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Scenarios: aguestion of perspective?!

Local solutions to local challenges require specific transition
pathways






Abstract

Ratifying the Paris Treaty in 2016, China committed itself to the global climate taretp
the global temperature increase well below 2 ¥@th an expected accelerated urbanization
process until 205Gnd high industrial activity China faes big challengesin achieving an
environmentally friendly energy supply and, in particufaitigating CQ emissions Especially
the eastern coastal metropolitan regions are playing an important role in decision making and
implementation processes on the way to a decarbonized economy and society. The national and
provincial administrations in China have alrgaarted to address the issue of energy transition
towards a lowcarbonsystem but longterm integrated transition plans are not yet availablden
regional level. In this thesis | therefore focus on two metropolitan regions of eastern China
(Beijing-Tianjin-Hebei region in the north and Yangtze River Delta region in the saittihhigh
energy consumption and related £€nissions. The analysis starts with the main challenges the
regions are facing with regard to energy transition Hmlexisting enegy policy plans on
different administrative levels. The review shows ttiet current policies are rather shaerm
driven and weak regardingaorcouplingand regional integration.

As in China economic activities and population amcentrated irthe eastern coastal
regions, while renewable energy resources are concentrated in the western inlandspeains
regional challengesand conditionsmust be taken into account when modelling loeignm
integrated energy systemis my thesis, liree scen@s arethereforeconstructed, namelthe
Current Policy Scenario (CP3he Natural Gas & Nuclear Scenario (NGNS) ahd Renewable
& Import Scenario (RIS)which arebased on a normative storylla@dmodelling approachrhe
scenario analysishows thatregional CQ emissions could be significantly reduced in all sectors
by adjustng the economic structure, implemeng efficiency measuresreplacingcoal and oil
and multisector electrification supported by enhanced electricity import capacities. Dhe to
massive electrification, C{emissions in both regiomgill remain mainlyfrom gas combustion in
the power sector. The scenagomparisonprovides insights into requirements of the energy
transition regarding the implementation of new technologresstheir effectsThus it can serve
as a basis for deriving political strategideom long-term perspectiveao further shape the
transition process in metropolitan regidram boththe supply andhe demand side.

In order to analyze import optiofi®m renewable electricityor the metropolitan regios a
case study focusses on the Beijifignjin-Hebei region with Inner Mongolia athe supply
region. Main research questions are how a predominantly renewable energy power supply can be
implementedandwhich shares of locally available or imported renewable resowaese used
Based on th&enewable &mport Scenario(RIS), the future power systems are further analyzed
applying the REMix energy system modealeveloped at DLRwhich usesa costminimizing
algorithm. Temporally and spatially resolved load profiles aadtiable wind and solar power
generation are theost importaninput data A sensitivity analysis for key parameters provides
important information onthe robustness and interactions in modgllifhe results provide
insights intothe infrastructural needs such as storage and grid expansion.

Theabovemodetbased scenario analysis depeadsa number of kegssumptions anigads
to conclusions mainlyrom a systenperspectivelt demonstrates #i the easternmetropolitan
regiors could largely be suppliedwith imported electricity from onshore wind and solar power
plantsin the westat reasonable cost3herefore regional coordinatiorand governance, the
establishment of energy and carbon maleee crucial factors forsuccessfukenergytransition
processest different administrative levelfkegionally integrated modelling tie energysystem
can support decision makimg the implementation of new technologies and infrastreaptions
for metropolitan regiongo achievethelong-term climate targets.



Zusammenfassung

Mit der Ratifizierungdes Ubereinkommens von Paiis Jahr 2016 hat sich China dem
globalen Klimaziel verpflichtet, den globalen Temperaturanstieg deutlich unter 2 °C zu halten.
Mit einem erwarteten beschleunigten Urbanisierungsprozess bis 2050 und einer hohen
industriellen Aktivitat steht China vor gro3en Herausforderungen, um eine umweltfreundliche
Energieversorgung zu erreichen und insbesondere die-E@@sionen zu verringern
Insbesondere die Metropolregionen an der Ostkiiste spielen eine wichtige Rolle bei der
Entscheidungsfindung und Umsetzung auf dem Weg zu einer dekarbonisierten Wirtschaft und
Gesellschaft. Die nationalen uniovinziakn Verwaltungen in China haben beseitegonnen,
sich mit der Frage der Energiewende hin zu einem kohlenstoffarmen System zu befassen, aber auf
regionaler Ebene liegen noch keine langfristigen integrierten Ubergangsplane vor. In dieser Arbeit
konzentriere ich mich daher auf zwei Metropolregio Ostchinas (PekirbBianjin-HebetRegion
im Norden undYangtseDeltaRegion im Siden) mit hohem Energieverbrauch und damit
verbundenen C£Emissionen. Die Analyse beginnt mit den wichtigsten Herausforderungen,
denen sich die Regionen im Hinblick auf diEnergiewende und die bestehenden
energiepolitischen Plane auf verschiedenen Verwaltungsebenen gegenubergaben.
Uberpriifung zeigt, dass die derzeitige Politik in Bezug auf die Kopplung der Sektoren und die
regionale Integration eher kurzfristig und scltvast.

Da sich in China die wirtschaftlichen Aktivitaten und die Bevolkerung auf die 6stlichen
Kistenregionen konzentrieren, wahrend sich die erneuerbaren Energiequellen auf die westlichen
Binnenregionen konzentrieren, missen bei der Modellierung lainggris integrierter
Energiesysteme spezifische regionale Herausforderungen und Bedingungen berlcksichtigt
werden. In meiner Arbeit werden daher drei Szenarien konstruiert, namlich das aktuelle politische
Szenario (CPS), das Erdgasd Nuklearszenario (NGN&Ind das erneuerbare und importierte
Szenario (RIS), die auf einem normativen Storylioed Modellierungsansatz basieren. Die
Szenarioanalyse zeigt, dass die regionalea-BEX@issionen in allen Sektoren erheblich reduziert
werden konnten, indem die Wirtsaftsstruktur angepasst, EffizienzmalRnahmen umgesetzt, Kohle
und Ol ersetzt und die sektoriibergreifende Elektrifizierung durch verbesserte
Stromimportkapazitaten unterstitzt werden. Aufgrund der massiven Elektrifizierung bleiben die
COx-Emissionen in beideRegionen hauptsachlich bei der Gasverbrennung im Stromsektor. Der
Szenariovergleich liefert Einblicke in die Anforderungen der Energiewende hinsichtlich der
Implementierung neuer Technologien und deren Auswirkungen. Somit kann es als Grundlage fur
die Abdeitung politischer Strategien aus einer langfristigen Perspektive dienen, um den
Ubergangsprozess in Metropolregionen sowohl von der Angebals auch von der
Nachfrageseite weiter zu gestalten.

Um die Importoptionen aus erneuerbarem Strom fir die Melr@gionen zu analysieren,
ich konzentriee mich eine Fallstudie auf die Region Pekif@njin-Hebei mit der Inneren
Mongolei als Versorgungsregion. Hauptforschungsfragen sind, wie eine Uberwiegend erneuerbare
Energieversorgung implementiert werden kanrd umelche Anteile lokal verfligbarer oder
importierter erneuerbarer Ressourcen genutzt werden kdnnen. Basierend auf dem erneuerbaren
und importierten Szenario (RIS) werden die zukiinftigen Stromversorgungssysteme anhand des
am DLR entwickelten REMbEnergiesgtemmodells weiter analysiert, das einen
kostenminimierenden Algorithmus verwendet. Zeitlich und raumlich aufgeldste Lastprofile sowie
variable Wind und Sonnenenergieerzeugung sind die wichtigsten Eingangsdaten. Eine
Sensitivitatsanalyse fur Schliisselpagder liefert wichtige Informationen zur Robustheit und den
Wechselwirkungen bei der Modellierung. Die Ergebnisse liefern Einblicke in die
Infrastrukturanforderungen wie Speicher und Netzausbau.



Die obige modellbasierte Szenarioanalyse héangt von einée Réchtiger Annahmen ab
und fuahrt hauptsachlich aus Systemsicht zu Schlussfolgerungen. Es zeigt, dass die 6stlichen
Metropolregionen grof3tenteils zu angemessenen Kosten mit importiertem Strom aus -Onshore
Wind- und Solarkraftwerken im Westen versorgt werdé&nnten. Regionale Koordination und
Governance, die Errichtung von Energiend Kohlenstoffméarkten sind daher entscheidende
Faktoren fur erfolgreiche Energiewendeprozesse auf verschiedenen Verwaltungsebenen. Die
regional integrierte Modellierung des Egesystems kann die Entscheidungsfindung bei der
Implementierung neuer Technologien und Infrastrukturoptionen fur Metropolregionen
unterstitzen, um die langfristigen Klimaziele zu erreichen.
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Chapter 1: Introduction and Outline

1 Introduction and Outline

1.1 Background

According to the Intergovernmental Panel on Climate Change (IPCC), greenhouse gas (GHG)
emissions need to decrease by-Ab% until 2050 for a significant chance to keep the temperature
increase well below 2C. With almost 80% of all C€emissions, the energy sector must be the focus

of mitigation[41]. Additionally, it becomes increasingly obvious that China will play a major role, in
transforming the energy system: [3OWp 5. R&ilyingna ¢ ha
the Paris Treaty in 2016, China committed itself to the global climate target. This commitment poses
huge challenges for the energy system, with the Chinese president calling for no lessitramanr g vy
r e v ol [39].iTkeemain imminent challenges specific to the country have already been identified.
By and large these are: (1) limiting the w@th of energy demand, (2) phasing out fossil fuels,
especially coabnd oil and 3) integrating large shares of renewable energy so{RE&S)into the
system[39, 178] Besides, ities account for 70% of gross domestic product (GDP), over 60% of
global energy consumption, and 70% of greenhouse gas (GHG) emidsi8hsSpecifically, urban
aggl omerations cont r irdatetd €0 emidstonstamal thGshpiaynhaavibakroleeim e r g y
determining the future of climate chan@fe35]. Important global agendas addressing sustainable
urbanization are the Sustainable Development Goals (SDGs) and the New Urban [@g@¢nBath

have a broad range of ambitious development goals and visions nggardj., safety, sustainability,

and resilience. Also, the Paris Agreement, which is much more focused on climate change, implies
ambitious development goals for cities and urban agglomerations. Improving energy efficiency and
reducing CQ emissions fromthe energy supply have become major tasks for sustainable urban
developmen{63, 64, 67, 134] However, especially in cities, a transition of the energy system is
difficult to implement as the demand is high and tiyeewable energyRE) potentials areelatively

low. Thus, REexpansion requiremtegrated stragies for the joint development of cities and their

hinterlands.

