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Abstract

Energywater nexus studies have been increasing recently due to the significant
linkages betweeanergy generation and water consumpti@w Btudies have looked
atbothwater quantityandquality impacts of electricitproduction.Using integrated
hybrid life cycle analysis, this study examines the life cycle impdgislverized
coal wind power and solar power on carbon dioxide {Gfnissionsyater
consumption and water quality in Inner Mongolia, Ch{dar researcHindings show
thatpulverized coal emits 1,213.5 grams of {@r kilowatt-hour (g/kWhpf
electricity output, compared with 34.4 g/kWh for wind power and 67.4 g/kWh for
solar photovoltaic. Water consumption for pulverized coal, wind power and solar
photovoltaic are 3.3, 0.7 and 0.9 litres per kilowatt-hoespectively. The water
requirement to dilute the lifeycle chemical oxygen demand@D) discharge would

increasewater consumption during production processes of pulverized coal, wind
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power and solar photovoltaic systelns0.11, 0.09 and 0.19 litres per kilowatt-hour,
respectivelyGiven that the State Grid Corporation of China aims to increase the
power generation capacitlyat provide power supply to regions outside Inner
Mongolia to 120 GW by 2020, electricity outflows could contribute to 520 million
tonnes of Cemissions that would be similar to the £€nission in the UK in 2010,
and 1,460.8 million rhof water. This study reveals thattstantial reductions in GO
emissions and water consumption can be attainedfahly existing coabdominated
power generation waglibstituted by wind power in Inner Mongolia.

Keywords: CO, emissions, water consumptiaiyemical oxygen demand, integrated

hybrid life cycleanalysis, Inner Mongolia, China

1 Introduction

Energy and water aiaextricablylinked to one another. On the one hasnkrgy
production emits igenhouse gas¢SHG) thatare consideredne ofthe major causes
of climate changevhich can havesignificantimpact onhydrologicalsystens, such as
changan precipitation, anncreasen sea levehndflooding [1]. On the other hand,
energyproduction requires substantial amouritsvaterduring its production life
cycle including processes rangifrpm themining of fuels tahe cooling of power

generator$2].

A number of studies have been carried owamine water requiremerag energy
production [3-5]Fortheconventional energy production, water requiremeatsbe
substantial. For instance, in thaitéd States (L5.),thermaelectric water withdrawal

for cooling purposes accounts for approximately 50% of total water withdrawal [6].
Theseconsiderable water requirements in energy production have caased w
shortagesFor examplgAveryt et al. [1 highlightedthat water requiremesiof power
generation contributeid water supply stress in approximately 80 watersheds across
the US. The issue regarding water demands of energy production cannot be ignored.
Furthermore,n recent years, transitions to a low carbon future hreased
employmenof renewable energy technologies around the gldbme renewable

energy sourcexequireless water in energy productitimn conventional power



generation technologieBorinstance, in the U.Swaterconsumption of photovoltaic
power generation isnly one eighth ofvaterconsumptiorfor fossil fuetbased power
generatior{8]. However, some renewable energy technologiesale highwater
consumers. Burkhardt et al. [9] pointed thatconcentrated solar power syst&em
with wetcooling can consume up to 4.7 litres of wategenerate onkilowatt hour
of electricity KWh). In addition, power generatiaranresult inwater quality impact
during its life cycle phasé&or example, according tong et al. [1Q]there is
significant relationship between coal production and wastewater dischdahge at

Yellow River of China, which has resulted in severe water pollution.

China has become the largest electricity producer since 2011, acdaorBiAg11].
Powergenerations the second largest water withdrawal sector in Chimée the
agriculture sector ranks the highest. Hwar, here have been very few studies
investigatingwater requirements in energy production in Chinat al. [17, is one
of the firstenergywater nexus studieto calculatehe life cyclecarbon dioxide
(CO,) emissions and water consumpti@guired bywind power in ChinaThe
authors concluded that wind power couldsken agsarbonandwater saving
solutionsto the coaldominated power generation system in China. Althdbgh
study has provided a holistic view of the general relationship between enedrgy a
waterfor the @untry as a whole, a nationwide analysis may not be useful and
effectiveto highlight the water situation apecificregiors in ChinaFurthermorethe
focus of the existing literature liargelyoriented towardvater quantity impacts of
power generatiofiL3-15], while verylimited studieshave aimed to examine the water
guality impacts of power generatidnring its life cycle phasdo the best of our
knowledge, noesearclstudy haseenconducted t@ddresdbothwaterquantity and
quality impacts of electricity productidn China Lastbut not least, wing to the
significant differences in the regional power nihgextentto whichthe application
of renewable energy sources coatohtribute taCO, emission reduction ieach

region in China is not yet known.

Due to the above, this paper aims to address these shortcdiyic@sductinga
detailedregionalanalysis othe water requirements (both water quantity and quality)

of different electricity generation technologiegplemented in Chinayith a specific



focus on Inner Mongolia in ordén betterunderstandhe “local energyand water

situationsto aid future energy strategy and plan

Based on integrated hybrid life cycle analysis; studyis focused onthree electricity
generation systems, namgtpal power, wind power and solar power, with regard to
their impacts on C@emissions, water consumption and water quality in Inner

Mongolia, China.

2 Inner Mongolia —a future energy hub facing water

challenges

Located in the nortbf China (ge Figurel), Inner Mongolia has a total area of 1.18
million square kilometres, which covel®.3% of the territory of China [16]. Inner
Mongolia is endowed with various natural resources, including rareraargnals
(first place in the world ranking listwind power (one fifth of total wind power
potential in China) and codbfgest reserve i€hina with 808.1 billion tonnes of
reserves)17]. Averageannual GossDomesticProduct(GDP)growth of Inner
Mongoliahasbeenover 20% between 2004 and 2005 [18] and over 15% between
2006 and 2010 [19].



