five categories of non-conventional oil
resources in each region. Each category i is characterized by the amount of ultimate resources122
(0)

Q  ,i and by a threshold selling price above which producers initiate production, p (i) . This price

is a proxy for production costs and accessibility.
Each oil category is submitted to geological constraints (inertias in the exploration process and
depletion effects), which limit the pace of expansion of their production capacity. In line with
(Rehrl and Friedrich, 2006), who combine analyzes of discovery processes (Uhler, 1976) and of
the “mineral economy” (Reynolds, 1999), we impose, at each date t, an upper bound

Capmax (t , i) on the increase of production capacity for an oil category i:

122

Ultimate resource of a given category is the sum of resources extracted before 2001 and recoverable resources.
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 b ( t t )



i
0,i
1
Capmax (t , i) bi . e

 b ( t t )
Cap(t , i)
1  e i 0,i





(SM-36)

The parameter bi (in t-1) controls the intensity of constraints on production growth: a small (high)
bi means a flat (sloping) production profile to represent slow (fast) deployment of production
capacities. The parameter t0,i represents the date at which production capacities of the concerned
oil category are expected to start their decline due to depletion effects. It is endogenous and
varies in time since it depends on the amount of oil remaining in the soil given past exploitation
decisions.
The production decisions of non-Middle-East producers are those of ‘fatal producers’ who do not
act strategically on oil markets and invest in new production capacity if an oil category becomes
profitable given the selling oil price poil . They develop production capacities at their maximum
rate of increase in eq (SM-36) for least-cost categories ( p oil  p ( 0 ) ( i ) ) but stop investments in
high-cost categories ( p oil  p ( 0 ) ( i ) ). If prices continuously increase, production capacities of a
given oil category follow a bell-shape trend, whereas their deployment profile passes through a
plateau if prices decrease below the profitability threshold.
Middle-East producers are ‘swing producers’ who fill the gap between fatal producers’ supply
and global oil demand. The stagnation and decline of conventional oil in the rest of the world
temporarily reinforces their market power and they can control the time profile of oil prices
through the utilization rate of production capacities (Kaufmann et al, 2004). They can decide to
slow the development of production capacities down (below the maximum increase given by eq
(SM-36)) in order to adjust the oil price according to their rent-seeking objective.
Total oil production capacity at date t is given by the sum over oil categories with different
production costs (captured by different p(0) (i) threshold). This means that projects of various
merit orders coexist at a given point in time, consistently with the observed evidence 123 and
theoretical justifications124.

123

For example, low-cost fields in Saudi Arabia and high-cost non-conventional production in Canada are
simultaneously active on oil markets.
124

(Kemp and Van Long, 1980) have indeed demonstrated that, in a general equilibrium context, the lowest-cost
deposits are not necessarily exploited first. (Holland, 2003) even demonstrates that least-cost-first extraction rule
does not hold in partial equilibrium under capacity constraints, like those envisaged for geological reasons here.
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C.1.2 Gas supply
The evolution of worldwide natural gas production capacities meets demand increase until
available reserves enter a depletion process. Distribution of regional production capacities in the
‘gas supply’ Nexus is made using an exogenous distribution key calibrated on the output of the
POLES energy model (LEPII-EPE, 2006), which captures reserve availability and regional
production facilities. Gas markets follow oil markets with a 0.68 elasticity of gas to oil price. This
behavior is calibrated on the World Energy Model (IEA, 2007) and is valid as long as oil prices
remain below a threshold poil/gas. At high price levels reflecting tensions due to depletion of
reserves, gas prices are driven by production costs and the increased margin for the possessors of
the remaining reserves.

C.1.3 Coal markets
Unlike oil and gas markets, cumulated coal production has a weak influence on coal prices
because of large world resources. Coal prices then depend on current production through
elasticity coefficients. To represent the asymmetry in coal price response to production
variations, we consider two different values of this elasticity, η+coal and η-coal , the former (latter)
corresponding to a price reaction to a production increase (decrease). Tight coal markets exhibit a
high value of η+coal (i.e the coal price strongly increases if production rises) and low value of η-coal
(the price decreases only slightly if production drops).