The cities in eastern coastal metropolitan regions of China are focal points of energy deteand in

of electricity, heat, coolingand mobility due to high population densities and ecéo@ativities. In
addition, with the different roles cities are playing in industry, service, commerce, educatiorg cultur
and tourism, they can particularly promote changes in er@nggumption structures. The provineial

level citiesof Beijing, Tianjin,and Shanghai are each home to a population of more than 10 million,
thus they are megacities according to the definition of thgf129]. They are characterized by high
economic growth rates and large industrial economic structures, but also considerableogentiesg
economic activities. However, they all have a limited hinterland and RE resources. Due to the fast
urbanization and industrialization processes, serious air pollutioro¢t@gredand urbanized areas

have become major contributors to global GHG emisdib24]. However, a transitiotowardslow-

carbonemission pathways poses novel challenges beyond traditional planning and urban development
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polices[19, 141] Current fossil fuedominated energy supply systems and industries are the major
sources of C@ PM. 5, and SQ emissions, while transpasectoralso significantly contributes to NO
emissionsespeciallyconcentrated in urbaanvironment In particular, coal reduction and transport
decarbonization are key strategies to impraiv quality, whicharetherefore important driverof the

energy system transition, especially for the eastern coastal metnopetiians of China.

The provincial administrations in China have already started to address the topic of energy transition.
A variety of local policy plans have been released to tackle RE expansion from provincial authorities.
But longterm integrated engy plans are neither yet available, nor is it clear, if the most pressing
challenges of the energy transition are sufficiently and simultaneously addressed in the existing policy
plans within themetropolitanregions.Regional focusesf this studyare thereforetwo metropolitan
regions of eastern China with high energy consumption and relateérii€sions. However, current
policies are rather shetrm driven and weak from sectoral coupling and regional integrédms
detaiedanalysis in SectioR.4).

1.2 State of Knowledge

The stringency ofC h i neaedgyg and climate targets in 2030 and the policy needed to realize these
targets are full of controversy, mainly as a result of multiple future uncertaji@és Various
scientific studies already exist on necessary or achievable energy tramsibicesses in China.
Several longerm scenarios have explored targdented pathways towasch lowcarborenergy
future on the national levd8, 154, 174] Chinds energy transition toward the 2 °C goal until 2100
were examined if95] by a bottomup model with noffossil energy accounting for 50¢0% and 85%
of primary energy consumption in 2050 and 2100, respectively. In a high renewable penetration
scenario analysis, the percentage of RE in themary energy supply would reach 62% by 2050
according td178]. In addition, decarbonization scenarios for China can bedfdn global scenario
studies such as World Energy Outlook 2017 [2] and Energy [R]evolution: A Sustainable World
Energy Outlook 2015 [8]. However, current policies in China still seem to have no clear vision for the
role of RES in the longterm future. Tle new fiveyear plans on different administrative levels
released recently define shoerm targets mainly for the energy system in 2[BZ). These kinds of
nearterm policies have a strong impact thre development of futummarket and infrastructuseand
thus have important implications for further letggm transbrmation pathways (see, e.fl, 24).
Just recentlythe China Renewable Energy Outlook 2017 (CRED)8] identified a gap between the
currently available policy on the national level and the necessary developmenheasureso
comply with the Paris Agreement. Adidnally, [178] picked the specific example of the Beijing
Tianjin-Hebei (BTH) region to identify the significance of regal integrated policy development for
successful energy system transition. In general, the regional dimension plays an important role in
sustainable energy systertransformations demanding integrated strategies of subnational
governments (see, e.§7]). This obviouslyspecificallyholds true for a large country such as China,

2



Chapter 1: Introduction and Outline

where energy transition policies need to be embedded in regional developmen{lgi@into
coordinate cities and their hinterlands in terms of energy supply and demanduecebsful

implementation of national poles[128].

Longterm strategies for energy system tfanmationhave to cope with tge uncertainties regarding
the development of the society, the economy, relevant technologies and shedessful
implementationunder certain policy and market mechanisms Modetbased scenario analysis is
usually applied to guide the decisioraking processegarding investments intthe future energy
systems ando analyze thecorresponding consequences such as environmental bergsfiteral
represerdtive examples of such studies exist following differgmpraaches for scenario building,
which show that alternative technical and structural options could be key elements for the realization
of longterm transition pathway89, 99, 100, 123174]. Some important options and aspesil$ be
further discusseth Section2.3and related measures and developments targeted in currerteshort
national and regionapolicy plans(see Sectior2.4), with the potential to further concretize and
enhance them within a regionally integrated Joavbon transition pathwayrom longterm
perspectives(see detailanalysis in Chapted). One obvious issue is the further promotion of
renewable energy, which covers most available technologies, including offshoreyedtidermaand
biomass. However, it seems to be unclear whether expansiohaatsdreadybeenin line with long

term national decarbonization targets.

Besides, e focus of renewable energy expansion policies should extend from the power sector and
increasingly include the heahd transport sectots fully decarbonize the entire energy systétare

it is essentibthatthe development dlture energy policiesn the medium term also addresses sector
coupling as a means to integrate larger shares of variable renewable @riREjysources with
consideration ofhe corresponding economic benefits (see, f4d]), together with the development

of information and communication technologies (IG3). Still, as RE heating targets are defined
related to the supplied area while the developmehitafe floor space in building sectisr uncertain,

it remains unclear how far nearm targets and measures are on track with-teng targets. In all
energy systes) decabonization of the heatector generally poses great challenges and will require
strict regulations and huge investments also on the aspect of efficiency improvémgeneral,
current energy transition related policiasdifferent administrative levelare rather shottierm and
determinedby the time horizon ob years ¢eedetaiked analysisin Section2.4) without long-term
transition perspectivesThis increases the risk thdahe necessary policy measures wilbt be
implemented in a timely manner and thus the ambitious-terg climate goals will not be achieved

or that therequiredenergy transition costs will be higher than necess@egides, there are still
various barriers and implementation deficien@&gnergy policies at the local level inChina ur b an
areas[142]. There is a lack of detailed studies on how lbeign climate protection goals can be

implemented in China's regions. The special bopndanditions in the eastemetropolitanregions



alsorequire analyses of the possible interactions between demand and supply regismgpanniihg

infrastructural requirements for their use.

1.3 Scope and Structure of this Work

Therefore, the intention of ynwork is to contribute to the above topics by applying sophisticated
methods and models for lostgrm scenario analysis with a focus on two metropolitan regions of
eastern China. | combined a short term policy analysis on regional level with develagiely ta
oriented normative storylines supported by quantitative energy system modelling. This was
supplemented by a high spattamporal optimization of the power sector to investigate the
penetration of renewable energies during the transition procesddngrterm perspectives to reach
regional CQ emissions reduction targets and guarantee power supply security for metropolitan
regions. This leads to conclusions regarding the suitability of different development pathways for
overcoming the key challengabe possible interaction of demand and supply regions, and relevant
implications on technological and infrastructural needs as well as supporting energy policy strategies
for the success of regional energy transition in China.

In this context | addressed my thesigdifferent key esearch questionsith regard to theegional

energy transitionin the first step | explorethe current situation of the energy systameastern

coastal Chinathe major challengesof energy transitionand how far thesehave already been
addressedby existingpolicy plans(Chapter 2)Based on this, | designed and applied a nibdskd
scenario analysis to support policy advice for the strategic implementation efelomgntegrated

energy transition options both from supplyd demand side$his analysis comprises the assessment

of renewable resourcesf China(Chapter 3), scenario building with three different variants for the
overallregionalenergy systertransformationgChapter 4), and a detailed power system modeiting

one exemplary demand and one supply region (Chapter 5). Finally, the results of the analyses are
evaluated and discussed with regarddnclusions, limitations and outloghapter 6)The summary

of the structure of this work is shownHigurel1.1.

More specifically, first, | analyzed in Chapt& if existing energy policy plans at different
administrative levels in China are suitable for addressing the currelfénges for energy system
transition. | selected regions in China, which are specifically affected by these challenges. | considered
two metropolitan regions in eastern China, the Beijiignjin-Hebei (BTH) region and the Yangtze

River Delta (YRD) regionwhich play a central role in the Chinese energy system in terms of
economic growth and energy consumption while also, provide differences in the energy system layout
mainly in terms of heat demand in the building sector. In this chapter | thereforetetiaeacthe

energy systems of the two selected metropolitan regions, discussed specific challenges for the energy
system transition, and carried out a systematic review of the relationship between the current available
policies both on national, regionald provincial resp. municipal levels with corresponding measures

and targets. Based on these overviews the analysis then focusses on how these policy plans comply
4
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with the main challenges and what are the gaps for-temmy regional transition pathways. &h
evaluation of energy statistics in Section 2.1 reveals how far current energy supply systems in eastern
coastal China are dominated by fossil fuels especially by coal for heat and power supply and oil
products for transport, which results in seriouspaitutions especially in urban areas and during the
heating season in winter of northern China. In Section 2.2, key challenges of regional energy system
transition are identified and characterized, whereas in Section 2.3 a literature review helpedyto ident

key strategies, required actions and further aspects to overcome these challenges.

