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Strong economic growth in China has fueled development of cities where increase in energy demand and
transportation lead to severe air pollution. The cities contribute also a significant share of the national
greenhouse gas emissions. We identify strong synergies between air quality and climate relevant mea-
sures that would allow improving cost-efficiency of air pollution policies. In order to help local policy
makers to identify viable and efficient solutions, we developed a city-scale emission model (GAINS-City)
based on the Greenhouse Gas and Air Pollution Interactions and Synergies (GAINS) model developed by
the International Institute for Applied Systems Analysis (IIASA, Austria). The GAINS-City model relies on a
technology-based approach to evaluate the co-benefits of various policies. This approach allows for
estimation of emission reductions of several pollutants (including SO2, NOX, PM) and CO2 for individual
policies and support evaluation of co-benefits. In addition, a reduction index, an integrated rank of the
individual reductions potential, was defined to recommend the priority of policies implementation. The
approach will have great potential to be applied in many large cities with local input data and/or minor
structure modifications. We conducted a case study in Beijing to demonstrate the model features. Based
on the technology-based evaluation approach, policy packages were designed and implemented in policy
scenarios. The emissions under three scenarios (Baseline, Air Quality, and Strict Air Quality) in base year
(2005) and future years (2020 and 2030) were estimated. The results indicate a significant reduction
potential. In 2030, implementation of Air Quality and Strict Air Quality scenarios could result in reductions
of 39e48% of SO2 emissions, 38e42% of NOX emissions, 37e55% of PM2.5 emissions and 5e22% of CO2

emissions respectively, compared with the Baseline scenario. The results demonstrated air quality pol-
icies and measures could also have co-benefits of reducing CO2 emissions. However, there is no signif-
icant difference of reductions between the two policy scenarios, which indicates the limited further
reduction potential in the stricter air quality case. This calls for a wider application of cleaner technol-
ogies, such as IGCC and CCS, and more aggressive air quality measures by neighboring provinces to
control regional air pollution.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

As the primary energy consumers and pollutants emitters, cities
have the potential to play the role as “engines of environmental
policy” (Granberg and Elander, 2007) and the best implementer of
All rights reserved.
co-control. Co-benefits of the simultaneous abatement of GHGs and
air pollutants have recently called the attention. The additional
environmental benefits from carbon intensity reduction measures
have been widely researched (Asbjørn Aaheim and Seip, 1999;
Cifuentes et al., 2001; Wang and Smith, 1999). The research results
showed the good prospects of co-control.

Emission abatements from Chinese megacities attracted world-
wide attention, as China became the largest CO2 emitter and an
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important contributor to the global air pollution budget, e.g., 28% of
anthropogenic SO2 emissions (Smith et al., 2011) and 10% of black
carbon emissions from combustion (Bond et al., 2007). Due to the
higher energy consumption intensity (Dhakal, 2009) in urban areas,
Chinese local governments are taking active actions in searching for
winewin solutions and they accepted strict energy-saving task to
fulfill China’s promise of reducing carbon intensity by 40e45% by
2020 (State Council Office Announcement, 2009). Besides, they are
required to implement the World Health Organization (WHO) rec-
ommended interim target of an annual average of 35 mg/m3 for
particles with diameters less than or equal to 2.5 mm (PM2.5) by the
end of 2015. Although meeting the standard is a great challenge
owing to the coal-based energy structure, the willingness and
enthusiasm of government has never been so strong pushed by the
public (Zhang et al., 2012). Consequently, guidance for policy
development and evaluation is urgently needed.

There have been several attempts to consider scientific advice in
the process of development of local air quality strategies where
elements of climate change policy would be integrated. However,
the previous studies provided a rather general evaluation of policy
package at a sector level (Chen et al., 2006; Kennedy et al., 2010,
2009), which ignored the individual reduction potential of policy
and lackeddetailed information to guide policy-by-policy decisions.
Some studies sought to assess co-benefits of specific measures
(Aunan et al., 2004; Mestl et al., 2005) but the policy they analyzed
had obvious regional characteristics, such as cleaner production
projects of coke industry in Taiyuan City, and did not cover signifi-
cant emission sources comprehensively, such as transportation
sectors. As a result, we have developed a detailed technology-based
evaluation approach to assess the benefits for each individual policy.
The policy scenarios designed under this approach are based on
policy-by-policy analysis of emission reduction potential. This
approach is a major update of current GAINS model, where the
benefits were based on sector-level analysis.

The integrated assessment model GAINS have been successfully
used in evaluating co-benefits and have been applied to guide the
key negotiation on air pollution control agreements in Europe
during last two decades (Schöpp et al., 1998; Amann et al., 2011). It
supported the discussion of the national emission ceilings for the
1994 Second Sulfur Protocol (Tuinstra et al., 1999), the 1999 Goth-
enburg multi-pollutant Protocol (Hordijk and Amann, 2007) and its
recent revision. In addition, the technology-based estimation
methodology and numerous source categories embedded in the
GAINS model provided the possibility of detail policy-level evalu-
ation. So far, the GAINS model has focused on large (regional, na-
tional) scale application while the city-scale emission calculation
and policy assessment requires some additional development, i.e.,
adding specific source categories, technologies and control options
to improve characterization of local conditions in the model.
Compared with extant co-benefit models applied in Asia, e.g.,
MARKAL optimization model for Shanghai (Gielen and Changhong,
2001) and AIM/local model (AIM Project Team, 2002), GAINS-City
model has a more complete representation of source categories
and included pollutants, consequently a more realistic character-
ization of measures to guide policy decisions.

