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Abstract

China produces 52% of the global cement supply, Gamdent production accounts for 8% of China’s total
energy consumption. Moreover, 4% of China’s to&hent share is contributed by Jing-Jin-Ji (JJJ}his
study, we developed and used an integrated neansefvork that involves multiple tools to quantifyeth
potential for energy efficiency improvements, foDLand air pollutant emission reduction, and for publ
health benefits in relation to air pollution of thé&J’'s cement industry at different scales from02@12030.
Results show that the overall cost-effective enegfficiency measure implemented for energy efficien
improvement under the economic potential scenanddcresult in 21% energy savings, 8% reductio@@
emissions, 13% reduction in air pollution, &m’ reduction in average annual PMconcentration, and in
avoidance of morbidity in 17,000 individuals in tB&J region. Under the technical potential scendne
implementation of all the best available technaadior energy efficiency improvement would resnl2B%
energy savings and in reduction in £nission by 5%, in air pollution by 16%, in Riby 0.2ug/m?, and in
morbidity by 58%. At the prefecture level, the edtiof Tangshan, Xingtai, and Shijiazhuang werddhdhree
contributors to the potential for energy saving @aadthe mitigation of C@ emissions and air pollution,
whereas Beijing and Tianjin demonstrated a limjietential. Overall, the direct energy-saving besefould
be 15-47% lower than the cost of the energy effigfemeasures in both scenarios, but the full benéfe.,
energy savings benefit, G@eduction benefits, and health benefits) wouldli®-3.6 times higher than the
total costs during the study period. We recommdmad design and implementation of an integrated polic
(integrating carbon, air quality, and health eletsemto energy efficiency), which would create more
opportunities to address multiple challenges inost-effective manner, for instance by increasingrgyn
efficiency, cleaning the air, and extending hunitm |
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1. An integrated nexus assessment tool was dewklopenhance the energy efficiency policy analysis
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2. Energy efficiency measures would save energyd and would reduce GGemission by 13%
pollution by 29%

3. The distribution of energy saving and energy-ssmin-health nexus differs widely

4. The benefits of the energy—emission—health nexudd be 1.3—-3.6 times higher than the costs@f th
energy efficiency measures

and

Nomenclature

Abbreviations

IAMs Integrated assessment moc

BL Baseline scenari

CCs Carbon capture and stora

CDR Carbon dioxide removi

DC Derived coe

ECSC Energy conservation supply cun

EEC Energy efficiency improvement with economic potahsicenari

EET Energy efficiency improvement with the technicatgutdial scenari

ELE Electricity

GAINS Greenhouse Gas and Air Pollution Interactions aymke&jies

GAS Natural ga

GHG Greenhouse ¢

GSL Gasoline and other light fractions of

HC3 Hard coe

HEL Health Impact Assessme

HF Heavy fuel oi

HT Hea

IAMGE Integrated Model to Assess the Global Environn

[IASA International Institute for Applied Systems Anal

IMED | CGE Integrated Model of Energy, Environment and Economy for Sustainable
Development/Computable General Equilibrium

U Intensity use

JJ) Jinc-Jin-Ji

LPG Liquefied petroleum g

MD Medium distillate

MIT Ministry of Industry and Information Technolc

MRIO Multi-region inpu-output mode

SDS Sustainable Development Scenario

TM5 the global chemistry transport model versii

VSL Value of statistical life

WEM World Energy Model

WHO World Health Organizatio

Symbols

P Cement production

Di Cement production in city i

NFS New floor space in city i

BCI Cement consumption for one-unit floor space of Building sector in city i

HCI Cement consumption for one-unit of highway in city i

NLH New length of highways in city i

RCI Cement consumption for one-unit length of railway in city i




NLR New length of railways in city i

Ini Industrial investment in city i

ICI Cement consumption per unit investment in industrial sector in city i
Im Net import of cement in province i

CCE costs of conserved energy for an energy efficienegsure

I Investment

A Annuity factor

0 & MF* Annual change in operation and maintenance fixed costs

0 &MVer Annual change in operation and maintenance variable costs
ESF Annual energy-saving potential

PE Energy price

r Discount rate

I Lifetime of an energy efficiency meas

1. Overview

Modern integrated assessment models (IAMs) have beédely used to provide alternative development
pathways in energy production and consumption,siment, technological advances, and strategiesegt m
certain climate and environmental targets (Palt2847). Several studies employing IAMs that involve
scenario-based analysis have highlighted variotigiation pathways to cost-effectively limit globaarming

to 1.5-2 °C above the pre-industrial levels (Fusal.e 2018; Xie et al., 2020). Many researchenrgehaund
that actions that aim to limit the temperature @ase to 1.5 °C would require large-scale applinatib
negative emission technologies (e.g., bioenergly warbon capture and storage (CCS)) across the @tdxrk

et al., 2018; Lemoine et al., 2012; Peters, 2016&jsWet al., 2017). The pathways developed in previ
studies differ widely even if they deal with thexeaclimate target. For example, the Integrated Mofle
Energy, Environment and Economy for Sustainable elment/Computable General Equilibrium
(IMED/CGE) was developed and used to assess treghp@solutions that China could employ to achithes

2 °C target, and it was found that increasing theewable share of the energy system, accelerdimg t
adoption of CCS, and limiting the new capacity egian and improving the efficiency of most energy-
intensive industry sectors are warranted (Xie et 2020). The Integrated Model to Assess the Global
Environment (IMAGE), which is also an IAM, was empéd to assess the pathway toward the 1.5 °C target
and it was found that the net carbon dioxide reh@BR), lifestyle change, and electrification betend-use
sectors not only dominated the greenhouse gas (GhlB)ation, but also the other benefits (Vuurerakt
2018). Luderer et al. used seven global IAMs td@epthe 1.5-2C climate pathways and pointed out that a
cross-sectoral assessment is urgently needed @ueleal., 2018).