- Background Regional Energy System Transition
- State of Knowledge (Chapter2)
- Scope & Work Structure

Summary & Outlook
(Chapter 6)

- Summary

- Limitations

- Outlook

- Key Challenges

- Transition Aspects
- Current Policy

- Policy Implications

- Methodology & Data
- Assessment Results

Multi-regional

of Power Supply for
Metropolitan 0
(Chapter5)

- Methdology & Data

- Optimization Results

- Sensitivity Analysis

- Methodology & Data
- Scenario Analysis Results

Figurel.1 Structure of this work.

The result of these analyses provides insights apportunitiesand difficulties for metropolitan
regions to transform towards decarborded energy system Therefore, storyli nes of future
development pathway®r such regionsieed to take into account several important context related
factors. he concentration of population and ecnoric activitiesin eastern Chinaequiresa high
energy demand especially in regions with heavy indusiigh as Hebei Provinceyhe continuous
urbanization process will further increase energy demand if no effective efficiency mefisures
building andtransport sectorare takerj{76]. On the other hand, land and renewadtergyresources

in eastern China are relatlyelimited (seeanalysisin Chapter3), which will largely depend on
importing fuels(such as natural gas and crude fsyn overseas market and electricity from domestic
market especially from western Chifeag. hydro power to YRD regiorBesides, te decarbonization

of heat and transpibsectorsalsolargely rely on the strategy deepelectrification withtheintegration

of variable renewable energies (VRE) especially for wind and solar both locally and imported.
However, due tahe lack of shorterm electricity market, there are d&r curtailments from wind and
solarpowerin still coal dominatednflexible power supply system and low utilization rate in existing

transmission lineander current regulation and dispatchpagadigmgseeSection5.1).

China has already started to deal with decarbonizing its energy system by releasitayshoolicies
in forms of fiveyear plans and action measures among different administrative. lavé¢dailed and

systemati@nalysisin Section2.4 investigates, ifntegrated, consistent and comparable targets among
5



provincesalready existbothfrom shortterm and longerm perspectivedddministrative barriersnay

exist for implementing decarbonization pdks especially between renewable energy resource
abundant regions and load centers such as megacities, and alffamgnt ministries and
administrations. The analysis of Section 2.4 demonstrates the focus of curretershalicies. e.g.,

with regard tashutting down lowefficient coal boilers and power plants, enhancing natural gas import
capacity to eastern China, planning of long distance high voltage transmission capacity to connect the
west and the east, promoting the exploitation of wind resougesthermal energy for heat supply,

and solar radiation utilization in eastern regidPalicy decision making anlansitionprocesesalso

need the participation from other stakeholders such as State Grid, the five biggest power companies,
distributed enmyy providers, city governors and citizerseédiscussion inChapter6). | specifically
identified, where regional policy currently fails to pave the way for an energy system transition at the
beginning of Seabn 2.5 and discuss possible implications for a regional integration to solve energy
system challenges of metropolitan regions from {targh perspectives.

Based on the regional policy aspects address&haper 2, the second step ofy analysisfocuses

on three centralconsecutive aspects of energy transitiassessment availablerenewable energy
potentials Chapter3), transformation pathways covering thwbole energy systeniChapterd) and a
detailedanalysis fopowersystemoptimization, assessing the integration of variable renewable power
and its spatial and temporiategration between regiorf€hapter5). In the last chapter | provide the
policy implications based on the above scenario analysisnfergy system transformation éastern

coastal metropolitan regions of @hi

| assessed the renewable energy potentials for wind, solar photovoltaic (PV) and Concentrating Solar
Power (CSP) of Chinasing the GlshasedEnergy Data Tool (EnDATleveloped at DLR. ther RE
potentials of biomass, geothermamall hydro power andumped hydronvere quantifiecbased ora
literature review in ChapteB. The results represent annual generation potentials for each of the

considered regions.

Based orthat, the energy systenfor both regionsvasmodelled withdifferenttransition perspectives
by anormative approach. Chap#documentsnethodsand assumptions facenario constructiofor
the regional energy systesrand providesthe results and discsi®n for three differenttransition
pathwaysfor each of thetwo study regionsThe energy scenarios were built as tagétnted
pathways using an accounting framewtwldiscusddifferent transition strategiebn order toaddress
the option of a possiéimport of renewable energy in forms of electricity to metropolitan regjian
modellingcase study focusses on the Beijifignjin-Hebei metropolitan region with Inner Mongolia
as a supply region(Chapter5). The contextual energy scenafiom Chapter4 follows a pathway
towards high renewable energy shares for power gener8a@zed on this framework analyzedthe
future power systems using the energy systerdemBEMix, developed at DLRThe modeklppiesa

costminimizing algorithm The parametrization was done assuming limit CO, emissions to the
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level of 1995 andy achieving aminimum of 60% of renewable power generation by 2050. The
model calculates theemporally and spatially resolvgubwerload,the variablewind and solar power
generation and infrastructural needs such as storage and grid expansion. Quantitative results illustrate
the utilization of different technologies, investments in backup g#éinar storage, grid transfer and

costs for electricity generation. The spatial resolution allows for conclusions about the power supply
structure of the metropolitan region regarding generation, storage, transmitted energy and energy

losseqsuch as curtementduring periods when production exceeds deand

In the last chaptelrprovide the derived conclusionand modelling limitationsvith regard to the two
eastern coastal metropolitan regions. Finally,outlook regardingenewable energgriented maket

designis given(Chapter).



2 RegionalEnergy SystemTransition

The following chapter was previously published[i¥4]. The analysis isbased on an overview of
major challenges of energy system transition in China on the regional level and the identification of
key transition aspects and required actions. In order to analyze the regional ddieiested regions

in China that are specifically affected by these challengefinsider two metropolitan regions in
each of which plays a central role @hinain terms of economigrowth and energy consumption,
while they have significant differences in the energy system layout. A detailed characterization of the
energy systems of the two metropolitan regions is providethénfirst sectionfollowed by a
discussion of specific cHahges transition aspects, and fields for policy interventions for the energy
system transitionA systematic review of current available policies related to energy transition targets
at different administrative levetsvealshow these policy plans conyplvith the main challengestry

to identify where regional policies currently fail to pave the way for a tavgehted energy system

and discuss possible implications for regional integration to solve the challenges fromtarhong
perspectiveFigure2.1 provides an overview dheapproach for this analysis.

Current energy systems, Requirements of the Existing targets, plans Results of review
demand, supply & emissions  energy transition and interventions and analysis
Key challenges, Policies on Policy implications,

Two St“d.V. reglons transition aspects national, regional, already addressed
megacities and ) o
. and policy provincial or aspects, gaps and
provinces

interventions municipal level weaknesses

Conclusions ‘ Outlook

Is China on track regarding long -term targets from regional perspectives? What are key fields of actions for further
policy interventions?

Figure2.1 Overview of themethodologyfor the policy analysifl44].

2.1 Study regions

Due to the distribution of natural resources and various geographic conditions, population density and
economic activity are unbalanced in China, especially between eastern and westerof plaet
country. This is also reflected in the spatial structure of energy demand and supply. The two study
regions are located in eastern China in different climate zones, implying different heating and cooling
demands. Regional and national energy ldaables from China Energy Statistical Yearbook 2016

can be used to compare current energy supply and consumption structures. The provided conversion

factors are used for universal energy unit calculation from original physical quajit#@sData on
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Chapter 2: Regional Energy System Transition

population, urbanization rate, and added value by sector in 2015 are takethdr@hnina Statistical
Yearbook2016[180].
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Figure2.2 Geographical and administrative information of two study regj{statistal data of 201%$180]).

The BTH region consists of two provincialvel cities, Beijing and Tianjin, and the province of Hebei

(see Figure 2.2). It is located inwarmtemperature zone with cold temperature in northern
mountainous areaesulting in significant heating demand during the winter season, which is often
covered by district hean urban areasThe YRD region, with one provinciéével city, Shanghai, and

two provinces, Jiangsu and Zhejiang, is located tramsition area between wait@mperature and
subtropical climate zone characterized Hgt summers and temperate winters with more cooling
demand in the summer seasordmuchless heat demand in winteéZurrently, no widespread district
heating system is implemented in this region. The energy demand is quite high in both study regions,
accounting for 12% and 15% of national energy demand, respectively, in[203p With an
agglomeration of population and economy as well as continuous urbanization, the energy demand is

expected to grow further if no effective efficiency control measures are [taiken

In 2015, the population of the two study regions accounted for 8% and 12% of the national population,
respectively{180]. The population densities BTH and YRD are four to five times higher than the
national average. The GDP per capita is also significantly higher in the two regions than the national
average of 53,000 RMB per capita. In 2015, the GDP of the two study regions accounted for 29% of
the national GDP[180]. In the same year, the energy demand accounted for 27% of the national

energy demand, according {@80]. Also, the specific energy consumption per GDP in BTH is
9



significantly higher than the national average of 1.3 MJ/RMB. The YRD region specifically accounts

for a disproportionately high share of national GDP and electricity demand.

The current energy supply and consumption structures for the study regions and China are shown in
the AppendixA: Figure Al to Figure A43. The following sections highlight sgific characteristics

of the two study regions regarding energy production and use.