This paper describes the methodology of the new city-scale
emission model (GAINS-City), especially the technology-based
approach to evaluate co-benefits at policy level. A policy list
based on a careful review of the existing and potential climate-
friendly air quality policies in China was integrated in GAINS-City.
Several examples of power plants, industrial combustion, domes-
tic sector, industrial process and transportation sector were pre-
sented to show the principle of model simulation for individual
policy. In addition, a case study of Beijing was conducted to
demonstrate the model features.
2. Methodology

2.1. Key concept of the GAINS-City model

GAINS-City model builds on the experience of the regional
GAINS model application. It inherits its model structure and func-
tions, but emphasizes the evaluation of co-benefits on GHGs and air
pollutants of climate-friendly air quality management policies in
urban areas. The GAINS model developed by the International
Institute for Applied Systems Analysis (IIASA) in Laxenburg, Austria,
has demonstrated its capacity to evaluate the co-benefits of envi-
ronmental policies at global and national scale (Amann et al., 2008;
Shindell et al., 2012). By estimating emissions, reduction potentials
and costs for six air pollutants (SO2, NOX, PM2.5, PM2.5e10, NH3, VOC)
and for six greenhouse gases (CO2, CH4, N2O, HFCs, PFCs, SF6)
included in the Kyoto protocol, GAINSmodel supports governments
to explore the mitigation strategies that achieve air quality and
greenhouse gas abatement targets simultaneously at least cost
(Amann et al., 2011).

In order to evaluate the co-benefits of control measures at city
level, we proposed two major adjustments. We expanded the
source categories of original GAINSmodel, and update the emission
factor database according to China’s local measurements. For
example, we divided the cement kilns into vertical kilns, pre-
calciner kilns and other rotary kilns; and coke ovens into traditional
ovens and model ovens. These improvements would make the
GAINS-City model more suitable for city-scale emission estimation
and co-benefits assessment.

2.2. Technology-based policy evaluation approach

The GAINS model adopted technology-based methodology to
estimate current and future emissions following Eq. (1).

Ep ¼
X
k

X
m

Akefk;m;pxk;m;p (1)

where, k, m, p represents activity type, abatement measure,
pollutant respectively, Ep stands for emission of pollutant p, Ak

stands for activity data of type k, efk,m,p stands for emission factor of
pollutant p for activity k after application of control measure m
(where m includes also the no control situation), xk,m,p stands for
penetration of control measure m for pollutant p of activity k. By
simulating the modification of activity data and technology pene-
tration induced by a specific policy and policy package, the GAINS-
City model can assess the further reduction potential. Introduction
of some policies is straightforward, especially the impact of tech-
nology renewal on technology penetration. For example, the policy
“installation of SCR in 80% of newly-built coal-fired power plants”
can be directly converted into the penetration rate of SCR in the
GAINS-City model and reduces NOX emissions. However, some
simulation needs to involve various parameters and consider po-
tential feedbacks on the energy balance. We picked up some “in-
direct” policies to represent our technology-based methodology to
evaluate the co-benefits of local climate-friendly air quality man-
agement policies.

2.2.1. Substitution of natural gas consumption for coal consumption
Natural gas is encouraged as substitute for coal in the power

plant sector and final demand sectors in urban areas, owing to its
higher energy efficiency and lower emission rates during com-
bustion processes. The amount of CO2, NOX, and SO2 emitted from
natural gas-fired power plants are only 50%, below 30%, and 1% of
those from coal-fired power plants for per unit of electricity
generated (U.S.EPA, 2002). We quantified the emission reduction
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from replacing coal by natural gas, assuming the same energy
service. The emission reduction of such fuel switch process was
calculated by Eq. (2).

DE ¼ DABef efBef ;m;pxBef ;m;p-
�
DABef effBef =effPost

�
efPost;m;pxPost;m;p

(2)

where,Bef, Post,m, p represents baseline (before-policy) activity type
(coal in this example), post-policy activity type (natural gas in this
example), abatementmeasure, andpollutant respectively;DE stands
for the emission reduction; DABef stands for the change in activity
data caused by target policy; efBef,m,p and efPost,m,p stand for emission
factor of pollutant p for activity Bef and Post after application of
control measure m; xBef,m,p and xPost,m,p stand for penetration rate of
control measure m for pollutant p of activity Bef and Post; effBef,m,p

and effPost,m,p stand for the energy efficiency of activity Bef and Post
during energy consumption process. The DABef represents the ac-
tivity difference inferred from the reference (Bef) and policy (Post)
activity data; see also Eq. (3). For example, in the policy case “Sub-
stitution of natural gas-fired industrial boilers for 70% of coal-fired
ones in 2020”, the DABef reflects lower coal consumption of indus-
trial boilers in 2020, i.e., reduced by 30%. Such method was not only
applied for fuel switch process, but also for source category switch
process. For example, the policy “Phasing out of coal-fired power
plants with small capacity” is equal to moving coal consumption
from existing small plants to newly built large plants.

2.2.2. Switch from heat only boilers to combined heat and power
(CHP) schemes in industry and district heating systems

In this scenario the effects of cogeneration of electricity and heat
(CHP) are analysed. Heat supplied from CHP plants replaces stem
and hot water generated in traditional coal boilers. This results in
fuel savings and consequently also reduces the emissions of air
pollutants. The scenario defines heat demand in a given city DH
that is to be met by the CHP scheme in addition to the base case
situation. This is associated with production of electricity DEL in
CHP plants. Difference in fuel (coal) consumption includes: (i) fuel
needed by the CHP plants, (ii) fuel saved through phasing-out heat
only boilers, and (iii) fuel saved in conventional power plants to
produce electricity supplied by CHP scheme. It can be calculated by
Eq. (3):

DABef ¼ ðDH þ DELÞ=hCHP-DH=hBO-DEL=hPP (3)

where, DABef represents change in fuel (coal) demand compared
with the base case situation; DH represents heat demand to be met
by CHP plants in addition to the base case situation; DEL represents
electricity produced in CHP schemes; hCHP, hBO, hPP stands for the
efficiency of the CHP plant, the heat only coal fired boiler and the
CHP plant respectively.