C.2. Energy transformation
C.2.1 Liquid fuels
The ‘substitutes to oil’ Nexus considers two large-scale substitutes to oil for liquid fuel
production.
The first large-scale substitute to oil for liquid fuels production consist in first and second
generation biofuels from renewable land resources. Their diffusion is controlled by supply
curves: at each date, biofuels’ market share is an increasing function of oil price, carbon tax
included, Sbio(t,poil). This captures, although in a simplistic manner, the competition between
biofuels and oil-based liquid fuels: everything else being equal, the former are more competitive
and their penetration into the market is more prominent when higher oil price make the latter
more expensive. The supply curves include asymptote representing explicit limits on production
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due to constraints on land availability and competition with other biomass uses. They are
modified from one date to the other to account for learning-by-doing improvements. The
diffusion of biofuels is in addition submitted to the constraint of a time delay, Δtbio, which
captures inertia on the deployment of raw products (biomass) and of refining capacity.
The second alternative to oil is Coal-To-Liquid (CTL). We consider it as an inexhaustible125
backstop technology but submitted to capacity constraints. In line with Amigues et al (1998),
production of the inexhaustible substitute starts before all the least-cost deposits of the
exhaustible resource are exploited. To capture competition with oil-based fuels, Coal-To-Liquid
becomes competitive (and then enters the market) as soon as oil prices (carbon tax included)
exceed a threshold value pCTL. To determine their market potential at a given date, CTL producers
form (imperfect) anticipations about future agents’ endogenous decisions in terms of liquid fuel
demand D(t) and supply by other sources (refined oil and biofuels) S(t). CTL producers are then
willing to fill the expected gap by targeting a production level [D(t)-S(t)]. But, CTL production
may be limited by constraints on delivery capacity due to past investment decisions if, due to
imperfect foresight, profitability prospects for CTL were underestimated. These prospects are an
increasing function of oil prices at each point in time126 and cumulative investment on CTL over
time is then a function of the sum of past oil prices: pcum  t  

t tCTL



poil (i ) , where the time delay

i  2010

ΔtCTL represents investment inertia. The dynamics of investment affects the availability of
production capacity and imposes limits on the share s of the targeted CTL production that can be
realized at a given date. We adopt a linear dependence between s and cumulative investments
measured by pcum  t  . As soon as the oil price exceeds pCTL , the contribution of CTL to the
supply on liquid fuel markets is given by:

CTL  t   s  pcum (t )   D(t )  S(t ).

(SM-37)

125

We assume that coal is a sufficiently abundant input factor.

126

Indeed, higher oil prices drive higher prices of liquid fuels, including those produced from coal, and then higher
profitability prospects for CTL.
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C.2.2 Electricity generation
The ‘power generation’ Nexus represents an explicit set of 16 standard technologies, either
already active or close to maturity127. Each of them is characterized by its technico-economic
parameters determining the average production discounted cost per kilowatt hour produced.
These parameters are: capital costs (dollars per kilowatt installed), energy efficiency (in
percentage, for technologies functioning with fossil fuels), exploitation and maintenance costs,
fixed or variable costs (respectively in dollars per kilowatt and in dollars per kilowatt hour). The
discount rate incorporates capital opportunity cost and a risk factor, which covers both the risk of
defect and the social risk associated to controversial technologies (nuclear, CCS). The technicoeconomic parameters are calibrated either on sectoral technological models (for example the
POLES model) or on information from the literature (Grubler et al, 2002; Rao et al, 2006; Sims et
al, 2007). They evolve in time according to technical progress, including learning-by doing
processes.
Technological choices are based on a minimization of the average production total cost
compatible with future electricity demand across six segments of the load curve, representing the
annual fluctuations of electricity demand128. This optimal planning procedure for choosing power
generation technologies under imperfect anticipations is decomposed into four steps:
i. Projecting future demand and fuel prices with adaptive anticipations of electricity demand
growth over the coming ten years and with future fossil fuels prices.
ii. Choosing renewable production capacities distinguished between hydroelectricity and onshore and off-shore wind129, given competition with conventional technologies. The share
of each renewable energy in total electricity production is an increasing function of the
ratio between its complete production cost per kWh and of the more profitable