2.1.1 Characteristics of Energy Supply

Except Beijing, all considered municipalities and provinces currently havedooahated heat and

power supply systems, especially inkdée Province, with shares higher than the national average. In
the two municipalities of Tianjin and Shanghai, natural gas is used for around 10% of public power
and heat supply, and in Beijing the share of natural gas is 54% for public heating plaB28@afat

public power generation. Except in Beijing, with-ddminated industrial energy consumption, coal is

also the main final energy use in industry, but with regional differences: Beijing, Shanghai, and
Zhejiang are well below the national averagei whe Hebei 6s consumption is
share of 80%. The BTH region has a higher heat demand in residential andssandoceommerce
sectors than the YRD region due to different temperature zones. District heating systems have a
significant &iare in urban areas of BTH supplemented by a mixture of other technologies, mainly oil
heaters. In rural areas, the use of coal in small boilers is still dominant in the residential sector. The
shares of coal use are higher than the national averageaahdoio in Beijing, 64% in Hebei, and 48%

in Tianjin. Compared to BTH, the final energy consumption of the residential sector in YRD is
composed of different shares of electricity, oil, and gemsvever, the penetration of RE into regional
power generatiors increasing recently. In 2018, there are 15 GW and 11GW grid connected installed
wind capacity in BTH and YRD region with 29 TWh and 22 TWh generated electricity respectively
(seeTable2.1). In 2018, 70% of gricconnected PV are centralized PV stations in the BTH region
while the installed PV power plants are more decentralized in the YRD region with 55%a(dee

2.2).
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Chapter 2: Regional Energy System Transition

Table2.1 Wind powerdevelopmenin study regions and China of 2018 (data soit#3])

Wind
Installed capacity Curtailment
Power generation FLH
Province (grid connected) rate’
GW TWhlyr hiyr %

Beijing 0.2 0.3 1866 /
Tianjin 0.5 0.8 1830 /
Hebei 13.9 28.3 2276 5.2
BTH 14.6 29.4 2012 5.2
Shanghai 0.7 1.8 2489 /
Jiangsu 8.7 17.3 2216 /
Zhejiang 1.5 3.1 2173 /
YRD 10.9 22.2 2037 /
Inner Mongolia 28.7 63.2 2204 10.3
China 184.3 366 2095 7

Table2.2 PV power development in studygiens and China of 2018 (data souf@])

PV
Installed capacity (grid connected)
Province
GW of which centralized PV stations

Beijing 0.4 0.05
Tianjin 1.3 1.0
Hebei 12.3 8.6
BTH 14.0 9.7
Shanghai 0.9 0.06
Jiangsu 13.3 7.9
Zhejiang 114 3.6
YRD 25.6 11.6
Inner Mongolia 9.5 9.1
China 174.5 123.8
i/ 0 means there i currently curtailment from wind
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In 2017, there are differertypes of reourceswere usedfor biomass power plantsThe three
municipal cities are dominated by municipal wastes while in three provinces weeealso

agriculture and forest residuals usedgower generation (séleable?2.3).

Table2.3 Biomass power development from different sources in study regions and China of 2017 (datd&&jurce:

Biomass
Installed capacity (grid connected§ Power generation
MW TWhiyr
Province . .
Agriculture & o Agriculture & o
Municipal ) Municipal ]
Total Forest Biogas | Total Forest Biogas
. Waste ) Waste
Residuals Residuals

Beijing 213 0 195 18 13 0.0 12 0.1
Tianjin 103 0 103 0 0.5 0.0 0.5 0.0
Hebei 676 426 241 9 3.4 2.4 1.0 0.0
BTH 992 426 539 27 5.2 24 2.7 0.1
Shanghai 272 0 255 17 1.9 0.0 1.8 0.1
Jiangsu 1459 494 908 57 9.1 3.2 5.7 0.2
Zhejiang 1580 214 1331 35 8.2 1.2 6.9 0.2
YRD 3311 708 2494 109 19.2 4.3 14.3 0.5
Inner

. 172 102 69 1 0.8 0.6 0.2 0.0
Mongolia
China 14762 7009 7253 500 79.5 39.7 375 2.2

Energy consumption for transportation is clearly dominated by oil products, similar to other countries,
although electriczehicles have achieved a mass market in China. Except for Shanghai and Zhejiang,
the share of oil products in urban areas is higher than their rural counterparts due to higher ownership
of private cars. The shares of electricity and natural gas arersdll and differ among regions.
However, in Hebei and Tianjin, electricity reaches a share of 12% of final energy due to the high

importance of public transportation.

The electrification rate is also an important characteristic of energy systems. Gesggaking, the
YRD region has higher shares of electricity in ®13¢ sectors than China on average due to the
cooling demand in summer and power demand in industry. Still, coal consumption is dominant in

industry and electricity is mainly used for eleafi@ppliances and mechanical energy. Electricity

6does mt include auteproducersiue to data limitation
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reaches only small shares in BTH, but, as already mentioned, with higher shares in Tianjin and Hebei
compared to theationalaverage. However, the current statistics reveal still huge potential for further

electrification as a core strategy towaadmore efficient and renewable energy supply system.

In the three municipalities, also defined as national megacities, more than 95% of electricity needs to
be imported from other provinces. With larger areasiiog their hinterlands, the three provinces
achieve much higher shares of domestic production, but the import shares still account for 77% in
Hebei, 75% in Jiangsu, and 46% in Zhejiang. On the national scale, only 11% of electricity was
imported in 2015. Hwever, eastern coastal regions largely rely on energy imports from western and
central China due to thelimited energy resources. A detailed overview over the current power

exchange situation in the study regions and China is givEigime AB.

2.1.2 Characteristics of Energy Demand

Technical and structural characteristics and the degree of efficiency are key drivers of energy demand.
Among the cities and provinces considered, Beijing has the lowest share of ermgggnpton in
industry, indicating a more servit®sed economy with rather low energy intensity. The economic
centersof Beijing and Shanghai have the highest share of energy consumption in the transport sector
(rail, road, and aviation) as national antemational transportation hubs. Hebei and Jiangsu, which
have the highest share of energy consumption in industry, especially face the challenges of efficiency
improvement, industrial upgrading, and air pollution mitigation. Industrial energy consungtion
Tianjin and Zhejiang accounts for 69% and 65%, respectively, similar to the national at#gage.

A.5 shows the current energy consumption structure by sector with regional differences.

As an indicator of the status of the enedgmand | present Bergy intensity inFigure 2.3, where

current energy intensity by sector is calculated as a ratio between energy consumption and added value.
Hebei has by far the highest energy intensity in industry (4.97 MJ/RM&)g than two timesf the

national average (2.23 MJ/RMB). The reason behind this is high production capacity in energy, steel,
and chemical industries, which were partly shifted from Beijing and Tiagiran adjustment of
economic structures strategiligher energ intensity in transportation dBeijing and Shanghai is

mainly due tobeing domestic transport hubsTianjin has the highest energy intensity in the
construction sector. Energy intensity in the seiwi@ed commercegector is similar in all regns, with

a maximal value in Hebei of 0.48 MJ/RMB.
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Figure2.3. Energy intensity (MJ/RMB) of study regions and China in 2015 by sector (data source: China Energy Statistical
Yearbook 2016 and China Staitistl Yearbook 2016).

Energy intensity in the residential sector is calculated as energy consumption per capita differentiated
by urban and rural are&seeFigure2.4). Heating demand in winter causes higher edidl intensity

in BTH compared to YRD and the national average. Shanghai, Beijing, and Tianjin have the highest
urban energy intensity, indicating higher living standards, and relatively high rural intensity, indicating
the long commuting distances besawf the large urban scale. Hebei Province has relatively high
urban and rural energy intensity, although the urbanization rate is the lowest of all considered
provinces. Comparingrigure A.1and Figure A.2with Figure A.3reveals an obvious interrelation
between higher shares of electricity use plus district heating and lower energy intensity. Rural areas
with still considerable shares of traditional use of coal and biomass have mostly higher intensity. The
differences in energy consumption structuresirifan and rural areas and the ongoing urbanization
process, especially in Hebei, Jiangsu, and Zhejiang, cause high uncertainty about future development;
however, there is the potential for significant efficiency improvement. (Note: not all traditionglener

use, like biomass, is included in the statistics.)

" Note: the residential transport energy demand is included in the residential sector from China energy balance table.

14



Chapter 2: Regional Energy System Transition
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Figure 2.4. Energy intensity in residential sector and urbanization rate of study regions and China in 2015 (Data source:
China Energy Statistical Yeavbk 2016 and China Statistical Yearbook 2016).

2.2 Key Challenges

Based on the regional characteristics and current energy supply and demand structures described in the
previous section, the challenges of regional energy system transition are identifiedadlothiag.

The strong growth in energy demand and its concentration in some regions represent an extremely
challenging contexti-our main challengesereidentified as a research focus and were presented in

[144]. | summarize the analysis and conclusions from this papke subsections below.

2.2.1 Efficiency Improvement

Energy demand in China expected tcstill increag due to urbanization, resulting in higher living
standrds, growing passenger traffic and car fleets, and further industrialization proféSkes
However, the strong industrial sector with high energy intensity stands out in energy demand
compared wh Organisation for Economic @uperation and Development (OECD) countries. Thus

using energy more efficiently must be a major taggetnentioned already jA0, 123]

Efficiency improvement directly influexes how energy consumption control targets are achieved in
various enelise sectors. Specific policies can focus on, e.g., overall energy conservation and emissions
reduction, technology standards, integrated transportation system development, buildmg ener
conservation, or green building development. Existing policasally support nealerm energy

saving targets in industry, transportation, and building se¢i@4]. A successful energy system
transition requires achieving high energy intensity reduction targets in the eastern coastal regions,
which is especially challenging in the light of a fast economic growth rate and indsstiat

dominated economic structure.
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2.2.2 Reduction of Coal Use

In addition to the usual challenges of maintaining the security of supply and increasing public access
to clean energy, the huge increase in coal consumption during the last decade led to shigh CO
emissions in China, which is a hubgerden for the decarbonization procgg4]. Coal reduction
strategies which are on shotterm available in both considered regiomst only aim to increase nen

fossil fuel shares in the primary energy supply, but also to considerably improve air quality. In
northern China, e.g., in the BTH region, heating demarttie winter season contributes to serious

local air pollution, especially small coal boilers in areas without efficient districingeststems. In

rural areas, space heating still relies on individual stoves supplied with briquettes and straw, which
means there is huge potential to expand modern heating systems to include the use of solar and
geothermal energy in the future. Shifting from coal to electric heating would enable China to integrate
more electricity from wind and solar into its energy mirder the secalled ficoatto-electricityd
program. Under current heat zone classification, district heating is only available for the northern parts
of the Huai River, as the geographical boundary of northern and southern China. Therefore, only
individual wits like airconditioners and electric ventilation fans are normally used for -Shmat

heating in the YRD region, where the temperature frequently drops below 5 °C duringseasen
Strategies to implement modern district energy systems but alsly kificient decentralized energy
systems for heating and cooling services, using technologies such as combined heat and power (CHP),
thermal storage, and heat pumps, need to be further expl&@jdn both regions.