2.2.3. Phasing out of cement plants with vertical kilns and non-
precalciner rotary kilns

Cement sector was subdivided in the GAINS-City model into
vertical kilns, precalciner kilns and other rotary kilns according to
the present status of cement production in China. In addition, the
emission factors of corresponding cement kilns were updated in
GAINS based on a recent study (Lei et al., 2011). Such modification
contributed to the improvement of estimation accuracy for cement
emissions, owing to the great variations of emission factors for
different cement kilns. In addition, the detailed classification of
source category provided the possibility to estimate the emission
reduction of rapid technology shift forced by policy. For example,
under this policy, the cement production from vertical kilns and
non-precalciner rotary kilns would be transferred to precalciner
kilns that are much cleaner. Although not discussed here in detail, a
similar procedurewas applied for coke sector where two categories
where distinguished: traditional coke ovens and modern coke
ovens allowing simulation of technology shift in this sector.

2.2.4. China V standard for light duty gasoline vehicles
We constructed a simplified vehicle fleet model to support the

simulation of implicating new emission standard for vehicles. In
our model, the introduction of new emission standard results in
reallocation of fuel between vehicles complying with different
emission limits, currently assuming that the fuel economy is in-
dependent on vehicle emission standard. In the example discussed
here, the fuel used in the additional stock of China IV vehicles
would be allocated to China V vehicles from 2015 onwards. The
baseline fuel consumption by vehicle categories and control tech-
nology distribution originates from the GAINS model and is given
for every five years. We assume the average annual rate of change
within each five year period to derive specific year technology
penetration, i.e., the China V penetration after transformation is
presented by Eqs. (4) and (5).

XIV ;i;Star ¼ XIV ;i 1;End þ
�
XIV ;i;End XIV ;i 1;End

��
5� Start (4)

XV ;j;End ¼
�
Aj � XIV ;j;End � Ai � XIV ;i;Start

�.
Aj (5)

where, IV, V stands for the stage of China IV and V standards; the
sequence of every five-year period is numbered, ranging for 1 to 6
during 2005e2030, and i, j stands for the number of the period
including policy implementation year and the number of the pro-
jected period; the sequence of year in the five-year period is
numbered as well, ranging from 1 to 5, and End and Start stands for
the number of the last year of the five-year period and the policy
implementation year. For example, if we projected the China V
penetration in 2025, i¼ 3, j¼ 5, End¼ 5 and Start¼ 5. In addition, the
life spans of the newly-promoted “cleaner” vehicles were taken into
consideration. Based on the mandatory standards for vehicle scrap-
page (Ministryof Commerce of China, 2006) andpreviouswork (Huo
et al., 2012), vehicles were required to be scrapped when they
reached a given age (e.g., 15 years for light duty vehicles) in our
model. And the scrappage standard was assumed to be carried out
strictlywithout considering the survival rates, as we tried to explore
the maximum reduction potential of the fleet technology renewal
process.

2.3. Policy embedded in model

Based on a careful review of air-quality related laws and regu-
lations, a series of policies were summarized to be simulated in the
GAINS-City model (Table 1). Based on the extensive literature re-
view of existing emission inventories at city level e.g., (Aunan et al.,
2004; Chen et al., 2006; Kennedy et al., 2010, 2009; Mestl et al.,
2005), we identified the source categories who may have signifi-
cant contribution to cities. The policy packages were then especially
designed for those source categories. In addition, since this model is
target to evaluate emission reduction potential for near and middle
term (10e20 years), we only use current available abatement
technologies to construct our policy package. By a careful study on
12th Five-Year Plan for National Economic and Social Development,
Regional Air Quality Management (RAQM) Guidance and Beijing
Municipal Clean Air Action Plan, We picked up all the policies
related to the extant emission source in the GAINS-City and inte-
grated them into the model. For the large emission sources, e.g.,
power plants, extra stronger policies were introduced, e.g., IGCC.



Table 1
List of policy embedded in GAINS-City model by sector.

Sector ID Content

Power plants P1 Growth of the usage of electricity generated from power plants outside city boundary
P2 Phasing out of coal-fired power plants with small capacity
P3 Substitution of natural gas-fired power plants for coal-fired ones
P4 Substitution of IGCC for traditional coal-fired power plants
P5 Substitution of natural gas-fired heating plants for coal-fired ones
P6 Installation of CCS
P7 Promotion for low-sulfur coal in power plants
P8 Installation of FGD in coal-fired power plants
P9 Installation of FF in newly-built coal-fired power plants
P10 Installation of ESP þ FF in newly-built coal-fired power plants
P11 Installation of FF in old coal-fired power plants
P12 Installation of LNB in power plants
P13 Installation of SCR in newly-built coal-fired power plants
P14 Installation of SCR in old coal-fired power plants

Industrial combustion I1 Improvement of energy efficiency in industrial combustion sector
I2 Substitution of CHP for traditional coal-fired industrial boilers
I3 Phasing out of coal-fired industrial boilers with small capacity
I4 Substitution of natural gas-fired industrial boilers for coal-fired ones
I5 Promotion for low-sulfur coal in industrial combustion sector
I6 Installation of FGD in coal-fired industrial boilers
I7 Installation of FF in newly-built coal-fired industrial boilers
I8 Installation of LNB in industrial boilers
I9 Installation of wet scrubbers in old industrial boilers
I10 Installation of FF in old coal-fired industrial boilers

Domestic sector D1 Improvement of energy efficiency in domestic sector
D2 Substitution of district heating for decentralized heat-supply
D3 Phasing out of residential coal stove
D4 Growth of natural gas consumption in domestic sector
D5 Promotion for low-sulfur coal in domestic sector
D6 Installation of wet scrubbers in residential coal-fired boilers
D7 Installation of LNB in residential natural gas-fired boilers