127

five coal-powered units (Coal Conventional Thermal, Lignite Conventional Thermal, Super Critical Pulverised
Coal, Integrated Coal Gasif. Comb. Cycle), two gas-powered units (Gas Conventional Thermal, Gas Turbines
Combined Cycle), two oil-powered units (Oil Conventional Thermal, Oil Fired Gas Turbines), two nuclear
technologies (standard and new design), three renewables (large hydro, onshore wind, offshore wind). In addition,
one technology with CCS is available for coal- and gas-powered units, respectively.
128

The six segments are divided according to broad categories of annual load length defined by six threshold values
between 0h and full year operation (8760h): 8030h, 6570h, 5110h, 3650h, 2190h,. 730h.
129

Wind is the only non-hydraulic renewable energy explicitly represented in the NEXUS. However, solar energy is
implicitly represented in “very low energy” buildings.
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conventional technology. This share is bounded by the saturation of production potentials
and the limits of intermittent production.
iii. Projecting the optimal conventional production park under demand constraint at a 10year horizson by comparison of unitary discounted production costs among technologies.
iv. Allocating investments to reorient the existing production park towards the ideal
anticipated production park by the end of the decade, under the constraints of available
capital.
New investment choices affect total production capacity only at the margin, given the inertia in
the renewal of the park. We represent the park in capital vintages, and a formerly installed
production unit remains available for a certain period in function of its life time. However,
available capacities are not necessary mobilized for actual production, which is allocated to
production units ensuring lower operational costs. This choice is differentiated along the seven
segments of the load curve to represent the different mix of technologies for base and peak
production. This assumption allows representing operational flexibility through early retirement
of those capacities that, although installed, are not profitable in current economic conditions.

C.3. Final energy demand
Historically, the literature on the decoupling between energy and growth has focused on
autonomous energy efficiency improvements (implicitly encompassing end-use energy efficiency
and structural changes) and on the energy efficiency gap, i.e. the difference between the most
energy efficient technologies available and those actually in use.
However important it may be, energy efficiency is not the only driver of energy demand. Indeed,
the rate and direction of technical progress and its energy content depend, not only on the
transformation of the set of available techniques, but also on the structure of households’
demand. This is why the NEXUS endogenize both energy efficiency stricto sensu, and the
structural change resulting from the interplay between consumption, technology and localization
patterns. This enables us to capture the effect of non-energy determinants of energy demand, such
as the prices of land and real estate, and political bargaining (set exogenously) over urban
infrastructure to be represented. This endogenization of technical change is made for both
stationary uses (industry and services, buildings) and non-stationary uses (freight and passenger
transportation).
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C.3.1 Stationary uses
C.3.1.1 Industry and services
The industrial and services sectors are represented in an aggregated manner, each of them
covering a large variety of economic sub-sectors and products. Technical change then covers not
only changes and technical progress in each sub-sector but also the structural effects across
sectors. In addition to autonomous energy efficiency gains, the ‘Industry’ and ‘services’ Nexus
represent the structural drop in energy intensity due to a progressive transition from energyintensive heavy industries to manufacturing industries, and the choice of new techniques which
results in both energy efficiency gains and changes in the energy mix.
On the one hand, the progressive switch from industry to services is controlled by saturation
levels of per capita consumption of industrial goods (in physical terms, not necessarily in value
terms), via an asymptote at κind multiplied by its level in 2001. For developing countries, these
saturation levels represent various types of catch-up to the consumption style in developed
countries.
On the other hand, changes of techniques are driven by operational costs, including energy costs
and other costs linked to their use (capital, maintenance, variable costs). The fuel shift in
production processes is decided through a logistic function that allocates energy shares in new
production capacities in function of (i) the total cost of using each energy source and (ii) a market
heterogeneity parameter measuring the substitutability potentials. In these sectors, these decisions
affect the selection of new production capacities but do not influence existing ones. This puttyclay assumption implies that changes in final energy use are dependent on the turnover rate of
production capacities, defined by their lifetime Δtind .
C.3.1.2 Buildings
The ‘Housing and Buildings’ nexus represents the dynamics of energy consumption as a function
of the energy service level per square meter (heating, cooling, etc.) and the total housing surface.
The former is represented by coefficients encompassing the technical characteristics of the
existing stock of end-use equipment and buildings and the increase in demand for energy
services: heating, cooking, hot water, lighting, air conditioning, refrigeration and freezing and
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electrical appliances. The evolution of resulting energy-needs per square meter is captured by
coefficients for coal αrescoal(t), gas αresgas(t), liquid fuels αresfuel(t) and electricity αreselec(t). These
parameters evolve according to the exogenous trajectories calibrated on the outputs of the POLES
energy model, which encompass changes in residential energy consumption due to (i) cost
variations of the services either due to efficiency gains or energy price variations, (ii) increase in
household’s income driving access to certain energy services beyond basic needs and (iii) the
physical characteristics of buildings (surfaces, insulation, architectural conception).
We also account for the diffusion of “Very Low Energy” buildings at very high energy price,
carbon price included. They are represented by a unique alternative housing with annual energy
consumption at 50kWh/m2 (80% electricity and 20% gas). The diffusion of this technology in
rupture with current trends represents implicitly a multiplicity of advancements, including the
autonomous production of energy, the efficient insulation of buildings but also large plans of
thermal renovation and regulations reforms in developing countries.
Housing surface per capita has an income elasticity of ηH, and region-specific asymptotes for the
floor area per capita, hmax. This limit reflects spatial constraints, cultural habits as well as
assumptions about future development styles (including the lifestyles in emerging countries vis-àvis the US, European or Japanese way of life). In the constitution of scenarios, the hypotheses
about these asymptotes are made coherent with those concerning the infrastructures of transport,
keeping in mind that all are linked to territorial and urban zoning policies.