2.2.3 Transport Decarbonization

Continuous urbanization and development of rsadsport both fronpassengers andefght and air
transport will further increase fuel demand dabdh i ndep&ralence on imported oil. Also, in dense
urban areas, local pollution from private cars imposésise negative effects on citizéhs h eaadl t h
the urban environment. Urban expansiaooreases commuting distances and travel for leisure or
business. Decarbonizing Chisatransport sector highly depends on further electrification and the
complementary implementation of other alternative fuels such as hydrogen and biofuels, fooiralso
transport modal shift such abe development of public transport infrastructures to limit further
growth of private car fleefgl7, 51, 96, 126, 150]

2.2.4 Multi -sector Electrification with Regional Integration

The continuous urbanizatioprocess leads to growing mobility and heating/cooling demand of
household$76]. Further electrification on the supply side is thus essential to decarbonize the current
coal and oitldominated engly system. However, integrating high shares of variable renewable energy
(VRE) into the future energy system needs additional infrastructures such as grid and charging
technologies, transmission lines, storage, and other flexibility measures. The demtlopmew

business models could combine distributed generation systems with storage facilities and electric
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vehicles, which would improve system flexibility and efficiency. Deep decarbonization of energy
systems therefore calls for sector coupling of elgtt, mobility, and heating sectors. This strategy
requires implementing suitable and efficient secmupling technologies, but alséavorable

supportingmarket and othgpolicy framework conditions.

Globally, installed renewable energy capacity isrimg, but problems regarding grid integration
have appeared due the variability of the electricity feedh. Therefore, large amounts of electric
power are curtailed to keep a réiahe balance between load and generation in power sy$6&hs
Efficient loadbalancing strategies require tranegiional and tranprovincial resource allocatidd52].

The transmission system was originally planned to conveyfitedlelectricity from coatich regions

such asrner Mongolia and Shanxi over moderate distances to load c§2®kréHowever, current
transmission capacity planning aims to improve the integration of large amounts of remote wind and
solar capacity, to reduce high curtailment rates in some @spscially in norttwestern Chinaand

to assist coal pmer reduction plans in eastern coastal China. A reliable power transmission
infrastructure will play a crucial role in supporting conend economi ¢ expsansi on
commitment to decarbonizing the whole energy systEB2]. In addition to transmission capacity
expansionplanning for local storage and other flexibility measures is also a key factor ircinglan
VRE-dominated energy systems.

2.3 Transition Aspects and Required Actions

Based on the above identified key challenges, a literature review helped to identifyabksmpterm
transition aspects and policy intervention suggestions. A large variety of technical solutions could be
addressed by policy: wind power and photovoltaics (PV) promise high potential at low cost. However,
their variable supply poses challenge$oad balancing in electricity grids and security of supply (see,
e.g.,[53, 58). Thus, dispatchable renewable power, e.g., based on hydro fesecemcentrating

solar power (CSP) plants, or higffficiency cogeneration plants based on biomass, will play an
important role as well but is still associated with high generation costs. Flexible backup generation
capacity based on gas turbines andtshodongterm power storage is expected to be the backbone of
the future power system (see, e[g82, 105). Gas power stations could alsofheledwith hydrogen

or synthetic gas produced on the basis of renewable power. Synthetic fuel applications, such as
hydrogen for the transportation sector, could proviehahility in addition to storageas well agpower
transmission between regions, or demaitt managemeiif 7]. Due to high efficiency and no direct
emissions, it seems to hegeneral viewhat electric vehicles will be the key technology in{ocarbon
transprtation. They also offer the possibility to provide additional flexibility to the power system via
controlled charging (see, e.g55, 120). Heat supply also needs fundamental changes that lead to
high efficiency of buildings and industrial applications and the faogée use of solar and geothermal
heat. A massive implementation of solar collectors, heat pumps, aorgficogeneration would
benefit from an expansion of district heating, which could include larger heat storage andgpower
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heat applications. In addition to these briefly summarized technical and structural options for the
energy transition, other conus are more or less promoted depending on national policies, such as the

implementation of carbon capture and storage (CCS) or the expansion of nuclear power plants.

Decarbonizing the energy system in metropolitan regions requires the strong suppmionélr

policy, e.g., for adjusting the economic structure, implementing new technologies and infrastructure,
and reducing fossil fuels. China has strengthened its economic integration of metropolitan areas and
the governance of urban agglomerati¢h85]. However, in general there is a need for integrated
strategies considering all essential aspects of the transition process in order to define required policy
actions on different administiaé scales. Some of the most relevant aspects are further discussed in

the following sections.

2.3.1 Adjustment of Economic Structure and Efficiency Measures

There seems to be a consensus in the energy systems analysis community that a reliable, binding, and
couageous energgfficiency policy is the backbone of each decarbonization pathway. Rapid
efficiency improvements in all sectors are essential, especially under the continued urbanization and
industrialization procesm China[17, 28] Changes in the regional economic structure may support

the implementation of new and more efficient techniques and proc@@SkesThe enormous
investments in technical and structural substitutizars only be realized through regulatory measures,
economic incentives, and intensive stakeholder decis@king processes. New efficiency standards

for techniques based on best available options require international agreement and regulations. Vehicle
fuel economy and emission standards are a suitable measure to stimulate innovation and the
replacement of internal combustion engik2E) by more efficient electric drivetrains. In each field

of action, it is important that uniform legal frameworks aralgihed in all regions to support the

development of lowcarbon technologies.

2.3.2 Control of Consumption of Fossil Fuels and Expansion of Renewables

Reducing fossil fuels and expanding renewable energies are two sides of the same coin, but both need
to be addessed by specific measures. Limiting and controlling the further consumption of coal and oil
products may be an effective option; another option discussed is a general carbon tax or surcharge to
increase the price of fossil fuels. Effective carbon pricinga national and international level is seen
globally as a key mechanism to support the energy system transition. On the other hand, a rapid and
strong expansion of renewable energies is required for thedaae production of power, heat, and

fuels. In northern regions such as BTH, where space heat demand is high in the winter season, coal
substitution needs to be done with regionally available renewable energies such as biomass, solar,
geothermal, and wind power. Natural gas combustion as a subftitwoal burning can be a bridging
technology that can be converted to the use of biogas and synthetic gas in a later transition phase. All

strategies for the expansion of renewable energies require sufficiently high economic incentives,
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competitive RE ndustries, and investment securitfzavorable regulatory frameworks and
interventions such as renewable portfolio standard (RPS), promotion of electric vehicles and
alternative fuels, stable energy market design, and finance mechanisms are preconditenge fo
investments in new technologies and infrastites such as transmission linegrageand charging
facilities. Financial markets to support the development of renewable energy expansion need to be
designed with regulation suppd&0, 178] Cost reduction of lovearbon technologies is another key
aspect to guarantee a ceéfective and dynamic energy systemnsition. Research and development
funding and promotion of innovation on the production side are essential to achieve further significant

cost reduction and possibly even disruptive technology implementation.

2.3.3 Sector Coupling and Supporting Infrastructure

The decarbonization of heating and the transport sector in particular poses huge challenges in the
transition of all energy systems. These targets need support from a widely decarbonized power sector
via electrification of supply technologies. Sector dmgpadds further power demand and complexity

to the transformation of fossil fuddased power supply systems and the implementation of renewable
energieg17]. However, it is a key strategy to integrate large shares of renewable energy into these
sectors, to make use of flexibility options across the energy system, and to achieveffecist

power supply system. In addition direct electrification by powdn-heat via electribeatersand heat

pumps and the implementation of electric vehicles in transportation, the-pwgas option enables

the production of synthetic gas (hydrogen or methane) using renewable electritigyeatrolyzers

with gas storag§/, 36]. With further processing routes, even liquid synthetic fuels for transport could

be produced. In order to deal with the fluctuating characteristics of renewable energies, additional
expansion of storage systems, transmission grids, and othéilitlgxiptions, such as smart grids and
demandside measures, is required. Implementing these supporting infrastructures necessitates huge
investments, and thereforequiresnew business concepts and suitable market conditions. A flexible
powerdriven opeation of combined heat and power plants with supervisory control and increased use
of heat storage as well as the flexible use of heat pumps with storage are also impoetand wf

sector coupling and improving system flexibility.

2.4 Current Policy

National policies and related targets have obvious impacts on the energy system transition globally
[132]. Some of the challenges identified need a national (or even international) perspective, especially
regarding carbon pricing and market mechanisms. Others, in contrast, needtdressed at the
regional and local levels wherthe implementation and investment take place, and regional
coordination is highly needed. A set of specific and concrete policies that allow the integration of
different stakeholders, decisionakers, ad regulates will be required. The Chindenewable Energy

Outlook[178] advocates a strong role of regional policy in¢hergy transition, especially for tapping
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regional synergies between demand and supply and ensuring public acceptance of the transition. In the
following, currently available shoterm policies at different administrative levels of China are
analyzed in dtail with regard to the identified challenges in metropolitan regions and with a focus on
the two study regionseeFigure2.5).
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Figure2.5 Energy related policyetision making hierarchy in China (own summary).

2.4.1 National Level

Since the 12th Fe-Year Plan (201112 0 1 5 ) , s e€homia poficy has prioritized a transition from
energyintensive growth based on heavy industry, exports from manufacturing, and higtmareto

a more balanced economy. This is characterized by slower growth, an increasing role of services and
domestic consumption, and a focus on innovation andchmvon technologiefl78]. The latest
general energy development targets for 2020 were set in June 2014, when the National Energy
Development Strategy and Action Plan (NDSAP) for 2014 to 2020 released by thal@Gffiee of

the State Council (GOSC) came into fof2&]. It provideda fundamental guidance for the 13th Five

Yea energyrelated plan§l78] two years later, as shownTiable2.4.