Xinjiang — ppe— cadk M 'Lnfnnmu ¥

Gansu <5

| Hebai

0 W shomi L =

Ningxia Shandong:

Ginghal : oo

Shaanxd | Hoenan Uispgsit

. Shanghai
i Shanighal

Hubai 4

Sichusn  Changging Zhagang

Hunan | iangx i 4
Guizhou Fujian
i
]
Yunnan . g
Guangai ("‘“‘"QW_ i
.+ _Hagig¥ong

I
X

Hairan

L i = e g Hangn g 250 500 1,000 Kilometers
L I S A T

.} 1 1
130UW _ETW  X0TW  AVOTE  FFOTE | I300UE 1ROTE

T T T T T T
BOUE SOTUTE WTOTE IO0E UTE 1HUE

Figurel Location of Inner Mongolia in China

2.1 Energy Productionin Inner Mongolia

Inner Mongoliais thelargest coal producer in China. In 2011, total coal production in
Inner Mongolia amounted to 979 million tonnes [20], whiepresente@7.8% of the
total coal production (3,520 million tonnes) in China [21]. The growth of energy
intensive industries, such as coal mining and processing, raw chemical imatadia
products and non-ferrous smelting and processing, has stimulated power demand in
Inner Mongolia [22]. At the end of 2010, Inner Mongalias rankedhe third largest
power generation capacity (64.6 gigatvéGW) amongall theregions in Chinayith

coal contributing 240.7 billion kwh out of the total 260 billion ky\wMbhwer generation
[23]. At presentInner Mongolia has outpaced the other regions in China in terms

of growth in newly installed power generation capacity, power generationgpt ca

and domestic power exports [24].

Also, Inner Mongolia is one of the first regions to use wind power in China, which
can be tracetlack to the 1970s [25Pecentralized wind power wasainly usedfor

providingelectricity supply for herdsmen in remote areas during the early stage of
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wind power development. Centralized wind powasnot introdueduntil 1989, in

which a wind farm with total generation capacity ah&gawatt MW) was deployed

with financial support from th®.S.[26]. Wind power generation capacity increased

from 8.2 MW in 19950 13858 MW in 2010 ¢ee Figure 2)which isprojectedto

reach31.2 GW by 2015 and 59.1 GW by 28227]. Inner Mongoliaalsohas one of

the largest potentials for solar power in China [28]. Since the Chinese government has
committed to promoting renewable energy sources, the pageeshare of renewable
energy to total energy supply will be considerable in the fupaniculaty in the

region like Inner Mongolia.
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Figure2 The growth in installed wind power capacity and share of wind power to
total power generation in Inner Mongolia

Source: for wind power [19]; share of wind power to total power generation capacity:
own calculation, total generation capacity figures from various Chigctriel Power
Yearbook [29-33].

! Our calculationis based on figures provided in referencg][2n East Inner

Mongolia, total installed capacity is projected to increase to 13.2 GW and 20.8 GW
by 2015 and 2020, respectively. In West Inner Mongolia, total installed capacity is
projected to increase to 17.95 GW and 38.3 GW by 2015 and 2020, respectively.
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2.2 Water resources and consumptionin Inner Mongolia

Total water availability in Inner Mongolia amounts to 38.9 billion cubic metiles
which 52.7 % is surface water and 47.3 % is ground water C®hpaedto other
arid northern regions in Chinblnner Mongolia has higher watevalability ona per
capita basisFor examplein 2010,water availability per person wa§76.1 niin
Inner Mongolia compared to 124.2 in Beijing and195.3 niin Hebei[19]. Yet, it
wasstill belowthe national averagavhich was 2310.4 frin 2010. \Wter resources
areunevenly distributed in Inner Mongolia, East Inner Mongolia, which covers 27%
of the territoryand accounts for 18% of the total population and 20% of thddadn
is endowed with 65% of water resources-orWestinner Mongolia, whiclcovers
26% of theterritory and has 66% of the total population and 30% of farmland,
accounts for 25% of the water resources [3b}al water shortage is expected to
increase from billion m%in 2011 to 3 Blion m®in 2020 [36]. Furthermore,
according to 2010 records, 54.6% of the watersheds in Inner Momgakaseverely
polluted [34]. The problem of water pollution compouttuspressing issuesf
freshwateravailability anddistrbution.

Orszad37] estimatedhatcoal power generation would account for almost 40% of
the increase in China’s water consumption over the coming decaée.Nongolias
rankedthe third largest power generatioapacity in China and theajority are coal
fired power plantgnd yetthis region is not rich in water resources. Thugs
necessy to examine the impactd different power generation technologaswater
(both quantity and quality) in Inner Mongoliaorder to aid future energy strategy
and plan.

3 Methods and Data

3.1 Integrated hybrid life cycle analysis an introduction

Integrated hybrid life cycle analysisascombination of conventional procdsssed

life cycle analysis (LCA) and inpwdutput analysis. Conventional procdssed CA
(PROLCA) oftenunderestimatethe environmental impacts of a product due to the
arbitrary selection of theystem boundary, whiatefers toprocesses that are included
or excluded in the analysis [3&)pstream impacts beyond the selected system

boundary are ofteneglected38].



Integratng LCA with input-output analysidO) has provided a viable means to
complementinghe system boundary obnventional LCAapproachs The early
application of 10 in LCA can be traced back to the early 19@0s the estimation of

life cycle CQ emissions of an automobile in Japan by Moriguchi et al. [39]. Later on,
Lave et al. [4Dpresentedmenvironmental input-outpisasedife cycle analysis
(EIO-LCA) to assess the environmental repercussions of five products in the U.S.,
including automobiles, refrigerators, computer purchases, paper cups and plastic cups
However EIO-LCA is suffering fromanaggregation problem due to the
representation of data at sectoral level rather than individual plegessThelO and
LCA systemdhave been treateddividually until Suh [41] postulated lenkage

between LCA and IQwhich is now often known dke integrated hybrid life cycle

analysis

Integrated hybrid.CA has been usdd a number of LCA studies [42-45]. Suh and
Huppes [43] provided geview of methods in life cycle analysis. The authors
compared the computational structure of both conventional and hybrid LCA and
concluded that results gerated by integrated hybrid LCA are more reliable
comparedo its counterparts. A couple of studies appimedgrated hybrid life cycle
analysisto examine the environmental impacts of energy systeéarexample,
Acquaye et al. [4bdemonstrated the application of the integrated hybrid life cycle
analysis in the estimation of GHG emissions of rape methyl ester (RME)<®bitie
the UK. Wiedmann et al. [47¢ompared three LCA techniqués. PROGLCA,
input-output based hybrid LCA and integrated hybrid L&AssessinGHG

emissions of wind energy in theKJ.

