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a b s t r a c t

Given that a fixed national emission reduction target could be achieved by imposing emission quotas
among multiple decision-making units under administration, a novel nonlinear programming approach
is proposed in this paper to obtain an optimal emission quota allocation in a least-cost way. Marginal
emission abatement cost curves are simulated based on the environmental performance and marginal
emission abatement costs measured in a set of parametric directional output distance functions with
multi-inputs and multi-outputs. Further, the proposed model is applied to empirically investigate the
optimal carbon emission quota allocation for China’s building construction industry among thirty-three
provinces in three different regions. The results indicate that the relatively developed eastern region in
China has higher marginal emission abatement cost and can be imposed with more emission quotas,
while the central and western regions can undertake more emission reduction. Approximately 74 million
RMB can be saved by implementing the optimal emission allocation (proposed in this paper) as
compared to a uniform emission quota allocation. The findings are of great theoretical, methodological,
and practical significance for policymakers and social science researchers in terms of climate change
mitigation.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Rapid economic growth and accelerating urbanization process
have remarkably improved social life but simultaneously result in
serious resource and environmental problems. Especially as global
warming is increasingly attracting concerns in recent years, it has
become a consensus of the international community that energy
conservation and emission reduction are necessary for social sus-
tainable development in the future. Carbon dioxide (CO2), a key
driver of climate change, leads to a number of ecological and social
problems especially in developing countries (Jorgenson, 2012; Li
and Lin, 2016a). In order to mitigate climate change and ensure
global sustainable development, all countries are required to take
actions. For example, the Chinese government made a promise in
the Copenhagen Conference (COP 15) that China would reduce its
carbon intensity (i.e., CO2 emissions per unit of GDP) by 40%e45%

below 2005 level by 2020. Recently in the U.S.-China Joint
Announcement on Climate Change, the U.S. pledged to reduce its
carbon emissions by 26%e28% below 2005 level by 2025, while
China pledged to reduce its carbon emissions by 60%e65% below
2005 level by 2030 and to increase the share of non-fossil fuels in
primary energy consumption to around 20% by 2030. On December
4, 2016, more than 190 countries attended the 22nd session of the
Conference of the Parties (COP 22) in Morocco and the Paris
Agreement formally went into effect.

Social science research increasingly aims to find effective
measures for cleaner production, especially in terms of energy
conservation and carbon emission reduction. For example, Jamali-
Zghal et al. (2013) adopts a carbon footprint analysis and an en-
ergy evaluation method to assess eco-environmental of cleaner
heat production. Song et al. (2014) constructs an incremental
factor decomposition model and applies it to study the driving
effect of economic scale, population size, energy intensity, and
energy structure on carbon emissions in the Yangtze River Delta of
China. But, as Perc et al. (2013) points out, the choice for an eco-
friendlier behavior is, in fact, a public goods game. On the side
of each individual and industry, there are gains to be made by
neglecting the sustainability and the environment. Thus, well-
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adjusted plans and policies are required to promote less emissions.
Du et al. (2016) discusses the impacts of carbon footprint and low-
carbon preference on the production decision of emission-
dependent firms in a cap-and-trade system. Li and Lin (2016b)
quantitatively investigates the changes of fuel demands and the
potential of CO2 mitigations resulting from a uniform carbon tax in
China.

The purpose of this paper is to propose a novel cost-effective
allocation model to explore the optimal carbon emission quota
allocation among multiple decision-making units (DMUS). First, we
develop a performance-based set of parametric directional distance
functions with multi-inputs and multi-outputs to measure the
opportunity cost of CO2 emission reduction. Second, different
marginal CO2-emission abatement cost (CO2 MAC) curves for the
DMUS are simulated by using a variable coefficient model on the
dataset of the estimated environmental performance and CO2 MAC.
Given that a fixed total carbon emission reduction target will be
achieved by imposing emission quotas under administration, a
nonlinear programming process is set to obtain the optimal emis-
sion quota for each DMU.

The layout of the paper is as follows: Section 2 reviews several
representative literature related to carbon emission quota alloca-
tion based on which we highlight the innovation and contribution
of this paper. Section 3 introduces the theoretical framework and
modelling process. Section 4 applies the proposed model to
empirically investigate the optimal allocation of carbon emission
quotas for China’s building construction industry among 30 prov-
inces. Section 5 finally summarizes and concludes this paper.