20



Chapter 2: Regional Energy System Transition

Table2.4 Overview of national energy develmgntrelated policies toward 2020.

Release 11 January 7 November 10 December 26 December 30 December
7 June 2014 March 2016
date 2016 2016 2016 2016 2016

13th FiveYear National Plans and Guidelines for:

Renewable
Energy ] ) Renewable
Vehicles: Economic & Power
Development ) ) Energy Ocean Energy
] Promotion of Social Development Energy Plan
Policy Strategy & Development Plan (2016
) Infrastructure Developmeni Plan (2016 (2016 2020)
Action Plan ) Plan (2016 2020)
& Vehicles (2016 2020) 2020)
(2014 2020) 2020)
(2016 2020)
Office of the )
) o State Oceanic
State National Development and Reform Commission n )
) Administration
Council
Ministries of
Policy - Finance
maker - Science & National National
Technology Administration Administration
- Industry & of Energy of Energy
Information
- Energy

The special 13th Fiv¥ear Energy Plan, released in December 2016, further concretized general
climate and energyelated targets (seBable 2.5). It therefore serves as an improved guideline for
policy-making, public investment, and project planning in the energy sector. The specific energy plan
aims to optimize the energy mix and promote-cavbonenergy development. The diversification of
existing energy resources and the deployment of new sources are important for renewable energy
policy implementatiorn8]. The national targets for neossil fuels in the primary energy mix are 15%

by 2020 and 20% by 203®Regarding the 12th FévYear Plan (201112015), China has failed to
comply with the target for offshore wind development. With more efforts to solve industrial,
institutional, and technical barriers, there is more emphasis on offshore wind development in the 13th

Five-Year Plan.
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Table2.5 Key national energy targets by 20[83, 85]

Statist Average
atistics
Target annual
Aspect Parameter Unit 2015 h
change
(2017) 2020
rate (%)
. . 1530
Total installed capacity GW 2000 5.5
(1800)
Transmission of electricity from west to eas  GW 1400 2700 14
- Total electricity consumption TWhlyr 5690 6800 7200 3.6/3.8
Electricity
consumption % of electricity in final energy consption % 25.8 27 1.2
% of nonfossil fuels for power generation % 12 15 3

Average annual consumption per capita kWh/cap 4,142 48605140 3.34.4

Fuels replaced by electricity TWhlyr i 450 i
Conventionahydro power GW 297 (341) 340 2.8
Pumped hydro storage GW 23 40 11.7
Nuclear GW 27 (35.8) 58 16.5
Wind GW 131 (164) 210 9.9
Solar GW 42 (130) 110 21.2
Power generation Coal GW 900 <1100 4.1
structure, installed Natural gas GW 66 110 10.8
capacity Nonfossil fuels GW 520 770 9.6
Share ofossil fuel power plants % 65 61 4
Share of coal power plants % 59 55 4
Share of noffossil fuel power plants % 35 39 4
Share of gas power plants % i >5 i
Share of noffossil fuel electricity generation % i 31 i
Newly installed coapower plants gCE/kWh i 300 i
Efficiency kJ/kWh T 10.24 T
Existing coal power plants gCE/kWh 318 <310 1.6
Electric vehicles ] o for 5 million
(EVS) Public charging infrastructure T i EVs i

The described energy planning is binding only on the national level. \+owBose targets need to be

broken down to the regional level, where technology implementation and investment decisions happen.
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Chapter 2: Regional Energy System Transition

Therefore, the regions aswpposed to further concretize thkars, and steer the transition process

with regard to the ovellaargets.

2.4.2 Provincial/Municipal Level

The 13th FiveYear Provincial and Municipal Renewable Energy Development Plans were released by
the respective provincial and municipal Development and Reform Commissions. In general, no
harmonized policy for the ergy sector exists on the regional level; instead, the provinces and
municipal cities set their own plans. The basic direction is set by the general plans, providing
guidelines for provincial and municipal economic and social development, which were ddlease
January to November 2016. The next subsections give a detailed overview of available plans for the

two regions, disaggregated by the three provinces and three proléweianunicipal cities.

2.4.2.1 Beijingi Tianjini HebeiRegion

The provinciallevel 13thFive-Year Renewable Energy Development Plan was released by the end of
2016 in the BTH region. The plan proposes that total renewable energy use and installed renewable
energy capacity in the power sector should reach 1000 PJ and 45 GW, respectivél20byn2
separate plans for renewable energy development @#e2.6), regional integration and cooperation

have been further emphasized as important aspects for regionally balanced development.
Electrification was addressed as a key measure to improve air quality, thus 12 interregional

transmission lines have been approved to be built in order to get access to the aiestdeamiRE

resource$8s].

Policies in the BTH region are disaggregated to the level of individuahdémgies or subcategories

such as straw use. All three provinces address the issue of renewable heat supply by targets for
specific technologies within special plans for renewable energy developmentafge®.6). Hebei
Province specifically mentions solar collectors and geothermal energy for heating. Other renewable
options addressed by policy plans are biofuels and offshore wind. In Hebei Province there is also a
target for electricity storage, considering thure challenges for a power system with high shares of
VRE. Within this context, Hebei Province plans to improve its ability to control curtailment rates from
wind power and PV below 10%. Both Tianjin and Beijing also plan to further increase theyr w@bili
import electricity from the surrounding renewable energy abundant regions. Beijing has a target to
import 10 TWh per year in renewable electricity by 2020, accounting for 50% of its total imported
electricity. Its power dispatch challenges due to MRE be addressed athe first priority. Tianjin

plans to cooperate more with Hebei Province and Inner Mongolia, which are characterizeddoy high
shorewind potential. This is supposed to increase electricity imports to Tianjin to around 6 TWh per
yearby 2020.

During the energy transition process, the plans for Beijing and Tianjin strive for regionally integrated

development together with Hebei Province. The plans also include utilizing the import potential from
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other surrounding regions, such as Inkkengolia, especially for renewable electricity from wind and
solar energy. At the same time, new transmission lines are planned to solve curtailment problems that
arose due to the fast expansion of wind power pldds]. In Tianjin, imported electricity by 2020

would account for 60% of its total demand (Seble2.6).

Table2.6 Energy transitiorrelated targets in Beijing, Tianjin, and Hebei Provific&), 164, 168170].

Province Beijing Tianjin Hebei

Renewable Energ: Renewable Energy ~ Economic & Social
Development Development Development

13th FiveYear
Related policy Energy Development

Plans for:
Renewable Energy
Development
Development &
. Development & Development & Reform
Policy maker Reform o o
o Reform Commission Commission
Commission
Release date 26 September 201 19 December 2016 14 October 2016
Aspects Main indicabrs Unit 2020 2020 2020
From renewable PJlyr 181 147 674
Primary energy  Local renewable PJlyr 94
Renewable share % 8 4 7
Coal share % <10
Electricity o
) Local RE electricity TWh/yr 4
generation
Renewable share % 10 >13
Imported RE TWh 10 6
. r
Electricity electricity Y
generabn
Wind TWhlyr 40
Total RE installed oW ) 91
Installed RE capacity :
capacity
Renewable share % 10 >41
Solar GW 1.16 0.8
Wind GW 0.65 1.16 20.8
Installed RE Offshore MW 800 290
capacity Biomass
MW 350 155 (120/35)
(waste/straw)
Hydro MW 5
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Chapter 2: Regional Energy System Transition

Storage Pumped storage GW >16
Renewable heating  km? 160
Heating suppl Geothermal
(argea) i (deep/shallow) ke 70 >1(35/16)
Solar heating km? 9 20.4 16
Fuel Biomass for fuel PJlyr 23

The BTH region also sets targets for geothermal energy deployment as an option to replace coal for
heating. Currently there are 48 geothermal fields in the BTH region, with 10 in Beijing, 8 in Tianjin,
and 30 in Hebei Province. The annual exploitable geothesneabjy accounts for 1®J. Based on the
existing planning for geothermal development in the region, this technology is expected to play a key

role in replacing coal consumption, especially for heat supply.

Based on the adapted national offshore targéts,2020 offshore development targets for Hebei
Province and Tianjin were set at 800 MW and 290 MW, respectively Tabke 2.6). In Hebei
Province, the renewable energy plan mentions an exploitable potentialcM/#hshore and 10 GW
offshore. In addition, 90 GW of biomabased power plants are mentioned, which can provide backup
capacity and flexible generation. In Beijing, a specific integrated transportation development plan was
released, similar to Shanghaidashejiang Province, which is discussed in the next subsection.