3.2 A general framework of integrated hybrid life cycle analysis

A general framework of the integrated hybidA, which is developed by Suh [41],
is given in Table 1. Two matrices are introduced to link input-output analysis
(represented b#) and conventional life cycle analysis (represented)dg the
integrated hybrid life cycle analysf@ne matrix (represented ki) presents the
upstream cubff flows from the economic sectors in the input-output system to the
process system. The downstream cut-off flows from the process system@o the |

system is represented by another matrix (represdiyB).



Processes Industries Functional unit

) L. Functional unit of
Products Physical flow matrix 4) Downstream cubff (D) .
process analysis

Industries Upstream cubff (U) Input-output matrix A) Functional unit of IO

Environmental | Environmental impacts of Environmental impacts
Impacts LCA of 10

Tablel A general framework of integrated hybrid life cycle analysis

The mathematical formulation of the integrated hyh«@A approach is depictes

in Equation 1:
~ - -1
_[B o][4A4 -D f
G = o B] [—U I—A] [0] )

WhereGy is the total environmental intervention mafnxhich describetotal direct
and indirect environmental impacts of the product sysfeandB are the
environmental interventiomatricesfor the conventional LCA systerand the 10
system, respectivelyj represents inflows and outflows of products to praesiss
theconventional LCA systepA represents thBBows among economic sectors in the
input-output systemtJ is theupstream cubff matrix; D is the downstream cuatff
matrix; f represents the functional upitthe LCA systemwhich is one kilowatt hour

in this study

3.3 Data

Several types of dateere used in this research study, including probessgd life
cycle data of setded power generation technologitg input-output table of Inner
Mongolia and sectoral C£emissions, water consumption asftemical oxygen
demand COD) discharge data. Data source aodnpilation methods aepictedn

the following subsections.

3.3.1 Processbasedlife cycledata



The procesdased life cycle datasetsre takerfrom the Ecoinvent Databa&drom
which weobtaineddataon 300MW pulverizedcoal powerfrom China, 80kilowatt

(kw) wind power and 3 kVgolarphotovoltaic PV) systens.

Data on oal power plantswith total generation capacity over 1 GWere drawn

from the China Electric Powefearbook [48]For Inner Mongolia, 1Xoal power
plants with a totafjeneration capacityf 23.7 GW (57% of the total power generation
capacityin Inner Mongoliawerelisted. Each coal power plant has a combination of
different power generation units, ranging from 100 MW to B0W. 300 MW power
generation unitsepresent 2 out of 58 power generation units. Although 600 MW
power generation units account for 23 out of 58 power generation pnotgssbased
data of600MW coal power systens not availablen China. Thusin this studywe

havechosen the 300 MW poweeneratos instead.

Estimationof impacts from800 kW wind power system is based on wind power
generationn Switzerland The decisiorof using800 kW wind turbinen this study is
based on two reasons:h)2007, Inner Mongolia had 1,736 wind turbines deployed
with a total generation capacity b56 GW?>, which had a turbine size of 898.6 kW

on average [49]. 2) Wind turbines produ@edhina arewith licences from European
partnersandthus, we assume the material used and the manufacturing praafesses
wind turbines in Chinaresimilarto the ones described in the database for European

countries.

2 2010 Ecoinvent database v2.2 from the Ecoinvent Centre at
http://www.ecoinvent.ch/TheEcoinvent process database provides a process matrix,
which includes almost 4000 goods and processes.

% There is a diparity in the statistical figures given by Bkina Electric Power
Yearbook [48] and SH#A9] on the 2007 total generation capacity. The disparity may
be due to the differences in the statistical methuseéd. The China Electricity

Council only takes the wind farms in operation into account in calculating wind
power generation capacity. The manufacturers of wind turbine use the gates fi
insteadof using wind power generation capacity. It is beyond the scope of this study
to investigate the statistical metlsodsed in these two studies. Since Shi’'s study
contains data on the number of wind turbines and the total generation capacity, we
have opted for usintpese figures imur study.
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3kW Solar PVis based orlectricity production with grisconnected photovoltaic

power plants mounted on buildinggth slanted roofsn Switzerland.

3.3.2 Input-output table

Following the standard compilation scheme established by the NationalRiirea
Statistics 30regional 10 tableshave been coniled in Chinasince1987.In this
study, helatest 2007 input-output tablerfmner Mongoliais used.

3.3.3 Upstream and downstream cutoff matrix

We adopted the methods used by Acquaye et al. [46] and Wiedmann et al. [47] to
compilethe upstream ceff matrix (matrixU). First, physical inputs of the examined
product systenfe.g. coalfired power, wind power and solar power in our stuslgje
extracted from the physical flow matriMonetaryvalue ofthe product systemvas
thenestimated by multiplying physical inputs witbstof the product systenihe

cost data were exirged fromthe China Price Yearbook [50%ince all physical
inputswere covered in the 10 system, the estimated monetary valbe physical
inputswasdeducted in order to avoid double countwith the remaining values
represenng elements of the upstream aiff matrix. We assumethat all the powr
outputswereconsumed by theextricity sector in the inpebutput table. Thus,
downstream cubff matrix D was set to zero, which meiaihe goods inputs frortine
process system to the 10 systemrenegligible The uncertainty and limitatioof

setting matrixD to zero arediscussed in section 3.4.

3.3.4 CO; emission data
Following the compilation method introduced Pgters et al. [§1 we estimate the
sectoral CQemission data for Inner Mongolia by using the sectoral energy

consumption data from the Inner MorigdStatistical Yearbooks2].