2. Literature review

Carbon taxation and cap-and-trade scheme are two widely
applied policies for emission mitigation in recent years. Chen
(2011) explores the optimal carbon tax rates for China’s different
sectors based on their marginal carbon abatement costs. However,
the findings indicate that carbon tax imposition has negative im-
pacts on China’s economy. Moreover, carbon taxation alone is not
effective enough to achieve carbon reduction targets and thus
should be implemented along with some other measures. This
view has been incorporated into many other types of research,
such as Li et al. (2013), Jiang and Shao (2014). Particularly, as Kato
(2011) indicates in his study, a differentiated emission quota is
more effective for social welfare improvement than an emission
tax.

Although the Coase Theorem states a Pareto efficient outcome
by bargaining regardless of the initial allocation, it is too ideal to
meet the premises that trade in an externality is possible and
transaction costs are sufficiently low. Generally, in the real world,
obstacles to bargaining or poorly defined property rights prevent
Coasian bargaining. Thus, it is necessary for central and local au-
thorities to set emission caps and impose emission quotas among
heterogeneous sectors and areas, especially in developing countries
with low marketization degree. Even for developed regions, emis-
sion quota is a widely accepted instrument to mitigate climate
change. A lot of well-known policies such as the Kyoto protocol
launched in 1995, the Europe Union’s Emission Trading Scheme
(EU-ETS) launched in 2003, as well as the Regional Greenhouse Gas
Initiative (RGGI) in the US launched in 2008, have consistently
suggested emission quota as a preferred instrument (Rajagopal,
2009).

But so far, policymakers are still facing a fundamental and key
question: how emission quotas can be effectively and fairly allo-
cated among multiple sectors or areas. Xie et al. (2011) measures

CO2 emission quota allocation among China’s coal-fired power
plants in 2015 and 2020 based on emission performance mecha-
nism. Song and Liu (2013) makes a spatial distribution analysis on
regional carbon emissions for China in 2020 from the perspective of
cumulative carbon emissions per capita. Park et al. (2012) explores
an emission permits allocation mechanism among different coun-
tries by using the Boltzmann distribution. In the framework of data
envelop analysis (DEA) approach, Wu et al. (2013) characterizes a
fair centralized reduction and reallocation of emission quotas for
areas in China under administration. Golombek et al. (2011) applies
a case of the electricity sector inwestern Europe to investigate price
and welfare effects of different emission quota allocation mecha-
nisms, such as current output-based allocation and historic
performance-based allocation. Zhang et al. (2014b) adoptes the
Shapley Value Method to study carbon quota allocation, by taking
regional GDP, carbon outflow, and reduction connection into
consideration. Pan et al. (2014) presents an allocation based on per
capita cumulative emissions. Zhang and Hao (2016) constructs a
comprehensive index based on equity and efficiency principles to
allocate carbon emission quotas among 39 sectors of China’s
industry.

To explore the optimal emission quota allocation, this paper
draws on a different theoretical framework of achieving a given
total emission reduction target in a least-cost manner. As the
United Nations Framework Convention on Climate Change
(UNFCCC) states, policies and measures to deal with climate
change should be cost-effective. Li et al. (2010) proposes an
alternative way for carbon emission quota allocation among
provinces in China. Applying an indicator of carbon emissions per
unit of GDP, the authors firstly estimate a marginal abatement cost
curve for each province and then allocated emission quotas to the
provinces by minimizing the total abatement cost under a given
total emission reduction target constraint. Wei and Rose (2009)
uses the indicator of historical investment on energy conserva-
tion as energy conservation cost and estimated each unit’s mar-
ginal energy conservation cost curve through a quadratic function
of energy conservation cost and accumulative energy conserva-
tion. This approach is developed by Zhou et al. (2013) to empiri-
cally measure the provincial CO2 MAC curves and model the
economic performance of an interprovincial emission reduction
quota trading scheme at the state level.

This paper highlights at least three contributions to social
science research in terms of climate change mitigation policies.
First, an opportunity cost method is applied to numerically
measure marginal emission abatement costs, based on which we
can obtain a marginal emission abatement cost curve for each
unit. Second, a least-cost emission quota allocation to achieve a
given proportion of a certain total emission reduction target is
derived by setting up a nonlinear programming model. Last and
most importantly, this paper provides an applicable framework
for many further studies on climate change mitigation. For
example, we can simulate an emission trading market and figure
out the market-clearing prices of emission permits in the
framework of this paper. In addition, this paper for the first time
investigates carbon emission quota allocation for the building
construction industry by using the case of China, which will be
discussed in details later in Section 4.

3. Theories and methodologies

3.1. A performance-based approach for measuring CO2 MAC

There have been plenty of approaches in measuring CO2 MAC,
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