Efforts to decrease GHG emissions could reducer@mviental pollution, resulting in essential sher
health benefits (Shindell et al., 2018). Integraggstem and nexus approaches are increasingly bsid)to
indicate the status of climate change as well ggésent critical trends in order to tackle muéighallenges
across regions and scales (Dierauer et al., 20dBntann and Ardakanian, 2018; Jianguo Liu et 8,82 Liu

et al., 2017). Sometimes, the wordsus, interlinkages, co-benefits, multiple benefits, trade-off, andsynergies
are used interchangeably, but they all have soraaaas in their meaning (Irvine et al., 2014; Doddéwl.,
2018; Peng et al., 2018; Rao et al., 2013; Zhad@bR Theintegrated system and the nexus approaches play
an important role in modelling the linkages amongltiple distinct entities, particularly in undemting
connections, co-benefits, synergies, and trade{dits et al., 2018). The nexus concept, which cstssof
horizontal and vertical nexuses, has been widedyl g explore solutions to meet the incrementalatetrfor
energy and resources and related multiple enviroteh@ressures, such as air pollution and climhtnge
(Hoff, 2018). The World Energy Model (WEM) combinedth the Greenhouse Gas and Air Pollution
Interactions and Synergies (GAINS) model were useaksess alternative pathways related to accesisiag
energy and reducing GHG and environment pollutiotrukaneously. Rafaj et al. found that efforts twess



clean energy in Sustainable Development Scenabd&)Scenario not only reduced g€nissions by 58%,
but also decreased air pollution by 60-80% comparnitid the present levels; they thus recommendet tha
systemic measure assessment is required to maxtirézbenefits and avoid trade-offs (Rafaj et d0.18).
Fang et al. employed the multi-region input—outRIO) model and an atmospheric chemical transport
model to simulate the air quality improvement amal telated synergies among air quality,,@@Xigation, and
water use reduction in China (Fang et al., 201@ng et al. estimated the health effects relatgubtiition
reduction in 28 prefectures in JJJ (Beijing-Tiafjiabei) and in the surrounding region of Chinaytfmund
that synergistic effects positively contributedRbl, 5 reduction, and 0.5% of gross domestic product (IGDP
would be saved if the PM concentration is reduced to the national air guatiandard of China (Yang et al.,
2019). An environmentally extended MRIO combinedhwihe nexus approach was developed and used to
assess the water—RBMnexus in the JJJ region. The results highlightatl 70% of PMsand 20% of water are
related to the industrial sectors in Hebei (Gaal.e2020).

A model-projected analysis does not always prowdsufficient basis for policymaking and investment
decisions because models can only provide quawmétanalysis of future directions and general aoptjcand
they fail to adequately examine policy efficienaydahow a policy is designed and implemented indiarg
sectors and regions (Kermeli et al., 2016; Zhangl.e2018a). In addressing this challenge, martioboup
sectoral analyses based on a technic-economic agpttave been used to assess demand-side soligions
single and multiple challenges (e.g., energy asdure security, climate change, environmentalugoh,
and health effects), providing more useful insigoitspolicymakers, industry experts, and end-useagars
(Creutzig et al., 2018; Zhang et al., 2016). Farneple, Zhang et al. developed and used a GIS-awrgy
model to estimate the potential for energy effickeimprovement and the associated air quality auebies of

the Jiangsu’s cement industry at the prefecturelleand they found that 35% of energy and 30-56% of
pollution would decline by 2030 due to the impletagion of energy efficiency measures (Zhang et al.,
2018b) Worrell and Carreon concluded that if all the entr best practices were applied, a 20-35%
improvement in energy efficiency and a 2.5 + 0.86€0,..qmitigation would be potentially achieved by the
energy-intensive manufacturing sectors (e.g., cénsézel, chemicals, and aluminum) worldwide. Wibiarad
Carreon recommend that integrated policies that@oenenergy and resource efficiency with energyditaon

will be one of the most efficient ways to decre&® emissions (Worrell and Carreon, 2017). Zhang et al
(2016a) developed an integrated framework thatidesdl energy conservation supply curves (ECSC), GAIN
ArcGIS, the global chemistry transport model vansio(TM5), and health impact assessments and thethiti

to assess the energy saving potential and the iatsenergy efficiency co-benefits of China’'s came
industry. They found that the achieved social-ecaincenergy efficiency co-benefits are more tharcénas
much the energy efficiency investments.

This study aims to overcome such a gap by devejopmintegrated nexus framework with horizontal and
vertical components. We focus on the cement inguistdJJ in China for several reasons. First, #erdgion,
located in northern China and consists of Beijifignjin, and 11 cities of Hebei (see Figure 1 irpApdix), is
one of the most important regions in China owinggatatus in terms of economic development. [b8&2®%

of the Chinese population lived in JJJ and madéesgb ontribution to the total GDP (National Bureafu
Statistics, 2019). In the last decade, many prsjacinounced by the Chinese central government tlygen
required the JJJ to achieve a sustainable andioated development (e.g., equity of cement prodacéind
consumption). Second, cement is the fundamentadrmabhused to build infrastructure, and cement potsl
are consumed to support the infrastructure cortibrualso within JJJ. Third, the cement industrythe JJJ
contributes significantly to CQemissions and demands high amounts of limestodesaergy (Zhang et al.,
2015a). In 2015, the JJJ produced 104 million twireement, and around 95% of which was consumeuiwit
the JJJ region. The clinker capacity per productina ranges from 1,000 tons to 12,500 tons per day
(National Bureau of Statistics, 2016). Fourth, ggesecurity, climate change, and environmentalutioth are
the top three urgent issues facing JJJ. For exarhgennual mean P concentration in JJJ was 106/m’,
three times higher than the World Health Organima{\WWHO) interim target of 1 (Qi et al., 2017). Tkey



features of the nexus framework developed in thidysis that it consists of four highly detailed deds that
gquantitatively model (1) the end-users’ local cetndemand for the construction of infrastructure awesv
buildings for instance, (2) the potential for eneefficiency improvements and for reduction of £gnissions
and air pollutants at the provincial and prefecterels, and (3) the provincial air quality improvents and
the health effects associated with PM