3.3.5 Water consumption data

* It includes 22 provinces, 4 municipalities and 4 autonomous regions. Hong Kong,
Macao, Taiwan and Tibet are not included.
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The water consumptiotiataof Inner Mongoliawasextractedrom the China

Statistical Yearbookl8]. However, onlyseven sectors were recordadhich are
agriculture forestry andishing, industry, services, households, acol@gical
compensationAs suggestedty Yang and Suh [53], the incorporation of
environmental impact indicators from other sources could help to improve the.results
Hence, n this study, we incorporatede sectoral wastewater discharge data, which
was extractedrom the Inner Mongolia Bureau of Statisti¢s2], and thevater

recycling rate from the Industries Water Requirement Quota and Standards of Inner
Mongolia [54], to compiléhe sectoralvater consumption data. The compilation of
sectoral water consumption follows two steps. Firstectoral water withdrawadata
was estimated using sectoral wastewater discharge data andeggtéing rats.
Sectoral wastewater discharge data3@sdustries included, which provides more
detail than the water consumption data fitkeChina Statistical Yearbook.

Secondy, the resuk weremultiplied by water consumption ratéor industry which
wereobtained fronthe Inner Mongolia Water Bulletif55], to generate the sectoral

water consumption data.

The water recycling rate presents the percentage of water that is availableséor r
[54]. For examplefor coal mining and processing, the water recycle rate is 90%,
which mean®0% of the water withdrawal cdoe reusedin the coal mining and
processing industryor other industries such as manufacturing of food.etaee
largevariatiors in thewater recycle rateangng from 35% to 706 dependent on the

food product. Equation @epicts the calculation dherecycing rate.

Ve
VitV

R = x 100% (2)

WhereaRR representsecyclingrate in percentage; Yepresents total amount of reuse

water ata given time period; Mepresents new water intakeaagiven time period.

The denominator of Equationr@presentsotal water withdrawabf the industryV);
thus,we haveEquation 3 depictedsbelow.

VitV =V 3)
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In this study we assumethat water losssfrom evaporatiorwerenegligible.
Consequentlynew water intake Mvasequivalent to waswater dischargir each
economic sectomwhich can be obtainddom thelnner Mongolia Statistical Yearbook
[56]. Since the water recycle ratecluded almost 400 products, we aggreg#étedh

in accordance with the sectodddissification of wastewater discharge data. A list of
water recycle rate for industrieare given in Appendix AThen, sectoral water

withdrawalwascalculated usingquation 4 which is derived from Equations 2 and 3.

V=L (4)

The calculatedotal water withdrawalvith lower recycle rate wak7.2 billion nf,
which isnot far fromthetotal water withdrawal(17.5 billion nf) recorded irthe

Inner Mongolia Water Bulletin[55]. Then, the sectoral water withdraveidta were
multiplied by the water consumptiorate, whichvasextractedrom the Inner
MongoliaWater Bulletin [55]. Based on the bulletitheindustrialwater consumption
rate wass1.4%of total water withdrawalThe sectoralwater consumptiodata can be

found in Appendix B.

3.3.6 Chemical oxygen demandCOD) discharge data

The concentration d€ODis higher than the Class IV water quality standamd
Songhua River, Liao River and Yellow River that flows through Inner Mondalia.
this study, we use COD to assess the water quality impacts of power genénations
Inner Mongolia due to two reasons. HystCODis one of the most important

indicators in assessing water qual®econty, data on COD is available at sectoral

> The input-output tablassumeshat industries have homogeneous products within
each sector. Howevatetailed information about the classification of industries for
water recycle rate can be obtainedr example, manufacturing of food has a wide
range of water recycle raterom 35% for manufacturing of canned meat to 70% for
manufacturing of milk. Thus, we lesstithe lower and igher recycle rateand

estimate the lowest and highest water withdravi@l each industry.

® In China, vater quality gradings based on two standardsewater quality

standard, which refers to the quality of watersiea as rivey and lakesthe
wastewater discharge standard, such as COD concentration. To clariBjaist/
water quality standard is for the qualitywdéter bodies in watershgduch as rivey

and lakes, which is different from the industrial wastewater discharge stavdzer
guality level higher than Grade 1V is considered not suitable for direct humartconta

13



level from the Inner Mongolia Statistical Yearbookile ather pollutants, such as
heavymetals, are only available in total discharge voludmvever, it does not
imply that power generation leads to COD discha®gece this study aims to
examine the lifeycle water quality impacts of power generatiopstream activities
such as coal mining and processiag Gave significant COD impacts are tak&io

account.

Guan and Hubacek [5pFresented hydrological model to investigate tredationship
betweenCOD andwater availability inNorth Chind. The authors calculated the
water requirements to dilute COD discharges so that the mixed water (wastewater
contains COD plus dilution &ter) can be used for otheurposes. Howevethis

mocel is not feasible in this study #s dataecorded in the Inner Mongolia
Statistical Yearboolb2] onwastewater dischargiesnot separate into surface
water and ground water. Due to thisthis studywe only incorporate the general
principle of mass balamrg in Guan and Hubacek’s model and estimation
proceduresire depictedh detailin Appendix C.

3.4 Limitations

Firstly, ance the detailed sectoral water withdraw@ata is not available in most
regions in Chinahte use of wastewater discharge data in the compilation of sectoral
water withdrawabata has been adoptega couple of studies [58, 59The

assumption of using wastewater discharge in this study is that water loss iniproduct
and from evaporation is negligible. Although such an assumption is valid as only
minor fraction of water is consumed in industrieghatpresentime, this study @n
furtherbe improved by incorporating detailed water data when they are available i
the nearuture.

Secondly, we do not take into account the use of inputs from the process system to the
IO system byettingdownstream cubff matrix to zero(D = 0). The compilation of
downstream cubff matrix requires sales informatige.g. the distribution structure)

of the producthatis notalwaysaccessible to an LCA practitioner using commercial

" In China, North China (also known as Northern China) refers to those provinces and
regions which are found around the Yellow River plain and north to the Middle and
Lower Yangtze River.
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databasef50]. In fact, thecontribution of downstream cut-offs on total environmental
impacts is minor, especially if a demand on the functional unit is used [61]. Thus, for
simplicity, we do not take into account the downstream cut-offs in this study.
However, we acknowledge that ttesultscan be improved if relevant information for
compilingdownstream cubffs is available.