2.4.2.2 Yangtze River Delta Region

Energyrelated policy in the YRD region is an integral part of the overall development phrie2.7
gives an overviewfoenergyrelated targets and corresponding policy plans in the YRD region. While
a specific energy plan is not yet available in Shanghai, at least renewable fuels,aed@fon are
already addressed via the regional policy. Similar to the BTH reghlmn,regional integrated
transportation system is enhanced in Shanghai by the 13ty EarePlan, promoting the expansion of

highways, railways, and public bus lanes.
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Table2.7 Energy traniion-related targes in Shanghai, Jiangsu, and Zhejiang Provjéé, 162, 165, 167]

Province Shanghai Jiangsu Zhejiang

Economic & Social Economic & Social Economic & Social

Development Development Development
Related polig 13th FiveYear Plans for:
Power
Energy development
Development
Province Province
Policy maker City government
government government
Release date Januarny2016 30 March 2016 February 2016
Aspects Main indicators Unit 2020 2020 2020
GDP Annual growth rate % 6.5 7.5
Population Total (urban %) Mill. <25 (67%)
Primary energy PJlyr 3663 11723 6448
Supply capacity of natural gas km?® 10
Increase in natural gas supply % 12
Energy supply
Share of notfossil/clean energy % 10 20/32.5
Share of renewable energy % 12.5
Renewable energy total PJlyr 945
Total GW 130 94
Nuclear GW
Installed capacity Wind (onshore and offshore) GW 8-10 9
PV GW 8-10 6
Biomass (waste and straw) GW 15
Modal share of rail in city % 60
Transportation
Share of renewable fuels % 50
CO, emissions Bill. tons <0.25

In contrast to Shanghai, Jiangsu Province developed a special 13tiydeaivePlan ér Power
Development and Renewable Vehicle Development Actions, released at the end of 2016. The first
plan included a limited set of renewable energy technologies: biomass, PV, anfil@ihdThe

second plan aimed for market development of electric and fuel cell vehicles and was released at the
end of 201423]. In 2009, the province announced it was
(in the style of the Three Gorges hydro dam project in China) with attafge0 GW installed

capacity by 2020. The Power Development Plan also addresses the aspect of electrification in the
transport sector, by targeting increased electric rail traffic. This provides an interrelation with the
regionods Pl an fpatation IDevelepment teleased Tnr Grtober 2(0155]). The

development of efficient combined heat and power (CHP) produsstialso included qualitatively as
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the promotion of residential CHP projects in northern Jiangsu Province. It priontdestrial CHP

for economic development zones and gradual substitution of coal CHP by natural gas in urban areas in
the southern partfdhe province. Expansion targets for renewable power plants are complemented by
the solar plan for both utility and decentralized applications, especially for rooftop distributed PV. The
promotion of wind power is focused on offshore, but also includehara for middle to low wind

speed resources. In addition, biomass expansion plans mainly focus on residues, such as straw and

municipal and rural waste.

Energy policy in Zhejiang Province also relies on its overarching plan for economic and social
developnent. However, this plan is rather specific with regard to energy targets, but less focused on
renewable energy. In comparison with the other energy plans, the Zhejiang Province plan also includes
a nuclear target of 9 GW, with 5 GW under constructioaldb focuses on energy consumption and
providing additional services to the population by promoting electrification in rural areas to replace
fossil fuels.

Comparing the BTH and YRD regions, it becomes clear that there is no common standard for
addressingenergy decarbonization in China on the regional level. From detailed insight into energy
policy, a variety of shofterm targetscan be identifiecaddressing the immediate specific needs of

each province (or provincidével city). While the principle o$ubsidiarity is a valuable asset for the
adoption of regional policies, it needs to be complemented by a mechanism that ensures a consistent

transition process between regions in the long term.

2.4.3 Regional Level

Regional policy makers are aware of the nedooperate in the field of regional development and to
harmonize policies in metropolitan regions. There are more and more collaborative interactions
between urban and regional energy governance related to the energy transition, with diverse and
dynamicorganizational responsgls, 78] Policy makers are advised to intensify regionalgragon

in order to lower the barriers to improved energy and: @dissions performancfl18]. This
addresses especially administrative and policy barriers, which are even more important than
geographical distancgg1]. Mainly air pollution issues currently drive regional integrated strategic
development, and all stakolders should be aware that an integrated energy system transition is
required beyond the single municipal or provincial Igi&ll]. Therefore, Beijing, Tianjin, and Hebei
Province together are one of the first regions developing a joint collaborative development plan, as
presented inTable 2.8. Chinds first regional development plan integrating several provinces was
released at the end of 2016. It aims to promote regionally balanced development and regional
integration in terms of finding effective solutions to air pollaotidransportation, energy, and €0

emissions and other issues.
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Table2.8 Energy transition targets related to regional integrated development in BEigngni Hebei regiorf156, 157,
159].

13th FiveYear Plan for BeijingTianjini Hebei Region Collaborative Development
Related policy  13th FiveYear Plan for BeijingTianjini Hebei Region Economic and Social Development

13th FiveYear Plan for Bgingi Tianjini Hebei Region Renewable Energy Development
Policy maker National Development and Reform Commission (NDRC)

Release date 25 November 2016

Aspect Main indicators Unit 2020 Remarks
Average annual growth
GDP % 7
rate
Population Urbanization ate % 60
11 municipal level cities in Hebei Province and
special node cities of Dingzhou and Xinji have
Industry Industry shifting special roles in BTH collaborative development

regarding industrial shifting from capital city of
Beijing

Transportatio Remove nortapital city functions to improve efficiency and sustainability

) ) Solve regional air
Air quality ]
pollution problems

Total exploited RE

PJlyr 181.7
energy
Share of RE in total
) % >8
energy consumption
RE development
RE installed capagi
o pagt GW 2
within city
Share of RE in installed ) ) ]
o % 15 Newly installed capacity mainly focused on RE
capacity within city
Total RE GW 45
Wind GW 10.7
Installed RE
) Offshore wind GW 1.09
capacity
PV GW 3.09
Biomass MwW 667
Total exploited and
PJlyr 1002

consumed RE
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As can be seen from the joint regional development plan of the BTH region, the demand for integrated
energy system planning is already addressed here. This plan integrates all three provinces into
collaborationand considers speiifissues referring to energy demand and supply, such as transport
and industry development, as well as renewable power plantSgbte2.8). In addition, the regional

plan for geothermal heating and cooling iHBhas a target of covering 440 kheating area in 2020.

With these actions implemented, the expected @&duction would be 7 million tons in the BTH
region [157, 163]. The YRD region also features a variety of development trends connected to
economic and energy transition: polycentric agglomerated urbanization, industrial up@sadlimegd
infrastructure development for transportatigh39] are also under process. These dynamic
developments within the regiorequire an integrated assessment instead of analyses of single
metropolitan cities or provinces. However, for the YRD region, no iated renewable energy
related plan exists so far. Therefore, the BTH regional development plan is a showcase for regional
integration in terms of promoting lewarbon transition pathways.

Some efforts are already under way to integrate policy acrossngsegispecially for the power and
transport sectors. One example of integrated planning in the transportation sector is the discussion of
regional railway and highway plans. In both the BTH and YRD regions, the transport system is a
major challenge that eels more integrated approaches in the future to overcome previous

administrative barriers.

2.5 Policy Implications

In the followingl show, how well the foumajorchallenges of efficiency improvement, coal reduction,
transport decarbonization, and electdtion/sector couplings well as the relatelansition aspects
and required measures asldressedyy these policiesIn addition,the neatterm regional policy
targetsare comparedvith longterm transition scenarios for Chinia identify possible gapand

inconsistencies

2.5.1 Strengths and Shortcomings of Existing Policies

Current national and regional policies have already addressed the reduction of coal consumption. The
national and provincial air pollution action plans demand peak coal consumption »@2rén the

BTH and YRD regiong25]. Therefore, provinces in BTH have set absolute coakwmption
reduction targets and provinces in YRD have defined negative growth targets by 2017. Recently, the
CREO concretized a possible decarbonization strategy combining significant reduction of coal and
deployment of renewable energigs’8]. This can provide a sound basis for policy advice on all

administrative levels, reflecting the lotgym perspective of the energyssym transformation.

Policies and regulations have tried to establish stable and attractive market conditions for at least some
new technologies and to reduce investment risks and lower the cost of financing. To achieve this on a

large scale, economic inaives such as electricity fedd tariffs and subsidies for efficiency
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improvement from both national and local governments were implemented. Current policy also
supports the deployment of wind and solar energy at sites with lower potential by highiertteédts

and renewable portfolio standard (RPS) policy, which defines a minimum prodMaaghipenetration

of nonthydro renewable energy for power genera{®8]. Besides national distributed PV on a grid
subsidy of 0.42 RMB/kWh, Shanghai and Zhejiang Provinces also provide an additional 0.25
RMB/kWh and 0.1 RMB/kWh, respectively, to promote local solar penetragicen under relative

limited land availability and lower solar irradiation compared to western China.

Shortterm targets for the heating sector exist mainly for the northern region of BTH, which has
significant heat demand during winteeason The shorterm targets already address the further
development of solar and geothermal energy use and promote the decarbonization of cogeneration
plants as the most important options on the supply side. In Shanghai, pilot programs to integrate RE
into buildings aresupported by national and local funding; subsidies of 60 RMBhe provided to
promote the use of solar and geothermal energy for heat supply and 150 RéB/mindow
efficiency improvemen{33]. In Tianjin, 45 RMB/m subsidies from both national and local funding

are provided for efficiency improvement in the building sector, such as insulation nsasedasmart

meter installationf189].

The implementation diavorablemarket conditions is above all a task at the national level. In addition,
alongterm carbon price appears to be necessary, which still leads to affordable energy prices but has
a real impact on investment decisions. Pilot carbon-acafirade programs started in five
municipalities (including Beijing, Tianjin, and Shanghai) angd provinces in 2013 to develop and

test different trading modes, and a crpssvincid program in BTH and the Shankiner Mongolia
Shandong region was launchfi®1]. By the end of 2017, a national carbon trading system was
launched for the power sectdi36], and more sectors are expected to be included by 2020, according

to ByYdar road mapo of the National Devel opment

The policy stakeholders are aware that it is important to deal with fluctuating characteristics of VRE
technologies and implement storage technologies and other flexibility mgaldokeever, there is not

yet much activity on the regional level to further develop concepts and implement prototype plants for
load balancing. Their implementation needs market conditions for promi@mgablebusiness cases

as well. Development of theower transmission system is aimed at linking the rich RE resources of

western and northern regions with the demands of eastern coastal regions of China.