2. Methods

This study develops and uses an integrated neausefrork that consists of intensity use (IU) cursksig
with a GIS-based energy model, the GAINS model,taedMED|CGE and Health Impact Assessment (HEL)
in order to quantify the energy saving potentiatteé JJJ's cement industry at different scales el as to
model the associated energy efficiency nexus, winicludes clean air and public health benefits, Hrede
factors’ response to GDP gains. Specifically, firate introduce the horizontal (which represents the
relationships between cement and related consu@ers building and infrastructure sectors)) arel\artical
(which represents the dynamic relationship acrbes XJJ region in various scales) nexus approaches t
forecast the outputs for cement and clinker bagethe future activity of cement consumers. Thespf-
linked approach is used to develop the linkagesngntbe GIS-based energy model, the GAINS model, and
the IMED|CGE & HEL models. Finally, the nexus framoek is employed to explore the energy saving
potential of the cement industry, the emission gatibpn of CQ and air pollutants, and the air quality
improvements and the associated public health liersef well as the effects on GDP gains. During tep,

the vertical (cross-scale) nexus will be modeledhat provincial and prefecture scales. The framkwisr
depicted in Figure 1, and the working steps arfelasvs:

U curves GIS-based energy model
Key input parameters: Key output indicators ey inputp ete
Population across JJJ Clinker and cement production lines by 37 energy efficiency technologies by

Urbanization rates across JJJ
Historical capacity of clinker and cement Production of clinker across JJJ
Historical production of clinker and
cement

Cement consumption by end-use sectors Production of cement across JJJ
(i.e. building, highway, railway, and other
industrial sectors)

county across JJJ process across JJJ

Invest costs, O&M costs, lifetime,
fuel/electricity savings, implementation
rates for base year and future

Running hours, capacity of each
production line

€02 emission factors by fuels

Key outputindicators

Energy consumption by fuel types across JJJ
Key output indicators putp == == = Energy saving potential across JJJ

Total cost of energy efficiency measures
Energy saving benefits
CO2 reduction benefits

.| Emissions and the associated abatement

Fuel consumption and industrial
for PM2.5,502, NOx across JJJ

products for other sectors across JJJ

Changes of PM2.5 concentration across Al pollution contielitschnologies by,
m fuels and sectors across JJJ

T

1 Q

1 D & ode
1

Key output indicators

Population across JJJ Mortality and Morbidity across JJJ
Relative Risk of Mortality and bidif

Value of statistical life across JJJ

Total health Benefits across JJJ

Nexus analysis

e s saaanrrr s rra R REE R aRa R RRa R aaannnnannn Cost benefits/effectiveness analysis e :

=———>Hard-linked «eseeeeee »Soft-linked

Figure 1. Workflow of integrated nexus frameworkttincludes energy efficiency, climate changegaaility,
and health.

1) Predict the production of cement until 2030 basedtie IU curves of cement users and their
activities. Clinker production is calculated basedhe regional clinker-to-cement ratio.

2) Integrate cement and clinker outputs into the GdSeld energy model, which includes the regional
ECSC and an ArcGIS-based distribution assessmatfibph (Zhang et al., 2018b).



3) Use the soft-linked approach to build the linkapesween the GIS-based energy model and the
GAINS-JJJ to assess the emission reduction of@i@gation and air pollutants due to the applicati
of energy efficiency measures.

4) Import the changes in P}M concentration under the alternative scenarios tikoIMED/CGE and
HEL models to quantify the public health benefitacluding the avoidance of mortality and
morbidity) and the avoidance of GDP loss througlgaality improvement.

5) Use the integrated nexus framework involving costdiit analysis to estimate the energy—emission—
health nexus from the horizontal and vertical pectipes. In this step, the cost covered the investm
costs, the operating and maintenance fixed coststte operating and maintenance variable costs of
the energy efficiency measures. The benefits irduehergy saving benefits, €@itigation benefits,
and health benefits.

2.11U Curves

In most IAMs, IU curves (including economic and ploal-based U curves) are used to quantify the
relationships between the supply and demand seatalr$o model a future product activity worldwideder
different assumptions (Zhang et al., 2019). Thenerdc IU curve is usually used to calculate a feifproduct
activity from an economic perspective (e.g., basedoroduct consumption in relation to the valueeatjd
whereas the physical IU curve focuses on the phlygierspective, which depends on the quality ofosat
information and on the associated data (Oshird,e2@17; Zhang et al., 2018b).

In this paper, the physical and economic IU cuaresdeveloped and used to forecast cement produntihe
JJJ region until 2030. The formula for the projeeiment production is shown in Equation 1 (Zhanglet
2018by):

P= Zpi = Z(NFS * BCI + HCI * NLH + RCI * NLR + Ini * ICI) +Im  Equation 1
i

Where:

P = Cement production

p; = Cement production in city

NFS = New floor space in city

BCI = Cement consumption for one-unit floor spacehefliuilding sector in city
HCI = Cement consumption for one-unit of highway ity Ci

NLH = New length of highways in city

RCI = Cement consumption for one-unit length of rajpracity i

NLR = New length of railways in city

Ini = Industrial investment in city

ICl = Cement consumption per unit investment in tlleigtrial sector in city
Im = Net import of cement in provinge

Note that the net import share of total cement petidn at the provincial level is assumed to ncange
during the study period because around 95% of ceprenuced in the JJJ region is consumed within the
region (National Bureau of Statistics, 2016). Tly@aimic distribution of future cement productionJidJ is
depicted in Appendix A: Table 1. The regional cénko-cement ratio in 2015 is used to estimateftihgre
clinker output until 2030 at the prefecture level.

2.2 Gl S-based energy model

A GIS-based energy model consisting of ArcGIS a@&Es for the JJJ region is developed in this stiitig.
regional ECSCs were employed to estimate the patdot energy saving and the associated, @G@igation



through the implementation of the best availablergy efficiency technologies at the prefecture lleve
whereas ArcGIS was employed to quantify the dynaiisiribution of the potential for energy savingrfr the
economic and technical perspectives and the asedd emission reductions (Zhang et al., 2018b).

The method of calculating the costs of conservetg@n(CCE) for an energy efficiency measure is gmésd
in Equation 2. More information on the methodoloigy the development of ECSCs are presented by
Hasanbeigi et al. (2013a, 2013b, 2010).

IXA+0&MF*+0&MVY —ESP X PE )
CCE = ESP Equation 2

Where:

CCE = costs of conserved energy for an energy effagieneasure ($/GJ)
| = Investment ($)

A = Annuity factor

0 & MF* = Annual change in operation and maintenance fixets ($)

0 & MV*" = Annual change in operation and maintenance Marizosts ($)
ESP = Annual energy-saving potential (GJ)

PE = Energy price ($/GJ).