Industrial process IP1 Phasing out of cement plants with vertical kilns and non-precalciner rotary kilns
IP2 Phasing out of coke plants with old ovens
IP3 Ban of newly built/renovated/expanded cement plants
IP4 Ban of newly built/renovated/expanded lime plants
IP5 Ban of newly built/renovated/expanded brick plants
IP6 Ban of newly built/renovated/expanded glass plants
IP7 Ban of newly built/renovated/expanded iron and steel plants
IP8 Ban of newly built/renovated/expanded coke plants
IP9 Phasing out of cement plants
IP10 Phasing out of lime plants
IP11 Phasing out of brick plants
IP12 Phasing out of glass plants
IP13 Phasing out of sinter plants
IP14 Phasing out of coke plants
IP15 Substitution of industrial natural gas-fired kilns for coal-fired ones
IP16 Installation of FF in cement plants
IP17 Installation of SNCR in precalciner kilns of cement plants
IP18 Installation of FF in lime plants
IP19 Installation of end-of-pipe PM control in sinter plants
IP20 Stricter control for fugitive sinter plants
IP21 Installation of end-of-pipe SO2 control in sinter plants

Transportation T1 China IV standard for light duty vehicles
T2 China IV standard for heavy duty diesel vehicles
T3 China V standard for heavy duty diesel vehicles
T4 China III standard for motorbike
T5 China II standard for non-road vehicles
T6 China IV standard for gas vehicles
T7 China V standard for light duty gasoline vehicles
T8 China VI standard for light duty gasoline vehicles
T9 China VI standard for heavy duty diesel vehicles
T10 China III standard for non-road vehicles
T11 China IV standard for non-road vehicles
T12 China V standard for non-road vehicles
T13 China VI standard for non-road vehicles
T14 Scrappage of pre-China I gasoline vehicles
T15 Scrappage of pre-China I diesel vehicles
T16 Scrappage of China I gasoline vehicles
T17 Scrappage of China I diesel vehicles
T18 Scrappage of China II gasoline vehicles
T19 Scrappage of China II diesel vehicles
T20 Limitation of the volume of private cars
T21 Substitution of gas vehicles for traditional ones
T22 Substitution of alternative energy public bus for traditional one
T23 Substitution of alternative energy taxi for traditional one
T24 Substitution of alternative energy private car for traditional one
T25 Installation of SCR in diesel vehicles
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The policies were proposed from two aspects: energy structure
adjustment and end-of-pipe control technology update. The former
aspect referred to the direct energy saving targets in final consumer
sectors, fuel type switch, ban of newly built high-pollution projects
and elimination of backward production capacity. Such as promo-
tion for gas industrial boilers, ban of newly built/renovated/
expanded cement plants in urban areas. The latter aspect included
existing mature technology, such as selective catalytic reduction
(SCR) and fabric filter (FF), and some potential technology, such as
carbon capture and storage (CCS).

The policies were simulated separately or jointly as described in
Section 2.2 to achieve the emission reduction of single policy or
policy package. When we had the emissions under baseline sce-
nario,wecould define a reduction index to rank thepriorityof policy
based on the emission reduction achieved in the last step by Eq. (6).

index ¼
X
i

DEi=Ei (6)

where i stands for species, including all the estimated GHGs and air
pollutants; DE presents the emission reduction and E presents the
total emission under baseline scenario. The rank is meaningful for
picking up high-efficiency policy and searching for winewin
solutions.
3. Case study

3.1. Brief introduction of Beijing

Beijing, China’s capital, is one of the world’s largest megacities
with a population of more than 19.6 million and a vehicle fleet of
more than 4.8 million in 2010 (Beijing Statistical Bureau, 2011). The
Fig. 1. Emission of SO2, NOX, PM2.5 and CO2 in
large population and rapid economic growth have resulted in large
amount of energy consumption, over 69million tce in 2010, of which
coal accounted for 26% (Beijing Statistical Bureau, 2011). The rising
energy consumptionwithout effective air pollution controlmeasures
deteriorated the urban air quality. Previous studies showed that
average daily concentrations of PM2.5 ranged from 91 to 169 mg/m3

between 2000 and 2005, much higher than US National Ambient Air
Quality Standards (65mg/m3) (Chanet al., 2005;HaoandWang,2005;
He et al., 2001; Streets et al., 2007; Zheng et al., 2005). Besides, the
official report showed that22%of days exceeded thepreviousGrade II
Ambient Air Quality Standard (State Environmental Protection
Administration of China, 1996) in 2010 (Beijing Statistical Bureau,
2011), which was far beyond the WHO recommended standard.

Beijing local government has taken actions to improve air
quality since 1970s. Especially after 1998, a series of strong control
measures were carried out in stages (11 stages in total) to reach the
air-quality target of 2008 Beijing Olympic Games (Chai et al., 2006).
Recently, aiming at meeting the new Ambient Air Quality Standard
(Ministry of Environmental Protection, 2012), more control mea-
sures will be expected. Meanwhile, the government is trying to
integrate CO2 reduction into extant air pollution control policy
framework. As a result, the past and future co-benefits of each
measure need to be carefully assessed.

3.2. Baseline emissions

The baseline emissions of Beijing during 2005e2030 were
estimated by Eq. (1). The detailed energy use, industrial production
and vehicle activity data of base year were primarily based on
Beijing Statistical Yearbook (Beijing Statistical Bureau, 2006 and
2011) and the technology penetration rates follow GAINS as-
sumptions. The baseline emission projection draws on the socio-
2005, 2020, 2030 under baseline scenario.