Thirdly, the choice of representagipower generation technologiesghtlead to
uncertainty in the estimation tfeir environmental impactdt is due to the following
reasons: 1) the selected power generation technologies (i.e. 300 MW coal power, 800
kW wind power and &W solarPV) may not fully represent the power generation
system;2) In generalprocesshased life gcle emissions of power generation
technologies in European countregglower thanthose produced in Chinklence,

the use of PRO-LCA data based on European coulfitni¢isis case study, we use
800kW wind turbine and 3kW solar PV manufactured in Switzerland) could
underestimate the environmental impacts of the power generation techseiaogie
China. However,iace thseChinese data are presently not available,appoach is
regarded athe most viable means to estimate the life cycle environmental impacts of

China’s power generation system at the moment.

4 Research Findings

4.1 CO,emissions
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Figure3 Life cycle CQ emissions of pulverized coal, wind power and solar PV
systems per kWh in Inner Mongolia, China.
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Figure3 compares the life cycle G@missions of pulverized coal, wind power and
solar PVsystemsPulverized coal emits,213.5 gramef CO, per kilowatt-har
(9/kWh) of electricity output,comparedvith 34.4g/kWh and 67.4 g/kWh for wind
power and solar P8ystemsrespectivelyThe significantifferencesn CO,
emissiondetween different energy production systemsealthat substantial
redudion in CO, emissionould be achiewkthrougha substituton fromthe existing

coaldominated power generation technologydnewable energy technologies

100% -
Others

— w Plastics
Metal
uCement

90% -
80% -
70% -

60% - Disposal

I : . = Chemicals
u Steel
u Fuels

50% -

DANARN
\

40% -

30% - w Transport
20% - & Mining
10% - u Electricity

0% . .
Pulverized Coal Wind Power Solar PV

Figure4: A breakdown of sectoral C&missions generated from pulverized coal,

wind power and solar PV systems in Inner Mongolia, China.

In Figure 4 abreakdown of the C£emissiondy sectorshows thatheelectricity
sectorcontributes most to thde cycle emissions of all power generation
technologies in Inner Mongolia. For pulverized coal power generation, coal

combustion at plant accounts for most of the emissions (1031.8 g/kwh), followed by

the coal mining165.2 g/kWh)and transportation (6.3 g/kWh)chvities related to

power plant constructigrsuch as steg@roduction (2.1 g/kwh), account for a minor
proportion of the total emissions. For wind powedectricitygeneration accounts for
more than 50% of the tot@lO, emissionsand it isfollowed by steel production due
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to the largenput of steel for wind turbineSimilar resultarefound inLi et al. [13,
which provides a national level analysis on &missions of wind power in China.

4.2 Water consumption
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Figure5: A comparison of lifecyclewater consumption of pulverized coal, wind

power and solar PV systems in electricity generation in Inner Mongolia, .China

Figure 5Spresents the life cycle water consumptiequired by pulverized coal, wind
power and solar P¥ystems to generate electtycin Inner MongoliaPulverized coal
consumes 3.3 litres of water per kilowatt-h@ik\Wh) of electricity outputcompared

to 0.7 I’/kWh and 0.9 I/kwWh for wind power and solar Bxstemsrespectively.
Therefore, a switch frora pulverized cogbower generatioto wind power and solar
PV not onlyreduce CO, emissions but also decreases water consumption of power
generatiorsignificantly.
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Figure6: Breakdown of sectoral water consumption of pulverized coal, wind power

and solar PV systems in electricity generation in Inner Mongolia, China.

As shown in Figure 6the electricityinputaccountdor approximately 60% (or 2.13

I’kWh) of thelife cyclewater consumption for pulverized cdmrsed electricity

generation technologWost watersources are consumed for cooling purposes.

However, éctricity input accounts for about 40% of total Idgcle water
consumption in wind power (0.28 I/lkWh out of 0.71 I/kWh in total) and 80%6lar
PV (0.27 I/kWh out of 0.90 I/kWh).

4.3 COD discharge
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Figure7: Dilution water required for electricity generation in pulverized coal, wind

power and solar PV systems in Inner Mongolia, China.

COD discharge is estimatedadditional water consumptiaince the dischargaith
excessive COD contenteeds to be diluted orderto achieve the water quality
standard. From Figure 7, dilution water to purify the discharged wastewater from
pulverized coal, wind power and solar PV amounted to 0.11, 0.09 and 0.19 litres per
kWh, respectively. COD discharge from paper produaisesmost of the dilution
water for pulverized cogD.08 I/kwh) and wind power (0.07 I/lkWh) dteethe
concentration of COD ithe paper industry’s wastewa(@659.9 gamsm?®), which is
higherthanall the other industries in Inner Mongo(i&ee a full list of sectoral COD
concentration in Appendix D). By contrast, mining of metals accounts foighest
proportion of dilution water for solar PV (0.13 I/lkWland it isfollowed by paper,
chemicals and food production.

5 A scenario analysis of CQemissions and water impacts

of power generation in Inner Mongolia by 2020

Presently, Inner Mongolia is the largest caalducer in China, whicls located at
considerable distance frotne demand centres the east coasthe uneven
distribution of energy sources in China has called for the construction of a long-
distance power transmission system, which has been initiated by the State Grid
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Corporation of Chia (SGCC)One of the primary targets of Inner Monga$do
increasgower generationapacities that provide power supply to regionside
InnerMongolia to 120 GW by 2020. Since the changes in outflow power generation
capacity would have significaithpact on carbon emissions, water availability and
water quality in Inner Mongolia, we adopt theenario analysiechnique to project

the total amount of C£emissions and water requiremem£020 based otine

projection from SGCC.