In this paper, a discount rate of 10% is used kutae the annuity factor, which is calculatedhgsiEquation
3:

r

A=a-—a+nm

Equation 3

Where:
r = Discount rate (%)

[ = Lifetime of an energy efficiency measure (years)
2.3 GAINS model

GAINS, an IAM, has been widely used for multipleipp assessment worldwide, particularly in Europe,
China, JJ3J, G20, Asia, France, Netherlands, Swetddy, and Hebei of China. GAINS, which develofad
the International Institute for Applied Systems Msi&s, GAINS brings together data on population and
economic development, activity of energy use byl fypes and industrial production, sectoral streestu
agricultural livestock, control options and the teosf air pollution control technologies, pollutaotmation
and their dispersion in the atmosphere, and enviemtal impacts related to pollution (Amann et 2011;
Amann et al., 2008; Wagner et al., 2018). The kdyaatage of GAINS is that it describes the inteoast
between pollutants (e.g., 3ONOx, PM, and NK) and GHG across sectors and regions. A large nuotbe
institutions employ the GAINS to explore the colfeetive mitigation potential for air pollutants guGHG in
the context of multiple objectives (e.g., reductiohenvironmental impacts and achievement of clémat
targets; Amann et al., 2008; Woo, 2015, 2015; Zhetngl., 2015c). In this study, the GAINS-JJJ modas
used to quantify the pollutants gNOx, and PMs(Zhang et al., 2014) across JJJ and to model tten{al
abatement of air pollution, including the assodasmnual PMs concentration reductions, as well as the
associated energy—emissions synergies under diffecenarios.

2.4 IMED|CGE and HEL



The IMED|CGE model is a recursive, dynamic CGE mdust covers 22 commodities consumed by different
sectors in 30 provinces in China and is modeledlyd®ai et al. 2012, 2017; Dong et al. 2017; Xie e
al.2018). The IMED|HEL model is widely used to assthe health endpoints and economic gains retated
environmental pollution (Liu et al. 2019; Xie et aD16, 2017, 2018, 2019; Wu et al. 2017,2019; gretral.
2019; Tian et al., 2018, 2019; Kim et al. 2020): ffds model, a nonlinear approach was employesstionate
the relationship between pollution concentratiod #re relative risk of health endpoints (includimgrtality
and morbidity) based on the latest studies (Aptelet2015; Turner et al., 2015). The IMED|HEL miode
monetizes the lost non-market value of statistitm(VSL) to represent the additional impacts n¥/ieonment
pollution abatement. Currently, the VSL differs ey across developed countries, ranging from 8ionilto

31 million USD (Matus et al., 2012).

In this study, the benefits transfer approach weeduo calculate the JJJ's VSL in the base yearfiande
years based on the average VSL in China (0.26amillSD) and on the regional GDP per capita. Nceith
this study, 0.5 of personal income elasticity waedy in line with recent studies (Viscusi and Al@903;
Zhang et al., 2016). The outputs for the annuall totedical expenditure and per capita work lossiabt
from the IMED|HEL model was applied to the IMED|C@idel to estimate macroeconomic impacts. More
details on the IMED|CGE and HEL model are available at
http://scholar.pku.edu.cn/hanchengdai/imed_general.

2.4 Data sour ces and scenario assumptions
2.4.1 Data sources

Information on the historical production of cemantd clinker in JJJ were obtained from the China €ém
Almanac (China Cement Association, 2010), Chinaisizal Yearbook (National Bureau of Statistics of
China, 2014, 2013, 2011), and Hebei Economic Yeslblebei Statistical Bureau, 2019) as well as from
recent studies (Tian et al., 2014). Informationttoa historical energy consumption by fuel typeshsy JJJ's
cement industry were obtained from the China En&gyistical Yearbook (National Bureau of Statstaf
China, 2013) and then calibrated based on the ruliterature (Cai et al., 2016; Wen et al., 20X6gt al.,
2013). Data on population and urbanization of eeith in JJJ were obtained from the China Statiktica
Yearbook (National Bureau of Statistics, 2015). Tutare population of each city was calculated Hasethe
World Energy Outlook 2018 Current Policy Scenanidhie GAINS. The specific cement consumption pér un
of production (e.g., floor area in square meteth@ building sector and length of highway and rajwn
kilometer in the transportation sector) were olgdifrom state-of-the-art studies (Hasanbeigi eRéll7; Liu,
2017). Note that the intensity of cement consunmpiad the net import share of total cement prodocti
remained the same during the study period.

Recent studies indicate that a large number ob#st available energy efficiency measures hasdirbaen
applied in the JJJ's cement industry (Hasanbeigl.eR013c; Tian et al., 2014; Wang et al., 20E)wever,
there is still a high potential for energy effiabgnimprovement and for emission reductions via uke of
different technologies (Wang et al., 2018). Thisdgtconsiders 37 of the best available commeraiatgy
efficiency measures in four main processes: fudlraw material preparation, clinker making, fingrinding,
and general measures. The parameters (i.e., esaergygs by fuel types, investment costs, operading
maintenance fixed costs, operating and maintensadable costs, lifetime, current implementatioteran
base year) for such energy efficiency technologiere obtained from our recent studies (Zhang e2@all8b,
2016) as well as from other recent studies, suclthase conducted by the Lawrence Berkeley National
Laboratory (Hasanbeigi et al., 2013b; Zhou et2811), the Energy Research Institute of China @ai Hu,
2013; Dai and Xiong, 2013), the Ministry of Indyst@nd Information Technology of China (Ministry of
Industry and Information Technology (MIIT) of Chin2014, 2012), the Tsinghua University (Tsinghua
University, 2008; Wang et al., 2014; Wen et al.120and other institutions (Wang et al., 2014; Xiag,
2013). Based on the current implementation rates, fture implementation rates of the selected ggner
efficiency measures were estimated by a linearayempent approach and with the assumption of thdir fu



implementation by 2030. Since the wet process wolgies employed in the JJJ's cement industry were
phased out in 2015 (Tian et al., 2014; Zhang et24l15c), this study does not consider energy ieffay
measures for wet processes. The costs (i.e., meestcosts, operating and maintenance fixed casid,
operating and maintenance variable costs) of eneifigiency measures are priced in 2005 in USD, ted
energy prices by fuel types were obtained fromGhma Cement Almanac (China Cement AssociationQR01
The energy-based GCemission factor in the JJJ's cement industry watgined from our recent studies
(Zhang et al., 2016, 2015c), and the &ission factor caused by electricity consumpéias obtained from
Yi et al. (Yi et al., 2020). The pollution abatengmtential (i.e., PMs, SO, and NOXx) related to energy
consumption and processes were also assessedmismom factors of Pk, SO, and NOx were modeled
using the GAINS-JJJ module. Moreover, 3.22 USDGé&of energy and 10 USD per ton of O@ere used to
quantify the benefits of energy saving and,C&luctions due to the application of selected@nefficiency
technologies (Zhang et al., 2015c).