Fig. 2. Emission reductions of NOX by vehicle related policies: (a) Implementation of China VI standard for heavy duty diesel vehicles in 2013, 2017 and 2021; (b) Gasoline:
Implementation of China VI standard for light duty gasoline vehicles in 2020; diesel: Implementation of China VI standard for heavy duty diesel vehicles in 2015; alternative energy:
Promotion for alternative energy vehicles (40% of public bus and taxi and 10% of private cars in 2030).
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economic and energy use projections of the Chinese Energy
Research Institute. Implementation rates of emission control
measures used in the model follow the assumption that policies
and regulations on air pollution control measures before 2010 were
fully implemented as foreseen, and that no additional measures
were adopted. More detailed information could be downloaded
from the GAINS-City model website (GAINS, 2011).

Fig. 1 presents the emissions of Baseline scenario by sector. In
2005, the total emissions of SO2, NOX, PM2.5 and CO2 in Beijing were
220.4 Gg, 319.5Gg,113.5Gg, and 138.6 Tg, respectively. Power plants
were the largest source of SO2 emissions, accounting for 35% of total
emissions. Transportation contributed 44% of NOX emissions, fol-
lowed by power plants (22%) and industry combustion (21%). In-
dustrial processes (45%), especially cement production (22%)
dominated the PM2.5 emissions. The largest source of CO2 emissions
was industrial combustion, accounting for 30% of total emissions.
Fig. 3. Emission reductions of SO2, NOX, PM2.5 an
CO2 emissions would increase sharply afterward due to the
rapid growth of energy demand and lack of effective energy
structure adjustment under Baseline scenario. In 2030, the CO2
emissions would nearly double compared to 2005. The control
policies, especially the installation of various end-of-pipe mea-
sures, have a potential to offset the projected increase in emissions
of air pollutants. The SO2, NOX, and PM2.5 emissions could be sta-
bilized at the level of 2005.

3.3. Policy-level simulation results analysis

The technology-based policy evaluation approach provides the
possibility to assess the policy-by-policy co-benefit and supports
choice of most efficient single policies to develop a comprehensive
policy packages. Sensitivity analysis is important for such policy
making process and helps understanding the reasons for
d CO2 by natural gas-fired industrial boilers.



Table 3
Major assumptions of the policy scenarios.

ID Baseline AQ SAQ

I4 U U

D1 U

IP3 þ IP9 U U

IP16 U

IP13 U U

D4 U U

P1 U

P13 þ P14 U U

D2 U U

I1 U

T9 U U

P9 U

P12 U U

T21 þ T22 þ T23 þ T24 U

T7 þ T8 U U

F. Liu et al. / Journal of Cleaner Production 58 (2013) 25e33 31
discrepancy in emissions among different policy implementation
processes, policy packages, and target species.

The policy implementation process, including execution time
and stringency, is a significant factor affecting final emissions.
Fig. 2a illustrates the emission reductions of the policy “imple-
mentation of China VI control for heavy duty diesel vehicles in
2013, 2017 and 2021”. Generally, the reductions decreased with the
delay of implementation year, but the reduction rates varied with
time, due to the changes in activity data over time. Owing to the
decline of fuel consumption in heavy duty vehicles during 2020e
2030 assumed in the baseline scenario, the additional stocks with
stricter emission standard would be limited and introduction of
China VI standard after 2020 (2021 in this case) made only little
impact. However, advancing implementation of this policy by four
years (2013 vs. 2017) was estimated to increase reductions by a
factor 2.3 in 2030. The simulation results indicate the urgent ne-
cessity of early implementation of new vehicle emission standard.

The priority of policy is another important factor worth
consideration. Fig. 2b compares the reduction potential of policy for
light duty gasoline vehicles, heavy duty diesel vehicles, and alter-
native energy vehicles. In 2030, implication of China VI standard for
heavy duty diesel vehicles in 2015 would contribute over 9 times
higher reductions than the combined policy of China VI standard
for light duty gasoline vehicles in 2020 and alternative energy ve-
hicles (10% of private cars and 40% of public buses and taxi in 2030).
As a result, “the heavy duty diesel vehicles policy” should receive
most attention and its strict implementation is of high priority.

Each of the discussed policies will affect emission of several
pollutants. This is taken into account in the comprehensive evalu-
ation of a specific policy. Fig. 3 shows the emission reductions of
SO2, NOX, PM2.5 and CO2 along with the increasing rates of substi-
tution of natural gas-fired industrial boilers for coal-fired boilers. In
2030, such policy affecting 90% of coal-fired boilers would result in
reductions of 41 Gg SO2, 34 Gg NOX, 6 Gg PM2.5, and 8 Tg CO2,
respectively. The energy related measures, such as fuel switch and
energy efficiency improvement, are always winewin solutions for
GHGs and air pollutants abatement.

We ranked the policies presented in Table 1 by the reduction
index defined by Eq. (6) and selected the top 15 policies (Table 2).
Table 2
List of efficient policy and their emission reduction in 2030.