C.3.2 Non-Stationary uses
C.3.2.1 Freight transport
In the “Transportation NEXUS”, the dynamics of the energy intensity of freight transport is
driven by an exogenous trend μf (t) and a short-term fuel price elasticity εf. They capture
autonomous and endogenous energy efficiency gains as well as short-term modal shifts, with the
long-term price response resulting from the sequence of those short-term adjustments. Total
energy demand is then driven by freight mobility needs, in turn depending on the level of
economic activities and their freight content. Even though the share of transportation in total
costs is currently low, decoupling freight mobility demand and economic growth is an important
determinant of long-term mitigation costs. In the absence of such a decoupling (constant inputoutput coefficient), and once efficiency potentials in freight transportation have been exhausted,
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constraining sectoral carbon emissions from freight transportation would amount to constraining
economic activity.
C.3.2.2 Passenger transport
Passenger mobility needs and their modal breakdown across four travel modes (ground-based
public transport, air transport, private vehicles and non-motorized modes) result from the
maximization of households’ utility under the assumption of constant travel time (Zahavi and
Talvitie, 1980) and budget constraints. This helps to represent two crucial determinants of the
demand for passenger transportation, namely the induction of mobility demand by infrastructure
and the conventional rebound effect consecutive to energy efficiency gains on vehicles (Greening
et al, 2000).
The former effect operates through the travel time budget constraint. Indeed, the attractiveness of
each transportation mode is determined by vehicle performance and the degree of infrastructure
saturation. When mobility demand exceeds the normal load conditions of a given type of
infrastructure (e.g., road, airport), speed decreases. In the absence of further investment,
households will reallocate their travel time budget to other, more efficient, modes in order to
restore efficiency. We can represent the effects of the deployment of alternative infrastructure: a
policy in which the building of transportation infrastructure follows the evolution of modal
mobility favoring roads for private car mobility vs. public policies that redirect part of the
investment to railways and other public transport infrastructure.
A drop in mobility costs (mainly the user’s car costs), along with progress in the energy
efficiency of vehicles, endogenously generates a rebound effect on mobility demand as a result of
utility-maximization under income budget constraint. Energy efficiency in private vehicles results
from households’ decisions on the purchase of new vehicles, based on a mean cost minimization
criterion between different types of available technologies (including standard, hybrid and
electric vehicles). These vehicles types are differentiated by their capital costs and unitary fuel
consumption, the former decreasing in function of the learning-by-doing process at the rate  for
each doubling of cumulated investment in the technology. In addition to the availability of
transportation infrastructure and energy efficiency, mobility needs are dependent upon agents’
localization choices (Grazi et al., 2008). This is captured by differences in regional households’
motorization rates, everything else being equal (income, energy prices), with dispersed spatial
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organizations implying a higher dependence on private transport. In each region, the motorization
rates increase with disposable per capita income through variable income-elasticity ηmot: (a) low
for very poor people whose access to motorized mobility relies on non-motorized and public
modes; (b) high for households with a medium per capita income with access to private
motorized mobility, and (c) low again, because of saturation effects, for per capita income level
comparable to that of the OECD. In addition, the impact of local location choices is represented
through basic needs of mobility, which represent the travels imposed by daily journeys
(especially, for commuting to work and access to services).