2.4.2 Scenario assumption

This study mainly focuses on the cement productioocess in JJJ, including fuel and raw material
preparation, clinker making, and finish grindingsbd on the guidebook for the GHG emissions of neme
manufacturing enterprises (National Development Retbrm Commission of China, 2013). We developed
three scenarios: the baseline (BL) scenario, tleeggrefficiency improvement with economic potentiaEC)
scenario, and the energy efficiency improvemenhie technical potential (EET) scenario. For &lthese
scenarios, the study period is 2010-2030 with e-yiwar step, and 2010 is the base year. Notelba@2@15
data are related to the distribution of clinker amohding features (e.qg., clinker capacity of egcbduction
line by county, cement capacity of each productine by county, and the associate nhumber of prooict
lines) are integrated into the GIS-based energy einodéurther, the 2015 regional clinker and cement
productions are used to verify the consistency betwreality and forecast. The three scenarios eserithed

in detail in Zhang et al. (2015c, 2015a). They wesed as a basis to estimate the energy—emissialiti+-he
nexus and the related response to GDP gains idJthe cement industry at different scales. Theodiscrate,
regional fuel prices, clinker and cement distribatiand energy structure remain consistent incaharios.
The autonomous energy efficiency improvement inBhescenario was 0.2% per year for the efficiemhent
plants, and the inefficient cement plants woulgpbased out because of the anticipated declinesinégbment
production, consistent with our recent findings4&f et al., 2016, 2015a). In the EEC and EET stmnare
assumed that the inefficient cement plants woulghssed out when the future dynamic distributionlimiker
and cement for each prefecture is modeled andthleatuture implementation rate of each energy iefficy
measure would decline. In the EEC scenario, thathegvalue of CCE of energy efficiency technolegngth
future implementation rates will be implementedtle cement industry to represent the potential ggner
savings from an economic perspective. All of thetlavailable energy efficiency technologies areiaesl to

be fully implemented in the EET scenario to quartiife maximum energy saving potential and the astaut
synergies. The prefecture distribution of energgstonption and the emissions of GHG and air pollstan
under the different scenarios were calculated terdene which region had the most significant pogrior
energy savings, emission reductions, and healtrefiterwith the lowest costs. Moreover, the energy—
emission—health nexus was calculated to assesdh®wexus would affect the potential for a costetfie
saving of energy.

Table 1 CCE of energy efficiency measures by pogedJJ’s cement industry

Number

1 | New efficient coal separator -22.12 -25.03 -27.00

VFD in raw mill vent fan -20.39 -23.30 -25.27
Bucket elevators for raw meal
3 | transport -20.26 -23.18 -25.15




High efficiency fan for raw mill

4 | vent fan with inverter -18.32 -21.24 -23.21
Efficient Transport System for
5 | mine -15.35 -18.26 -20.23
Installation of variable frequency
drive & replacement of coal mill
6 | bag dust collector’s fan -13.24 -16.15 -18.12
Raw mill process control for
7 | roller mill -10.98 -13.89 -15.86
8 | Optimize mine exploitation -9.85 -5.96 -6.06
9 | High efficiency drying for slag -7.88 -3.99 -4.09
10 | Slag powder production -3.16 0.73 0.63
11 | High Efficiency Classifiers 0.74 -2.17 -4.14
12 | High Efficiency Roller Mills 6.82 3.91 1.94
High-Efficiency Roller Mill for
13 | raw mill and coal grinding 15.77 12.86 10.89
Raw mill process control for
14 | vertical mill 38.31 35.40 33.43
Raw mill Blending
15 | (homogenizing) systems 54.96 52.05 50.08
16 | VFD in cooler fan of Grate Cooler -18.68 -21.59 -23.56
Heat recovery for power
17 | generation -16.02 -18.94 -20.90
Adjustable speed drive for kiln
18 | fan -9.67 -12.58 -14.55
Kiln Shell Heat Loss Reduction
19 | (Improved refractories) -8.32 -4.43 -4.53
20 | Conversion to Grate Cooler -8.29 -4.40 -4.50
combustion system
21 | improvements -7.41 -3.52 -3.62
22 | Optimize Grate Cooler -6.62 -2.73 -2.83
23 | Upgrade clinker cooler -6.42 -2.05 -2.02
Energy management & process
24 | control -6.36 -2.83 -3.03
Low temperature heat recovery
25 | for power generation -5.39 -8.30 -10.27
Replacing Vertical Shaft Kilns
26 | with New Suspension -6.12 -2.22 -2.32
Upgrading to a preheater &
27 | precalciner kiln -5.09 -1.20 -1.30
Increasing Number of Preheater
Stages (from 5 to 6) in Rotary
28 | Kilns -4.87 -0.71 -0.73
Older dry kiln upgrade to multi-
29 | stage preheater kiln 38.43 42.59 42.57
Low pressure drop cyclones for
30 | suspension preheater 43.62 40.71 38.74
High Pressure Roller Press for
31 | ball mill pregrinding -14.50 -17.42 -19.39
32 | High-Efficiency Classifiers 5.38 2.47 0.50




33 | High Efficiency Motors -19.13 -22.04 -24.01

34 | Adjustable Speed Drives -18.17 -21.08 -23.05
Energy Management & Process
35 | Control -8.55 -4.66 -4.76