3000 100%
- 90%
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2000 — 70%
- 60%
1500 | 50%

- 0%
1985 1990 1995 2000 2005 2006 2007 2008 2009 2010

- 40%
1000 - . 30%
i1 l l

- 10%
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s Total electricity output — es=04 of electricity domestic outflows

Figure8 Total electricity outputs in Inner Mongolia (TWh) and shares of exports

Source: Various Inner Mongolia Statistical Yearbooks [56, 62-66]

Figure 8 giveshe total electricity outputs and shares of domestic outflows to total
outputs in Inner Mongolia between 1985 and 20XRal electricity outputs increased
from 80.46 terawatt hour3\\Vh) in 1985 to 2571.82 TWh in 2010. Shares of exports
increased from 13.4% in 1985 to 41.7% in 2000 laaeeremained stable around 40%
since 2000.

We assume that domestic outflows would remain at 40% of the total power outputs in
Inner Mongolia by 2020. Thus, total power generation capacity would reach 300 GW
by 2020. According tdi et al.[27], 58.1 GW of wind power would be deployed in

Inner Mongolia by 2020Solar power has been at its early stages of development.
Total power generation capacity wa$2 GV by 2010.Thelnner Mongolia Energy
Bureau projected that total power generation caypacisolar PV would reach 0.8

GW by 2015 [67], with 0.155 GW of solar PV installed annually between 2010 and
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2015. We assume that annual installed capacity would be identical between 2016 and
2020. Thus, solar PV would have total installed capacity of approximately 1.6yGW
2020. Hydropower accounts for a minor proportion of total power generation capacity

andhas remained stable for years in Inner Mongolia. Hence, wehtaleontribution

of hydropower to total power generation capacity for granted in Z¥Xides wind

power and solar PVhe remander of the 300 GW power generatioapacitiesvould

come from coal power. Tableshows the power generation capaditfal CQ

emissions and water requirements of each power generation technology by 2020.

Coal power Wind power Solar PV
Power generation capacity 240.0 58.4 1.6
(Gigawatt = 18 wat)
Total power generation 1,070,718.4 103,660.4 2,080.0
(Gigawatthour =10° watt hour)
Total CO, emissions (million 1,299.3 3.6 0.1
tonnes)
Water consumption (million i 3,533.4 72.6 1.9
Dilution water (million ) 117.8 9.3 0.4
Total water consumption 3,651.1 81.9 2.3
(million m®)

Table2 Total power generatiocapacities and annual power generabgrsource in
2020

Source: For total power generation, own calculation. Operating hours for coal powe

wind power and solar PV are from [68] and [69].

Jin [70] estimated that coal power generation would contribute to 680 million tonnes
of CO, emissions in Inner Mongolia by 2020. However, Jin’s study might
underestimate the G@missions from coal power generation since it does not take
life cycle emissions into accourthe CO, emission coefficient was set at 810 g/lkWh
in her study, which is almost one thimver than the calculated life cycle €O

emission coefficient (1213.5 g/kWh) in our study. Froabl€ 2 total CQ emissions
from coal power generation would reach 1,294iion tonnes by 2020. 40% ahe
emissiondi.e. 520 million tonnes) would result from power supply to regions outside
Inner Mongolia; this would bsimilar tothe total CQ emissions in th&J).K. in 2010
(547.9 million tonnek[71]. In addition, coal power generation would consume

3651.2 million ni of waterby 2020. For wind power and solar Pitfe estimated
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water requirementare 81.9 and 2.3 million fnrespectively. According to tHaner
Mongolia Ministry of WateResourcetotal water consumption was 12,080 million

m?in 2010 with an annual growth rate of 2.3% [3#&nnual growth rate remains
constant in the coming decadeal power generation would represent 24.1% of total
water consumptio(B,651.2 out of 15,164.3 million $in Inner Mongolia by 2020.
Again, 40% of the water consumption would come from power generation for regions

outside Inner Mongolia, which amount to 1,460.8 milliohahwater.

6 Discussion and concluding remarks

Renewable energy technologe®regarded as carbon and water saving solutions for
the existing coatlominated power generation system in Inner Mongolia. It shows that
wind power and solar PV have considerable environmental advantages to coal power
in terms of CQ emission and water consumpti@mdwind power has the lowest

impact on water qualitamong all the energyroduction technologie®esults from

our scenario analysrgvealthat electricity outflows wouldontributeto asignificant
amount of CQemissions and water demanddnner MongoliaSwitching from coal

to wind power not only significantly reduc€®©, emissiondut alsorelievesthe

pressure on local water resources #rgkcosystem in Inner Mongolia.

This study also reveals thathet than carbon emissions, different power generation
technologies have different impactswaterin terms of both quantity and quality.

Our result showthat solar PVhashigher COD levels than wind power due to mining
of metals. Presumably, the environmental repercussions of solar PV can be more

consderablef emissions obther pollutantsuch as cadmiurare taken into account.

There are many factotBatneed to be considered in optzing the power system

from a technicapoint of view, such as system operation to environmental issues and
mitigationof CO, emissions. A coherent energy policy should consider as many
sustainability indicators as possibar examplebesides carbon emissions and water
impacts examined in this study, cdiakd power plants are the most significant
contributors to mercury emissions in China, which amounted to 304 tonnes in 2010
according to Yang et al. [J2Whether the switch from coal to renewable energy

sources can deal with mercury emissions neelle examinedrom a supply chain
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perspectiveFurther investigation ajther sustainability indicatoese requiredo
ensure the current choice of power generation technologies will not compromise
sustainability in the futureonsideringhe substantial lifesspan of power generation

systems.

Theexisting LCA database doest have much information about China’s power
generation systemegardless of the fact that China has the second largest power
generation capagitin total the largest wind power generation capacity igrmhe of

the most pioneering countries in solar power in the world. Considerirgigth&cant
environmental impacts of China’s powggneration both danestically and
internationally- it is necessary to compile the LCA database for the Chinese power

geneation system in the near future.