D- Data
D.1. Calibration
Calibration of the IMACLIM-R model is based on the GTAP database, which provides a set of
balanced input-output tables of the world economy. The version of the model used for this article
is calibrated with the GTAP-6 database (Dimaranan, 2006), which details the world economy in
87 regions and 57 sectors for the year 2001130. From this basic material, calibration is done by
aggregating the GTAP database according to the IMACLIM-R mapping in 12 regions and 12
sectors and by embarking information from external datasets giving physical quantities for
energy and passenger transportation sectors. This hybrid matrix ensuring consistency between
money flows and physical quantities is built by modifying input-output tables from the GTAP-6
dataset to make them fully compatible with 2001 energy balances from IEA (in Mtoe) and
passenger mobility (in passenger-km) from (Schäfer and Victor, 2000). This is done by assuming
uniform production prices across uses in each region and for each energy and transport sectors,
and substituting money flows reported for those activities in the GTAP-6 database by the
expenditures for physical quantities valued at their end-use price, including consumption taxes.
This forcing ensures that energy and mobility quantities are preserved, but brings about some
adjustments in the input-output tables to restore sectoral supply-use equilibrium conditions in
monetary values. This last step is done by reporting the gap in equilibrium conditions in the
composite sector.
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A new version of the model, calibrated on the more recent GTAP-9 database is under progress.
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D.2. ‘Natural Growth’ drivers
The natural growth rate of the economy defines the growth rate that the economy would follow if
it produced a composite good at full employment, like in standard neoclassical models developed
after Solow (1956). It is given by exogenous assumptions on active population and labor
productivity growth. Demographic data for active population are derived from medium UN
scenario (UN, 2007) and are summarized in Table SM-3.

Table 22 Table SM-3: Active population in the IMACLIM-R model (Millions)
2001

2010

2030

2050

2100

USA

178

195

203

207

205

Canada

20

22

22

23

20

Europe

374

384

359

330

320

OECD Pacific

132

131

116

100

46

Former Soviet Union

169

178

168

155

126

China

824

930

958

895

827

India

572

702

925

1034

1128

Brazil

104

124

154

167

173

Middle-East

93

122

173

203

250

Africa

397

534

894

1224

1668

Rest of Asia

496

582

706

756

713

Rest of Latin America

193

230

286

309

321

Labor productivity growth is built upon a convergence hypothesis (Barro and Sala-i-Martin,
1992), the parameters being calibrated on historic trajectories (Maddison, 1995) and ‘educated
guess’ assumptions of long-term trends (Oliveira-Martins et al., 2005). Basically, we assume that
USA remains the world leader in productivity per worker with a steady growth of 1.7% per year,
whereas the dynamics of productivity in other countries is driven by a partial catch-up. This
means that regions with lower absolute productivity per worker in a country experience the faster
labor productivity growth (see Table SM-4).
261

Table 23

Table SM-4: Average labor productivity growth in the IMACLIM-R model (%)
2010-2030

2030-2050

2050-2100

USA

1.9

1.7

1.7

Canada

1.8

1.9

1.7

Europe

2.4

1.9

1.7

OECD Pacific

2

1.8

1.7

Former Soviet Union

3.9

2.3

1.7

China

5.8

3.4

1.8

India

5.2

4.2

2

Brazil

3.3

2.4

1.7

Middle-East

2

2

2

Africa

2

2

2

Rest of Asia

3.9

3.6

1.8

Rest of Latin America

3.1

2.6

1.8
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