37 | Biomass and Waste -8.30 -4.41 -4.51

3. Resultsand discussion
3.1 Energy consumption and energy saving potential

Figure 2 shows the total fuel consumption and gmvihat can be realized in the JJJ's cement indugtito
2030 under different scenarios. As depicted in FEgR(a), in all scenarios, the total energy congionp
gradually decreases until 2030. In the BL scenatfi® total energy consumption in 2020 and 2030
significantly decreases by 6% and 46%, respectiv&ynpared with that in 2010. During the study qeri
hard coal 3 (HC3) plays a dominant role in totakrggy consumption, accounting for 65% of the energy
consumption, followed by derived coal (DC) (11%)amedium distillates (MD) (8%). The main reason
behind this trend is that fossil fuels (e.g., HO&;, and MD) are used to crush, grind, and heatmeterials
(limestone, chalk, and clay) to 1,400-1,800to form a clinker (Liu et al., 2018). By implenti&g 30 cost-
effective energy efficiency technologies in the E&@nario during the study period, we can achid% and
44% energy savings in 2020 and 2030, respectivadypared with that in the BL scenario. The most
considerable additional saving potential (3%) whseoved in the EET scenario owing to the applicatid
seven non-cost-effective technologies. To bettaetetstand which city contributes most to the totadrgy
saving potential, we assessed the dynamic disioibutf energy savings at the city scale. Figure 2{mws
the distribution of energy saving potential of 1id’s cement industry under the EEC and EET saenaritil
2030. As shown in Figure 2(b), energy saving paeriffers widely between cities. In both EEC aBHT
scenarios, Tangshan has the largest total enevgjygsaotential, accounting for 32%, followed by ¥tai and
Shijiazhuang, which together account for 25%. Titiesof Langfang, Cangzhou, and Hengshui havéethst
amount of energy saving potential because theyotibawe sufficient financial support to implemedvanced
energy efficiency measures.
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Figure 2. Energy consumption (a) and associatedygsavings potential (b) in the JJJ region

3.2 CO, emissions and mitigation

Figure 3 shows the total G@missions and the mitigation of energy-related, @issions by the JJJ's
cement industry until 2030 at various scales. Inegal, the C@ emissions in different scenarios slightly
fluctuated prior to 2020, but after 2020, £@missions will be significantly reduced. As expgegtthe
application of 30 cost-effective energy efficierteghnologies in the EEC scenario decreases éssions
by 4 Mt (equal to 7% of the total emissions) by @08nd CQ emissions further decrease by 5% in the EET
scenario. Compared with energy-savings potentingrgy efficiency measures contribute less to,CO
mitigation. Emissions from raw material calcinatiaocount for 44% of the total emissions. Howevke, t
opportunities related to the mitigation of procesget generate emissions are beyond the scopésaftudy.
Regarding the distribution of GQ@eduction potential at the city scale, in the E&@ EET scenarios, GO
mitigation varies significantly between cities degmg on the cement output and penetration of telec
energy efficiency measures (see Figure 3(lowen)thé EEC scenario, the cities of Tangshan, Shijiang,
and Xingtai are the top three contributors to,@&luction, accounting for 56% of the total reductpotential
throughout the studied period. In the EET scen#ni®CQ reduction potential in the cities of Beijing, Tjam
Handan, and Baoding is higher than that in the E&&hario by 69-92% due to the application of sexen
cost-effective energy efficiency measures, inclgdihe use of high-efficiency classifiers and roltaills,
multi-stage preheater kiln, and raw mill blendihgrfogenizing) systems.
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Figure 3. CQemissions (top) and energy-related @atigation (down) in the JJJ region.

3.4 Air pollutant emissions and abatement

The emission of air pollutants in the cement indusepends on the progress of development, ondlfie s
sufficiency of limestone, on the scale of produttion the quality of fuel, and on the type of kikigure 4
shows the regional trends in air pollution and ytadh abatement based on the adoption of selectetyy
efficiency technologies in the JJJ's cement ingustitil 2030. As shown in Figure 4(a—c), betweet®@nd
2030 and across regions, air pollution emissiongearom 1,000 kt to 25,000 kt per year. Within thid
region, most air pollution emissions in the cemsadtor originate in Hebei, which contributes 93%ttaf
emissions, followed by Tianjin and Beijing. Durinige study period, the total air pollution emissidns
Beijing declines by 20-48% compared with that ia 8L scenario. In all scenarios, each pollutanité.,(
PM,s SO, and NOx) contribution to the total air pollutiearies widely in different regions. For example,
SO, contributes to 17-34% of the total pollution iraijin and Hebei but contributes only 4% of the yotidin

in Beijing between 2020 and 2030. Further, theeslv&PM s to the total air pollution in Beijing in the EET
scenario increases by 16% from 2010 to 2030. The mason is that the selected energy efficiencgsuees
have higher co-benefits for NOx reduction thanRM, sreduction. We also modeled the energy efficiency fo
clean air at the city scale in the EEC and EET &des by using the GAINS-JJJ model (see Figure)® (d
Overall, the highest air pollution abatement wasuwprisingly observed in Tangshan, Shijiazhuangl an



Xingtai of Heibei, and fewer PM emissions by small-scale cement plants were obdéan/the megacities of
Beijing and Tianjin. In the top three cities, thephcation of cost-effective energy efficiency tackogies in
the EEC scenario may decrease the total air pofiuly 9-25%, and the application of the seven rust-c
effective energy efficiency technologies in the E€€Enario will further reduce the pollution by 6920
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Figure 4. Regional air pollution emissions (a—a dgnamic abatement (d) in the JJJ region.
Note: the legend scale represents the emissioin pblutant.

3.5 Health effectsand economic im

pacts

The potential contribution of cement productiorttie decrease in P) concentration is not significant for
two reasons: (1) The share of PMemissions caused by cement production in Hebeiuets for 16% of the
total emissions. By contrast, the share of bothigeand Tianjin is less than 1% of the total erioiss (Zhang



et al., 2016). (2) The best available air pollutmontrol options in the cement industry have alyehden
implemented in Beijing (Tian et al., 2014).

We assessed the contribution of energy efficiemcyeducing the average annual Rjdoncentration under
different scenarios. Overall, by making assumptionghe projected implementation rates for costative
energy efficiency technologies in the EEC scenane, found that by 2030, the average annual, PM
concentration decreases by less tharu@/B? in the JJJ region. For the EET scenario, wheriof zhe best
available energy efficiency measures will be fudlyplied, the average annual Pioncentration decreases
by around 0.7ug/m’. The distribution of primary Ph emissions is similar to the distribution of PM
concentration abatement at the prefecture scalpicaly, Tianjin has the most significant potentiak
reduction, whereas Beijing has the lowest actuhlcton.