We concludethis study by highlighting futureresearch directiarin this studywe

assume that theelected power generation technologies are produced in Inner

Mongolia, and ignore the environmental impacts of imports from and exports to other
regions. Establishing linkages between Inner Mongolia and other regions inb@hina
using multiregional input-output analysis would be an important step forward to
furtherunderstand the emanmental impacbf power generatiotechnologiegrom a
consumption perspective. In addition, as constrained by data availabilityyeséoha

use COD as our water quality impact indicator. Other pollutants such as healy me

can also be used as indicators to demonstrate water quality, which can also be a future

research direction when data is available.
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8 Appendices

Appendix A: Industrial water recycle rate

Recycle rate

Economic sector Lower Upper

Coal mining & processing 90% 90%
Petroleum & Natural Gas Pumped 90% 90%
Mining & Dressing of Ferrous Metals 50% 85%
Mining & Dressing of NorferrousMetals 35% 90%
Mining & Dressing of Normetal Minerals 95% 95%
Processing of Agricultural Sideine Food 75% 85%
Manufacturing of Food 35% 95%
Manufacturing of Beverage 70% 80%
Tobacco Products 85% 85%
Textile Industry 50% 65%
Textile, ClothesShoes & Hats 50% 65%
Leather, Furs, Down & Related Products 50% 65%
Timber Processing, Bamboo, Cane 90% 95%
Palm Fibre & Straw Products 90% 90%
Papermaking & Paper Products 60% 85%
Printing & Record Pressing 90% 90%
Petroleum Processing, Coke Products &

Processing of Nuclear Fuel 50% 95%
Chemical Materials & Products 60% 95%
Manufacturing of Medicine 80% 90%
Plastic Products 70% 85%
Non-metal Mineral Products 60% 70%
Smelting & Pressing of Ferrous Metals 95% 95%
Smelting & Pressing of Neferrous Metals 90% 95%
Metal Products 80% 90%
GeneralPurpose Equipment 70% 80%
Special Equipment 35% 80%
Transported Equipment 60% 60%
Electric Equipment & Machinery 60% 80%
Manufacturing of Telecoms, Computer &

Other Electronic Equipment 30% 90%
Instruments, Meters, Cultural & Office

Machinery 30% 90%
Production & Supply of Electric Power 92% 95%
Production & Supply of Gas 92% 95%
Production & Supply of Water 92% 95%

Source]54]
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Appendix B: sectoral water consumption and water coefficients

Water Economic Water consumption
consumption output (10,000 coefficient
Economic sectors (10,000 ) yuan) (m*10,000 yuan)
Agriculture 779200.0 6421574.0 1213.4
Forest, fishing, livestock 127500.0 6342863.0 201.0
Coal mining & processing 20558.3 7629806.4 26.9
Petroleum & Natural Gas
12.4 630965.§ 0.2
Pumped
Mining & Dressing of Ferrous
349.4 2341200.7 1.6
Metals
Mining & Dressing of Non-
2338.7 2021735.9 11)6
ferrous Metals
Mining & Dressing of Non
. 212.5 1628769.9 1.8
metal Minerals
Processing of Agricultural Side i
) 4666.1 912753.5 51.1
Line Food
Manufacturing of Food 2161.3 8914647.1] 2.4
Manufacturing of Beverage 3006.5 1254994.5 24.0
Tobacco Products 28.5 386674.8 0.7
Textile Industry 440.9 1425883.0 3.1
Textile, Clothes, Shoes & Hats 49.7 1639205.6 0.3
Leather, Furs, Down & Related
34.6 108823.2 3.2
Products
Timber Processing, Bamboo,
2398.7 859677.6 27.9
Cane
PalmFibre& Straw Products 548.5 196560.3 27.9
Papermaking & Paper Productg 5469.6 374270.4 146.1
Printing & Record Pressing 93.7 390490.8 24
Petroleum Processing, Coke
Products & Processing of 206.0 1587319.4 1.8
Nuclear Fuel
Chemical Materials & Products 2660.0 3867593.5 6.9
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Manufacturing of Medicine 1817.0 575195.6 31.6
Plastic Products 45.2 453652.5 1.0
Non-metal Mineral Products 376.1 3773112.8 1.0
Smelting & Pressing of Ferrous
41496.8 7032359.4 59
Metals
Smelting & Pressing of Nen
2202.8| 10513854.p 2,
ferrous Metals
Metal Products 2.2 38571.3 0.6
GeneralPurpose Equipment 19.8 760220.0 0.3
Special Equipment 174.3 840643.9 2.1
Transported Equipment 25.2 2065849.2 0.1
Electric Equipment &
_ 154 421611.9 0.4
Machinery
Manufacturing of Telecoms,
Computer & Other Electronic 8.2 845809.3 0.]
Equipment
Instruments, Meters, Cultural &
_ . 5.9 162573.1 0.4
Office Machinery
Production & Supply of Electric]
31938.7 7780758.0 41
Power
Production & Supply of Gas 26.5 751728.3 0.4
Production & Supply of Water 2131.8 146129.5 145.9
Construction 5852.9| 11705703.3 5.0
Transport and warehousing 3123.5| 10075826.0 3.1
Post and telecommunication 309.7 1290483.6 2.4
Wholesale and retail trade 1538.4 6992825.7 2.2
Eating and drinking places 566.2 2573768.2 2.2
Passenger transport 136.8 427536.0 3.2
Finance and insurance 709.7 3226008.0 2.2
Real estate 321.6 1461761.7 2.2
Social services 263.2 1461970.6 1.8
Health Services, social welfare 1186.7 3596116.6 3.3
Education and culture 617.5 1992087.5 3.1
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Scientific research 45.8 190703.1 2.4
Generakechnical services 100.9 252170.8 4.0
Public and other services 3141.9 6283872.6 5.0
Total 1050136.1] 136628711.1 76.9

Source: Water consumptialata ae own calculation. Economic outpdéta ardrom
the 2007 Inner Mongolia input-output table.