Rank ID Remark

1 I4 Proportion of coal-fired boiler replaced by natural gas-fired
consumption: 70% in 2020 and 90% in 2030

2 D1 Increasing rate of energy efficiency: 10% in 2020 and 20% in
3 IP3 þ IP9 Policy implication year: 2013 for IP3;

Proportion of closed plants in production: 40% in 2020 and
4 IP16 Policy implication year: 2015
5 IP13 Policy implication year: 2015
6 D4 Proportion of coal consumption replaced by natural gas in f

70% in 2020 and 90% in 2030
7 P1 Proportion of electricity generated outside city boundary fr
8 P13 þ P14 Policy implication year: 2012 for newly-built plants and 20
9 D2 Proportion of coal-fired boiler replaced by district heating i

60% in 2020 and 80% in 2030
10 I1 Increasing rate of energy efficiency: 10% in 2020 and 20% in
11 T9 Policy implication year: 2015
12 P9 Policy implication year: 2015
13 P12 Policy implication year: 2012
14 T21 Proportion of gas vehicles in fuel consumption from 2020:

þT22 þ T23 Proportion of alternative energy public bus and taxi in num
2020 and 40% in 2030;

þT24 Proportion of alternative energy private cars in numbers: 2
15 T7þT8 Policy implication year: 2014 for China V and 2020 for Chin
The combination of policies in Table 2 would make contributions to
taking advantage of the co-benefits and achieving air quality and
carbon mitigation targets, resulting also in lower implementation
costs (see for example (Amann et al., 2008)). The ranking is as ex-
pected to change for different time horizon, for example, we expect
that options like introduction of CCS would appear later. CCS does
not belong to the top 15 policies listed in Table 2 since its maximum
projected penetration by 2030 was estimated at 10%, but its rank
would increase with time.
3.4. Emission projections under policy scenarios

We designed two scenarios based on the co-benefits assessment
of control measures in Section 2.3 to explore the reduction poten-
tial of Beijing: air quality (AQ) scenario and strict air quality (SAQ)
scenario. The scenarios draw on the set of top 15measures (Table 2)
selected as described in Section 3.3. AQ scenario emphasizes the
recently published (after 2010) policy and illustrates the reduction
resulting from strict implementation of existing measures. We
believe that efficient implementation of most recent policies as
depicted in the AQ scenario could stimulate further progress in
Index Emission reduction in 2030, Gg
(Tg for CO2)

SO2 NOX PM2.5 CO2

boiler in fuel 0.39 40.67 34.40 5.77 8.47

2030 0.25 9.58 26.33 4.96 16.55

60% in 2030 for IP9
0.23 4.88 12.82 15.77 3.66

0.23 0.00 0.00 23.38 0.00
0.19 22.21 6.81 6.86 0.00

uel consumption: 0.17 15.52 2.77 8.32 1.89

om 2020: 85% 0.17 6.56 18.03 3.40 11.34
15 for old plants 0.16 0.00 52.19 0.00 0.00
n fuel consumption: 0.13 12.91 0.08 6.91 0.86

2030 0.13 4.97 13.65 2.57 8.58
0.06 0.00 17.63 0.82 0.00
0.04 0.00 0.00 4.39 0.00
0.03 0.00 9.80 0.00 0.00

25%; 0.02 0.13 1.96 0.37 2.46
bers: 30% in

.5% in 2020 and 10% in 2030;
a VI 0.01 0.00 1.83 0.08 0.00
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controlling air pollution and resulting in introduction of stricter
(more ambitious and more efficient) set of measures, a scenario
referred to as Strict Air Quality (SAQ) policy. For example, SAQ
additionally introduced installation of fabric filters in newly built
power plants. Table 3 presents detailed assumptions about mea-
sures introduced in these two scenarios. Some measures are actu-
ally a package of several detailed measures, e.g., improvement of
energy efficiency in industrial sector could be carried out by usage
of renewable energy, higher efficiency of industry machines, pro-
duction of less waste (Scipioni et al., 2012, 2010) and energy and
material recovery (Dias and Arroja, 2012).

Fig. 4 shows the emission reductions of SO2, NOX, PM2.5 and CO2
under policy scenarios. In 2030, AQ and SAQ scenario would reduce
84 and 102 Gg of SO2, 128 and 139 Gg of NOX, 38 and 57 Gg PM2.5,
and 11 and 46 Tg CO2, respectively. The results showed great
reduction potential: 39e48% of SO2 emissions, 38e42% of NOX

emissions, 37e55% of PM2.5 emissions and 5e22% of CO2 emissions.
This showed that air quality measures and policies could also have
co-benefits of reducing CO2 emissions. According to the model
calculation, the existing air quality policy in Beijing shows fair
stringency, as no significant difference between AQ and SAQ sce-
nario was found. The further abatement should rely on cleaner
technologies, such as IGCC and CCS, and more aggressive air quality
measures by neighboring provinces to control regional air
pollution.

4. Conclusions

The GAINS-City model inherited the core estimation method-
ology and structure of the GAINS model, but focuses on city-scale
emission estimation and policy evaluation. The model structure
has been adjusted to accommodate for specific local circumstances
and emission factors were updated reflecting local source charac-
teristics and operating conditions. Consequently, the GAINS-City
model is better suited for application at city scale. In addition, a
technology-based approach was developed to support the policy
evaluation. The newapproach allows feedbacks on activity data and
explores the co-benefits of air quality and climate policies. A policy
list including power plants, industrial combustion, domestic sector,
transportation sector and industrial process was proposed, based
on a careful review of existing and potential climate-friendly air
quality management measures. A reduction index was introduced
to rank the priority of policy implementation, which is helpful for
policy-makers to design policy package and determine the strin-
gency and timeline for policy implementation.

A case study of Beijing was conducted to demonstrate the fea-
tures of the GAINS-City model. The baseline scenario relied on the
activity data, technology penetrations and projection of socio-
economic factors embedded in the GAINS model. Two policy sce-
narios (AQ and SAQ) were developed based on the ranking of pol-
icies according to the established performance index. They aimed
to explore the reduction potential of strict implication of existing
policy and of implementation of more ambitious and efficient
measures. In 2030, analyzed policies could contribute reductions of
39e48% of SO2 emissions, 38e42% of NOX emissions, 37e55% of
PM2.5 emissions, and 5e22% of CO2 emissions, respectively.