In terms of health effects related to Piin the EEC scenario, morbidity decreases by 2,80800, and
12,400 in Beijing, Tianjin, and Hebei, respectiveWyith the application of all selected energy eéicy
technologies in the EET scenario, morbidity isHertreduced by 5,200, 5,600, and 31,100 in Beijitiggjin,

and Hebei, respectively. Although health improvetndoe to the implementation of energy efficiency
technologies in the JJJ's cement industry is nghiicant, the willingness-to-pay method shows ttree
economic benefit remains substantial in the twerafitive scenarios. For example, the VSL savingstdithe
avoidance of premature death are around 70 mili&D in Beijing, 60 million USD in Tianjin, and 19
million USD in Hebei in 2030 under the EEC scenahivthe EET scenario, VSL savings are considerably
increased (200 million USD, 190 million USD, andO6illion USD in Beijing, Tianjin, and Hebei,
respectively).

Finally, we estimate the overall cost of energycafhicy measures and the benefit of energy—emishirmilth
under different scenarios until 2030 at the JJ3esggded level. As shown in Figure 5, the directrgysaving
benefits may be 15-30% lower than the cost of gnefficiency measures in the EEC scenario, whetleas
total cost in EET scenario will further increaselsthat it becomes 47% higher than the benefitsvéver, if
the energy—emission—health nexus is considerediuthbenefits (i.e., energy-saving benefit, £@duction
benefits, and the health benefits) will be 1.3-+Bres higher than the total costs of energy efficiemeasures
during the study period. This finding means thasiessential to assess the energy—emission—heféditts
when designing and implementing an energy effigigralicy.
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Figure 5. Cost and benefits under different scesari

4. Conclusions

We assessed the potential for energy efficiencyravement and the associated energy—emission—health—
economic nexus of the JJJ's cement industry agrdifft scales until 2030.



An integrated nexus framework was used; this fraamkveonsisted of a GIS-based energy model involving
the IU curves to model future cement productioe, @AINS model to estimate air pollution abatemerd a
the changes in pollutant concentration, and theDIMESE and HEL models that were developed and used t
guantify the associated health effects and théacebn GDP gains at the regional and prefectureldefrom
2011 to 2030. For all scenarios, energy consumptighe JJJ's cement industry shows a drastic mieelfter
2020. In the baseline scenario, by 2030, the ensmggumption by the JJJ's cement industry is ptegeto be
134 PJ, which is 47% lower than that in 2010. le BEC scenario, 21-44% energy savings, 8-13% CO
reduction, and 13-29% air pollution abatement algéesed when the selected cost-effective energgieficy
technologies were assumed to have been implemekgeggards potential distribution, heterogeneityerms

of energy savings, reductions in €@missions and air pollution, and associated hdmdtiefits for the next
two decades is observed across the cities (exceghdcle). Typically, the cities of Tangshan, Xingtaid
Shijiazhuang are the top three contributors toggnsaving potential and potential for reductiorCé. and air
pollutant emissions; together, these cities acctamb7%, 56%, and 45% of energy saving and, @ad air
pollutant mitigations, respectively.

Unsurprisingly, energy efficiency improvement irethlJ’'s cement industry has less contribution tutam
concentration and to the associated public heéfilate because its P emissions has contributed less (4%)
to total emissions compared with the other sectrsh as the steel, power, and transportation fndsisin
the two alternative scenarios, by 2030, the paiemnéiduction of the average annual Moncentration is
0.5—0.7ug/m3, which would avoid morbidity in 17,800-41,900 idiuals and save 149-1060 million USD.
However, direct energy-saving benefits could bed¥84 lower than the cost of energy efficiency measum
both scenarios, but the full benefits (i.e., enesaying benefit, C@reduction benefits, and the health benefits)
will be 1.3-3.6 times higher than the total costsrdy the study period. Hence, this study clearlii¢ates that
policies that integrate design can create moreilpibses for increasing energy efficiency, for al@ng the air,
and for extending human life. Also, it is helpfol ise a nexus approach to assess the possible®ssltd
multi-faceted challenges, such as energy and res@acurity, climate change mitigation, and envirental
pollution and health.
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Appendix A — Figure 1: the study area of Jing-Jiant the associated prefectures

Appendix A: Table XCement production in JJJ Unit:[Mt]

Region Year cement production

Beijing 2010 10.49
Beijing 2015 11.53
Beijing 2020 4.25
Beijing 2025 3.65
Beijing 2030 3.09
Hebei 2010 127.72
Hebei 2015 90.73
Hebei 2020 87.35
Hebei 2025 71.36
Hebei 2030 50.38
Tianjin 2010 8.32
Tianjin 2015 7.78
Tianjin 2020 6.12
Tianjin 2025 5.69

Tianjin 2030 5.24




Appendix A: Table 2 Key parameter of energy efficig measures in JJJ’'s cement industry

Number

New efficient coal

1 | separator 0.00 0.27 0.01 0.00 20
VFD in raw mill vent

2 | fan 0.00 0.34 0.02 0.00 10
Bucket elevators for

3 | raw meal transport 0.01 2.42 0.19 0.00 20

High efficiency fan for
raw mill vent fan with

4 | inverter 0.00 0.37 0.04 0.00 10
Efficient Transport
5 | System for mine 0.00 1.08 0.16 0.00 25

Installation of variable
frequency drive &
replacement of coal

mill bag dust
6 | collector’s fan 0.00 0.16 0.03 0.00 10
Raw mill process
7 | control for roller mill 0.04 13.22 2.42 0.08 20
Optimize mine
8 | exploitation 0.13 -0.01 0.00 1.65 0.02 0.01 40
High efficiency drying
9 | forslag 0.29 0.00 25.32 1.27 20
Slag powder
10 | production 0.06 0.00 0.36 2.06 20
High Efficiency
11 | Classifiers 0.02 5.23 2.85 0.00 20
High Efficiency Roller
12 | Mmills 0.04 10.45 7.12 0.00 20