Appendix C:
We incorporate the general principle of mass balancing in Guan and Hubacek’s model
which is the quantity of COD in wastewatet,() equals to the quantity of COD after

dilution (m,) as depicted in Equation E1.

m1 S mz (El)

The quantity of COD in wastewatén,) equals the total volume of wastewata) (
multiplied by the concentration of COD in the wastewabg). Furthermore e
guantity of COD after dilutionm,) equals the total volume of water needed to dilute
the COD content in wastewateg) multiplied by the standard concentration of COD
(p2). Thus, Equations E2 and E3 are derived and they are depicted as follows.

m; = v X P (E2)

m; = U X Py (E3)

Sincem; = m, in Equation E1, we have

U1p1 = VP07 (E4)

8 Standard concentrations of COD follow the stipulation of industrial wastewater
discharge standards by the General Administration of Quality Supervisipectios
and Quarantine of the People’s Republic of China in 1996. Detaile stdhdard are
discussed later
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The sectoral COD discharge date, | and wastewater discharge datg) for 37
industries are extracted from the Inner Mongolia Statistical Yearf®@)kThen, we
calculate the concentration of COD in the wastewatgr (which can be found in
Appendix C. COD discharge data is not given for agriculture in the Inner Mongolia
Statistical Yearbook (2008); so, we adopt the COD discharge coefficients fram G
and Hubacek [57].

The General Administration of Quality Supervision, Inspection and Quarantihe of
People’s Republic of China [78ps promulgated industrial wastewater discharge
standards (referred to as the standard thereafter), which classify th&sont€OD
into three grades (S@able S1 beloyw

Table S1: Industrial wastewater discharge standard for COD content (grams per

cubic metre)

Industry Grade | | Grade ll | Grade llI

Beet sugar manufacturing, fatty acid synthe| 100 200 1000
wet fibreboard processing, dye manufacturing
organophosphorus pesticides industry

Monosodium glutamate, ethanotedicines, | 100 300 1000
medicinesbiochemistry fur industry, pulp

purification industry

Petroleum refinery 60 120 150

60 120 Not

Secondary wastewater treatment plant _
available

Other wastewater discharge 100 150 500

Source]73]
The concentration of COD in wastewater needs to achieve the concentration shown in

Grade | industrial wastewater discharge standard (regarded as the standard
concentration of COLyp,, in this study) in Appendix D.

32



As shown in Appendix D, the concentration of COD in wastewater for most industries
is higher than the Grade | industrial wastewater discharge standard. Gredsttial
wastewater discharge standard is adopted dthefollowing reasons:

1) Industries that fulfil the requirements of Grade Il are only allowed thaige
wastewater to Class IV or Class V water bodies. The water quality of ClassllV
Class Vis considered as jgoor quality of water resource, which are only available for
agricultural purposes. Thus, higher standard should be used.

2) The Inner Mongolia Statistical Yearbook [F#2bvides COD discharge data as
COD removal and COD discharge. We assume that the COD discharge data are
derived after the removal of COfdntent in secondary wastewater treatment plants.
Our assumption is based on two reasanstiyf, the COD removal figures are an

order of magnitude higher than COD discharge figures; sécamiimary wastewater
treatment plants use physical methodstoave tangible waste in the water body,
which cannot remove COD content. Hence, Grade lll in the wastewater standard is
not considered in this study.

3) The standard is stipulated in 1996, which needs to be revised because of the

improvement of wastewaté&eatment technology in the past decade.

Hence, in order to achieve the Grade | standard, additional water (estimated by

v, — ;) is required to dilute the COD concentration.

Appendix D: COD discharge andCOD discharge standard by sectors

Average | COD discharge
_ Wastewater COD
Economic Sectors _ _ COD standard
discharge | discharge
level (Grade 1)
Unit 10,000 ni tonne g/m® g/m®
Agriculture 8807.46| 25541.64 290.000 100
Coal Mining &
_ 2829.56| 4038.91] 142.740 100
Processing
Petroleum & Natural
1.70 0.09 5.318 60
Gas Pumped
Mining & Dressing of
240.42 107.04 44.520 100
Ferrous Metals
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Mining & Dressing of

2092.28| 18988.36) 907.545 100
Non-ferrous Metals
Mining & Dressing of
14.62 65.49 447.910 100
Non-metal Minerals
Mining of Other
_ 0.00 0.00 0.000 100
Mineral
Processing of
Agricultural SideLine 1605.55] 12635.80, 787.006 100
Food
Manufacturing of Food 1933.61] 10653.12] 550.946 100
Manufacturing of
1241.40] 13488.52] 1086.561 100
Beverages
Tobacco Products 5.88 18.04| 306.718 100
Textile Industry 303.44, 225447 742.962 100
Textile, Clothes, Shoes
34.20 84.67 247.533 100
& Hats
Leather, Furs, Down &
23.82 82.68| 347.143 100
Related Products
Timber Processing,
330.15 428.49| 129.789 100
Bamboo, Cane
Palm Fibre& Straw
0.00 0.00 0.000 100
Products
Papermaking & Paper
3011.23] 49981.95 1659.851 100
Products
Printing & Record
. 0.00 0.00 0.000 100
Pressing
Petroleum Processing,
Coke Products &
_ 141.77 98.12 69.211 100
Processing of Nuclear
Fuel
Chemical Material&
1464.47) 2903.29| 198.249 100
Products
Manufacturing of 500.17| 1766.53] 353.188 100
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Medicine

Plastic Products 0.00 0.00 0.000 100
Non-metal Mineral
207.08 120.07 57.982 100
Products
Smelting & Pressing of
2855.72| 1777.99 62.261 100
Ferrous Metals
Smelting & Pressing of
303.18 213.38 70.382 100
Non-ferrous Metals
Metal Products 0.60 1.12 186.291 100
GeneralPurpose
. 8.19 23.35 285.076 100
Equipment
Special Equipment 155.96 116.87 74.938 100
Transported Equipmen 13.88 10.81 77.871 100
Electric Equipment &
. 8.48 5.24 61.765 100
Machinery
Manufacturing of
7.86 10.11 128.633 100
Telecoms, Computer
Instruments, Meters,
0.00 0.00 0.000 100
Cultural
Production & Supply of
_ 3516.72| 2029.68 57.715 100
Electric Power
Production & Supply of
2.92 43.42| 1486.986 100
Gas
Production & Supply of
234.73 280.88| 119.659 100
Water
Housing & Civil
_ 0.00 0.00 0.000 100
Construction
Railway Transport 0.00 0.00 0.000 100
Other Sectors 120.03 515.52| 429.503 100
Total 32017.07| 148285.66 463.15

Source: Wastewater discharge data and COD discharge datanafg6]; COD

discharge standard afrem [73].
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