GAINS-City framework could be applied to other large cities, due
to its independentmodel structure and proposed policy list that are
considered essential in most Chinese cities. The large number of
source categories included in the model and diverse list of policies
focusing on primary sources could support the emission estimation
and co-benefits analysis for several cities. A necessary condition for
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application of this tool is availability of key activity data and tech-
nology distribution information for the base year. To enable
calculation of air pollutant concentrations and their impacts,
collaboration with a group running atmospheric transport model
(e.g., CMAQ) is required. As a matter of fact, we have already
initiated work on application of GAINS-City for Jinan city where the
above steps and analysis are under way.

Compared to GAINS model, current GAINS-City model have no
air quality impact and cost analysis modules. But in the final stages
of the GAINS-City project, we simulated the air quality in Beijing
under different scenarios discussed above using the Community
Multi-scale Air Quality Model (CMAQ). Further work is needed to
validate these results and follow up with the development and
implementation of transfer matrices in the GAINS-City model.
Finally, estimating costs for the developed measures that would
consider specific local factors should be a high priority for future
development. Completing the above tasks would allow for calcu-
lation of concentrations and application of the GAINS optimization
module to find least cost solution to achieve specific target
concentrations.
Acknowledgments

This work is supported by the National Science Foundation of
China (41222036, 20921140409), IIASA’s Young Scientists Summer
Program (YSSP) sponsored by the National Science Foundation of
China (41111140131) and Tsinghua University Initiative Research
Program (2011Z01026). The authors are grateful to the China Sus-
tainable Energy Program of the U.S.-based Energy Foundation for
the financial and technical support.
References

AIM Project Team, 2002. AIM/Local: a User’s Guide. AIM Interim Paper, IP-02e01.
Amann, M., Bertok, I., Borken-Kleefeld, J., Cofala, J., Heyes, C., Höglund-Isaksson, L.,

Klimont, Z., Nguyen, B., Posch, M., Rafaj, P., Sandler, R., Schöpp, W., Wagner, F.,
Winiwarter, W., 2011. Cost-effective control of air quality and greenhouse gases
in Europe: modeling and policy applications. Environ. Model. Software 26,
1489e1501.

Amann, M., Bertok, I., Borken, J., Chambers, A., Cofala, J., Dentener, F., Heyes, C.,
Hoglund, L., Klimont, Z., Purohit, P., Rafaj, P., Schöpp, W., Texeira, E., Toth, G.,
Wagner, F., Winiwarter, W., 2008. GAINS-Asia: a Tool to Combat Air Pollution
and Climate Change Simultaneously; Methodology. International Institute for
Applied Systems Analysis (IIASA), Laxenburg, Austria.

Asbjørn Aaheim, H.A.K., Seip, H.M.,1999. Climate change and local pollution effectse
an integrated approach. Mitigation Adaptation Strateg. Glob. Change 4, 61e81.

Aunan, K., Fang, J., Vennemo, H., Oye, K., Seip, H.M., 2004. Co-benefits of climate
policy e lessons learned from a study in Shanxi, China. Energy Policy 32,
567e581.

Bond, T.C., Bhardwaj, E., Dong, R., Jogani, R., Jung, S., Roden, C., Streets, D.G.,
Trautmann, N.M., 2007. Historical emissions of black and organic carbon aerosol
from energy-related combustion, 1850e2000. Glob. Biogeochem. Cycles 21,
GB2018.

Beijing Statistical Bureau, 2006. Beijing Statistical Yearbook 2006. Available at:
http://www.bjstats.gov.cn/tjnj/2006-tjnj/index.htm.

Beijing Statistical Bureau, 2011. Beijing Statistical Yearbook 2011. Available at:
http://www.bjstats.gov.cn/nj/main/2011-tjnj/index.htm.

Chai, F., Xue, Z., Du, S., Ling, X., Guo, J., 2006. Analysis on the effect of air pollution
control measures in Beijing. Environ. Prot. 7, 49e52 (in Chinese).

Chan, C.Y., Xu, X.D., Li, Y.S., Wong, K.H., Ding, G.A., Chan, L.Y., Cheng, X.H., 2005.
Characteristics of vertical profiles and sources of PM2.5, PM10 and carbonaceous
species in Beijing. Atmos. Environ. 39, 5113e5124.

Chen, C., Wang, B., Fu, Q., Green, C., Streets, D.G., 2006. Reductions in emissions of
local air pollutants and co-benefits of Chinese energy policy: a Shanghai case
study. Energy Policy 34, 754e762.
Cifuentes, L., Borja-Aburto, V.H., Gouveia, N., Thurston, G., Davis, D.L., 2001. Hidden
health benefits of greenhouse gas mitigation. Science 293, 1257e1259.

Dhakal, S., 2009. Urban energy use and carbon emissions from cities in China and
policy implications. Energy Policy 37, 4208e4219.

Dias, A.C., Arroja, L., 2012. Comparison of methodologies for estimating the carbon
footprint e case study of office paper. J. Clean. Prod. 24, 30e35.

Greenhouse Gas and Air Pollution Interactions and Synergies model (GAINS), 2011.
Available at: http://gains.iiasa.ac.at/gains/docu.GCC/index.menu.

Gielen, D., Changhong, C., 2001. The CO2 emission reduction benefits of Chinese
energy policies and environmental policies: a case study for Shanghai, period
1995e2020. Ecol. Econ. 39, 257e270.

Granberg, M., Elander, I., 2007. Local governance and climate change: reflections on
the Swedish experience. Local Environ. 12, 537e548.

Hao, J., Wang, L., 2005. Improving urban air quality in China: Beijing case study.
J. Air Waste Manage. Assoc. 55, 1298e1305.

He, K., Yang, F., Ma, Y., Zhang, Q., Yao, X., Chan, C.K., Cadle, S., Chan, T.,
Mulawa, P., 2001. The characteristics of PM2.5 in Beijing, China. Atmos. En-
viron. 35, 4959e4970.

Hordijk, L., Amann, M., 2007. How Science and Policy Combined to Combat Air
Pollution Problems.