High-Efficiency Roller
Mill for raw mill and

13 | coal grinding 0.01 1.51 1.33 0.00 20
Raw mill process
14 | control for vertical mill 0.01 1.45 1.49 0.08 20

Raw mill Blending
15 | (homogenizing) 0.01 2.73 4.79 0.00 20




systems

VFD in cooler fan of

16 | Grate Cooler 0.00 0.11 0.01 0.00 10
Heat recovery for

17 | power generation 0.08 5.10 3.40 0.08 20
Adjustable speed drive

18 | for kiln fan 0.01 2.05 0.40 0.04 10
Kiln Shell Heat Loss
Reduction (Improved

19 | refractories) 0.26 0.00 24.60 0.21 0.00 5
Conversion to Grate

20 | Cooler 0.60 0.00 16.37 0.45 0.10 30
combustion system

21 | improvements 0.03 0.00 0.72 0.17 0.01 30

22 | Optimize Grate Cooler 0.09 0.00 2.16 0.45 0.10 30

23 | Upgrade clinker cooler 0.11 -0.01 8.35 0.21 0.08 30
Energy management &

24 | process control 0.15 0.01 16.61 2.36 0.00 10
Low temperature heat
recovery for power

25 | generation 0.13 31.66 9.08 0.89 20
Replacing Vertical
Shaft Kilns with New

26 | Suspension 2.00 0.00 62.00 34.50 40
Upgrading to a
preheater/precalciner

27 | kiln 0.43 0.00 40.68 18.80 -1.18 40
Increasing Number of
Preheater Stages (from

28 | 5to 6) in Rotary Kilns 0.11 0.00 9.30 2.10 0.02 30
Older dry kiln upgrade
to multi-stage

29 | preheater kiln 0.11 0.00 23.00 34.50 40
Low pressure drop
cyclones for

30 | suspension preheater 0.01 2.67 4.32 0.00 30

31

High Pressure Roller

0.04

8.53

1.61

0.08

20




Press for ball mill
pregrinding
High-Efficiency
32 | Classifiers 0.02 6.27 4.07 0.00 20
33 | High Efficiency Motors 0.02 4.70 0.38 0.00 10
Adjustable Speed
34 | Drives 0.01 2.43 0.25 0.00 10
Energy Management &
35 | Process Control 0.40 0.00 9.91 0.04 0.00 10

Blended Cement || 17| _______003] 16002 | o060| 003 30

37 | Biomass and Waste 0.60 0.00 56.76 1.10 0.00 30

Appendix A: Table 3 Cement plants data in Jingdii(dJJ) region



Fangshan Mt/year| clinker 12.40 0.00
Shunyi Mt/year | clinker 0.34 0.00
Beijing Beijing - -
Huairou Mt/year | clinker 0.34 0.00
Changping Mt/year| clinker 6.23 0.00
Ji Mt/year | grinding 0.00 4.00
Hangu Mt/year | grinding 0.00 0.60
Tianjin Mt/year | grinding 0.00 21.00
o o Jinghai Mt/year | grinding 0.00 2.00
Tianjin Tianjin — —
Xiqing Mt/year | grinding 0.00 1.60
Wuging Mt/year | grinding 0.00 0.60
Ninghe Mt/year | grinding 0.00 4.00
Beichen Mt/year | clinker 3.10 0.00
Laishui Mt/year | grinding 0.60 0.60
Xushui Mt/year | grinding 0.00 0.60
) Baoding county Mt/year| grinding 0.00 1.00
Baoding - X
Yi Mt/year | clinker 3.10 0.00
Tang Mt/year | clinker 1.55 0.00
Quyang Mtlyear | clinker 1.24 0.00
Hebei Cangzhou county] Mtlyea| grindin 0.00 2.00
Cangzhou —
Dongguang Mt/year| grinding 0.00 0.60
Xinglong Mt/year | clinker 2.98 0.00
Kuancheng .
Chengde Manchu Mt/year | clinker 1.40 0.00
Pingquan Mt/year| clinker 0.99 0.00
Longhua Mt/year | clinker 0.78 0.00




Chengde county [ Mt/yeal clinker 0.99 0.00
Luanping Mt/year | grinding 0.00 0.25
She Mt/year | clinker 0.43 1.00
Wu'an Mt/year | grinding 1.80 2.80

Handan —
Handan county Mt/yearl  grinding 0.00 1.00
Fengfengkuang Mt/yeal  clinker 2.33 0.00
.| Hengshui county | Mt/yeanq grinding 0.00 3.60

Hengshui —
Gucheng Mt/year| grinding 0.00 1.50
Langfang Sanhe Mt/yeaf  grinding 54.88 0.80
Changli Mt/year | grinding 186.00 3.60
Qinhuangdag Lulong Mtlyear | clinker 0.62 0.00
Funing Mt/year | clinker 3.72 0.00
lingshou Mt/year | grinding 0.03 0.20
Huelu Mt/year | grinding 1.22 1.00
Zhengding Mt/year| grinding 0.00 0.60
Shijiazhuangl 5ingjing Mt/year | clinker 1.24 0.00
f:lljj:qa;)z/huang Mtlyear | grinding 1.00 1.00
Zanhuang Mt/year| clinker 1.55 0.00
Yutian Mt/year | grinding 1.29 8.00
Fengrun Mt/year| grinding 9.99 65.60
Fengnan Mt/year| grinding 0.00 0.07
Luan Mt/year | grinding 9.60 1.20

Tangshan -

Luannan Mt/year| clinker 2.48 0.00
Tangshan county| Mt/yeaf grinding 0.00 4.80
Zunhua Mt/year | grinding 1.20 1.20
Qian'an Mt/year| clinker 0.62 0.00
Xingtai Shahe Mtlyear| clinker 15.50 0.00




Xingtai county Mt/year | clinker 0.78 0.00
Neigiu Mt/year | clinker 4.65 0.00
Lincheng Mt/year | clinker 4.65 0.00
Longyao Mt/year | clinker 0.78 0.00
Zgﬁgglakou Mtlyear | grinding 2.00 1.00
Zhangjiakou Xuanhua Mt/year| grinding 0.00 1.00
Chicheng Mt/year| grinding 0.00 1.00
Zhuolu Mt/year | clinker 1.24 0.00
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