Huo, H., He, K., Wang, M., Yao, Z., 2012. Vehicle technologies, fuel-economy policies,
and fuel-consumption rates of Chinese vehicles. Energy Policy 43, 30e36.

Kennedy, C., Steinberger, J., Gasson, B., Hansen, Y., Hillman, T., Havránek, M.,
Pataki, D., Phdungsilp, A., Ramaswami, A., Mendez, G.V., 2010. Methodology for
inventorying greenhouse gas emissions from global cities. Energy Policy 38,
4828e4837.

Kennedy, C., Steinberger, J., Gasson, B., Hansen, Y., Hillman, T., Havránek, M.,
Pataki, D., Phdungsilp, A., Ramaswami, A., Mendez, G.V., 2009. Greenhouse gas
emissions from global cities. Environ. Sci. Technol. 43, 7297e7302.

Lei, Y., Zhang, Q., Nielsen, C., He, K., 2011. An inventory of primary air pollutants and
CO2 emissions from cement production in China, 1990e2020. Atmos. Environ.
45, 147e154.

Ministry of Environmental Protection, 2012. Ambient Air Quality Standard: GB
3095e2012.

Mestl, H.E.S., Aunan, K., Fang, J., Seip, H.M., Skjelvik, J.M., Vennemo, H., 2005.
Cleaner production as climate investment e integrated assessment in Taiyuan
City, China. J. Clean. Prod. 13, 57e70.

Ministry of Commerce of China, 2006. Mandatory Standards for Motor Vehicle
Scrappage (draft for Comments).

Schöpp, W., Amann, M., Cofala, J., Heyes, C., Klimont, Z., 1998. Integrated assessment
of European air pollution emission control strategies. Environ. Model. Software
14, 1e9.

Scipioni, A., Manzardo, A., Mazzi, A., Mastrobuono, M., 2012. Monitoring the carbon
footprint of products: a methodological proposal. J. Clean. Prod. 36, 94e101.

Scipioni, A., Mastrobuono, M., Mazzi, A., Manzardo, A., 2010. Voluntary GHG
management using a life cycle approach: a case study. J. Clean. Prod. 18,
299e306.

State Environmental Protection Administration of China, 1996. Ambient Air Quality
Standard: GB 3095e1996.

Shindell, D., Kuylenstierna, J.C.I., Vignati, E., van Dingenen, R., Amann, M.,
Klimont, Z., Anenberg, S.C., Muller, N., Janssens-Maenhout, G., Raes, F.,
Schwartz, J., Faluvegi, G., Pozzoli, L., Kupiainen, K., Höglund-Isaksson, L.,
Emberson, L., Streets, D., Ramanathan, V., Hicks, K., Oanh, N.T.K., Milly, G.,
Williams, M., Demkine, V., Fowler, D., 2012. Simultaneously mitigating near-
term climate change and improving human health and food security. Science
335, 183e189.

Smith, S.J., van Aardenne, J., Klimont, Z., Andres, R.J., Volke, A., Delgado Arias, S.,
2011. Anthropogenic sulfur dioxide emissions: 1850e2005. Atmos. Chem. Phys.
11, 1101e1116.

State Council Office Announcement, 2009. State Council Standing Committee
Investigation and Decision on National Greenhouse Gas Emissions Reduction
Control Target. Available at: www.gov.cn/ldhd/2009-11/26/content_1474016.
htm (in Chinese).

Streets, D.G., Fu, J.S., Jang, C.J., Hao, J., He, K., Tang, X., Zhang, Y., Wang, Z., Li, Z.,
Zhang, Q., Wang, L., Wang, B., Yu, C., 2007. Air quality during the 2008 Beijing
olympic games. Atmos. Environ. 41, 480e492.

Tuinstra, W., Hordijk, L., Amann, M., 1999. Using computer models in international
negotiations. Environment 41 (9), 33e42.

U.S.EPA, 2002. Emissions and Generated Resource Integrated Database (eGRID) Data
2000.

Wang, X., Smith, K.R., 1999. Secondary benefits of greenhouse gas control: health
impacts in China. Environ. Sci. Technol. 33, 3056e3061.

Zhang, Q., He, K., Huo, H., 2012. Policy: cleaning China’s air. Nature 484, 161e162.
Zheng, M., Salmon, L.G., Schauer, J.J., Zeng, L.M., Kiang, C.S., Zhang, Y.H., Cass, G.R.,

2005. Seasonal trends in PM2.5 source contributions in Beijing, China. Atmos.
Environ. 39, 3967e3976.

http://www.bjstats.gov.cn/tjnj/2006-tjnj/index.htm
http://www.bjstats.gov.cn/nj/main/2011-tjnj/index.htm
http://gains.iiasa.ac.at/gains/docu.GCC/index.menu
http://www.gov.cn/ldhd/2009-11/26/content_1474016.htm
http://www.gov.cn/ldhd/2009-11/26/content_1474016.htm

	Integrating mitigation of air pollutants and greenhouse gases in Chinese cities: development of GAINS-City model for Beijing
	1. Introduction
	2. Methodology
	2.1. Key concept of the GAINS-City model
	2.2. Technology-based policy evaluation approach
	2.2.1. Substitution of natural gas consumption for coal consumption
	2.2.2. Switch from heat only boilers to combined heat and power (CHP) schemes in industry and district heating systems
	2.2.3. Phasing out of cement plants with vertical kilns and non-precalciner rotary kilns
	2.2.4. China V standard for light duty gasoline vehicles

	2.3. Policy embedded in model

	3. Case study
	3.1. Brief introduction of Beijing
	3.2. Baseline emissions
	3.3. Policy-level simulation results analysis
	3.4. Emission projections under policy scenarios

	4. Conclusions
	Acknowledgments
	References