The current renewable vehielelated policies are focused not only on supporting the development of
the industry itself, but also on shifting transportation modes. Important strategies include prioritizing
the development of public transportation, prioritizing railway development instead of road
transportation, and encouraging low carbon mobility suclbiegcles together with new business
models of bicycle sharing in main cities as a connection to public stations. All Chinese provinces

already have ambitious projects for the promotion of electric vehicles, with a focus on public
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transportation and thieuild-up of public charging infrastructure. Due serious air pollution in most

main cities, China pursues its EV strategy on both the national and local level. The Chinese
government offers outright subsi di esnefragry OEW ethu yce
such as hydrogen fuekll vehicles from purchase tax, and demands a defined share-efrimsion

vehicles from all car manufacturers that want to be active in the Chinese market. Until 2014, electric
vehicles were not common on Chinesads; however, during 2015 and 2016 the market increased
rapidly, so that China has -imoehicles.WeaordingtothelGhima bi g g e
Association of Automobile Manufacturers, more than 500,000-iplughicles were sold in China i

2016, of which more than 400,000 were battery electric vehiés The overall EV stock reached

around 1 million vehicles, thus China is on the way to meeting its 2020 target. How far this will also

lead to targebriented longterm development cannot eggsbe assessed, because it strongly depends

on the overall development of mobilibghaviorand demand in Chinese society.

Regarding the governance aspect, the policy review showed that, besides the National Energy
Administration, there are at least threenistries directly involved. For example, the Ministry for
Housing and Construction (MHC) is in charge of building sector efficiency improvement; geothermal
energy development needs support from the Ministry of Land and Resources (MLR); and the Ministry
of Industry and Information Technology (MIIT) is responsible for RE industry development. At the
moment, the State Council is in charge of key national energy decarbonization policies, such as energy
conservation and emission reduction; integrated traretpmit system development; guidance and
incentive policies for promoting electric vehicles, alternative fuels, and charging infrastructure; and
the air pollution prevention and control action plan. Thus, structures and processes for integrated
strategies aoss different fields of action exist, at least on the national level. However, there still
seems to be no integrated regional energy policy under the current national desigolicy

making system. This endangers, above all, the regionally coordliimditastructure development and
effective sector coupling that are highly needed for deep decarbonization of the energy system. The
eastern coastal metropolitan regions of China especially need integrated strategies to cope with limited
RE resources, effiency improvement, and energy demand control targets. New mechanisms are
required to establish cooperation between the agglomerations, nearby hinterlands, and remote RE
abundant regions. Important national framework conditions of such regionally integtedgegies

could be REoriented energy markets, a €@ading or tax system, and promotion schemeséw

technology implementation and integrated transportation systems.

Besides existing policies, specific eneffggused plans considering local chdeaistics and
conditions are also needed, especially to concretize thetéomgvision of energy transition. In
addition, for both regions, the integration does not yet cover the whole energy system and all
technologies required. While the BTH region imtives can serve as a model for increased

interprovincial cooperation, the temporal perspective is too short and needs to be extended to
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convincingly address energy decarbonization in the context of national and international Téugets.

in detail analyis to cover this research gap is presented in Chdpter

Energy policies need to provide regulatory options and instruments to tackle the challenges of the
energy transition by improving transition planningamd nage ment . Chi nads admini
these challenges in the latest Fiear Plans. Compared with national development plans for 2020,
the special plans on the level of provinces, municipal cities, and regions are less systematic. Also, the
consstency of assumed interrelations among diffé sectors, technologiespcial and economic
developments are not clear from these plans. Within the two regions considered, a strong
heterogeneity in energy policy exists regarding policy makers and specgats. While in the BTH

region policies are driven by the National Development and Reform Commission, the energy plans in
the YRD region are released by provincial governments. Although all provinces focus their policies on
renewable energies, there @t @& joint set of indicators and measures that could help to coordinate the
policies within or across regiong Chapter4 | therefore develop a regional approach for long term
transformation pathways, providjnconsistent scenarios across the regiwite a focus on sector
coupling anda discussion of different decarbonization strategies and their environmental and

economic consequences

Regional integration is a prerequisite to achieving the essential tecdmitstructural changes needed.
However, this requires a deeper understanding of interdependencies and connections among the

various current plans made by different administration levels and ministries.

2.5.2 Implications for Long-term Targets

A comparison ofshortterm policy targets with lorterm scenariogargets provides indications of
additional policyrequirementand the need to implement more effective measusesan example,
average annual wind power installation between 2015 and 2020 derived froegitiveal plans ranges
between 4.2 W (Beijing) and 28 W (Zhejiang province) per year and per capita. The national target of
210 GW of wind power in 2020 requires an average annual wind power installation of around 9.2 W
per year and per capita during théigse years. Comparing the national shtatm expansion rate with

a targetoriented pathway (around 80% g@mission reduction in 2050 compared to 2010) according

to [123], the average expansion rate between 2020 and 2050 has to increase by a factor of four (to
around36 W per year and per capita). Regarding PV power generation, the regional expansion rate
accounts for around 9 W (Beijing and Tianjin) and up to 34 W (Hebei province) per year and per
capita in terms of average annual installation. For PV, the natengaittof 105 GW of power in 2020
requires an average annual PV installation of 8.8 W per year and per capita. Compared to the target
oriented pathway froril23] aiming at 80% C®emission reduction, the average national expansion
rate between 2020 and 2050 has to agwirease by a factor of four (to around 37 W per year and per
capita). This simple comparison demonstrates that the investments in future infrastructure

development for renewable energy use has to be significantly increased after 2020 in order to be in
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line with longterm national energy transition pathways. Regarding additional infrastructure needs
related to power storage and transmissions as well as othdydtzatting requirements, current policy

plans have already partly considered the integraticallestges for londerm development. For
example, to increase pumped hydro storage in Hebei province and extending transmission capacity for
the supply of Beijing and Tianjin will also be significant measures to support thedongathway

toward higher enewable power supply shares for metropolitan regions. Regarding primary energy
demands, | can also quantitatively compare existing $bort targets and targetiented longterm
scenarios. According to the 80% g@mission reduction scenario 23], the energy irdnsity in

2050 will be reduced from around 93 GJ per year and per capita (8.2 MJ/$GDP PPP) to below 65 GJ
per year and per capita (1.4 MJ/$GDP PPP). This compares to a national efficiency target limit for
primary energy consumption at around 105 PJ per ged per capita (7 MJ/$GDP PPP). This
national shorterm target corresponds to an annual growth rate of energy intensity of 2.4% related to
population andi 3.1% related to GDP. Compared to annual growth rate$1®% related to
population and 5.2% reléaed to GDP, which are required between 2020 and 2050 in the-target
oriented scenario, there is still a significant gap. The regional targets appear to be more ambitious than
the national one; however, overall energy demand is strongly influenced byridaatri structure

and population density. Primary energy demand per capita is supposed to increase up to 2020 only
between 0.9% (Shanghai) and 1.8% (Hebei) per year in the two study regions. In relation to GDP, the
negative annual growth rate is betwd&i2% (Beijing) andi 6.5% (Tianjin). However, the absolute
energy intensity is significantly higher than the national average in most provinces and cities of
eastern China. Comparing the intensity targets for 2020, the highest can be found in TianjiiJat 165
per year and per capita. This comparison again demonstrates that the regiortalrshtatgets are

guite ambitious but still will not lead to an overall reduction of primary energy demand, which appears

to be mandatory in order to achieve £€ductbns in China in line with a global 250 °C pathway.

2.6 Summary and Discussion

Theanalysis n t hi s chapter pr cehnedyepslicyan Chieafahdetwotsélestad o f
regions with regard to identified challenges and required actions of agyesystem transition with

the aim of fafreaching decarbonizatiofhe policy review and analysis reveal that some important

and ambitious shoterm targets already exist. When further specifying, extending, and integrating
targetoriented pathways, palfy makers need to consider all relevant infrastructure demands and
possibilities to implement new technologies. Several alternative options may exist to aefiexed
decarbonizationtargets and their specific impacts have to be analyzed. This requireise
comprehensive and transparent scenario analyses and assessments to significantly broaden the

background knowledge for political decision making.

Specific challenges for the energy system transition in metropolitan regions, such as low RE potential

from the hinterland and high pollution burden, call for imegrional and intesectoral integration.
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This aspect is addressed by national and regional authorities, especially with regard to power grid
extension demands but not yet enough to also covarréudemands e.g. from sector coupling (see
Chapter 4) Therefore my further analysisaddressegxplicitly available options for sect@oupling

and the regionahtegration Other examples of ongoing regional integration actions are related to air
pollution control and integrated regional transportation systems, but coordination needs to be

improved regarding theveralltargets of the transition process.

The analysis shows that lomgrm CQ reduction targets require more political action at all
administative levels. There is considerable effort in energy policy in China on the national level,
which is committed to achieve peak £€missions by 2030 at the latest. However, energy policy in

the analyzed regions is a conglomerate of more or less cooddacttens in line with an overarching
national plan. They are focused on nram targets and lack the lobgrm perspective necessary for
transforming the whole energy system. Ldagn vision is necessary to identify the most efficient and
feasible tragmition pathways, to start the development of solutions needed in the long term, and to
avoid technical and structural loak effects. This not only is important at the national level, but also
needs to be identified at the regional policy level, wherertiementation of new infrastructures

takes place and specific challenges exist. Especially for the eastern coastal regions of China, with their
high industrialization and energy density, a convincing and consistent transformation pathway needs
to be furher explored. The new urban plan of China, addressing continuous urbanization processes
and an industrial shift from the eastern coast to central and western regions, could help to transfer
successful concepts for regional energy transition to other noditespregions and to achieve the

successful implementation of nationatgets
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3 Assessment of Renewable Energy Resource Potentials in China

3.1 Introduction

In the light ofthe imbalanced distributioof human activities and resourdesChina, the assesent

of renewable energy resource potentials prerequisite for evaluatirtgow their deploymentould
support the decarbonization ©fh i sneaebgy sectoiherefor | conducted mationwideRE potentials
assessment for power generation of onshore datdaré wind, PV and CSP with provincial/municipal
level resolution The resultdor thetwo study regions as well as Inner Mongolia with abundant solar
and wind energy are presented in this chapteaddition,RE potentials of biomass, geothermal, small
hydro and pumped hydro powesere evaluated based aaliterature review(seeSection3.3.3and
Section3.3.9.

3.2 Methodology and Data

The renewable energy resource potentials of wind solar for power generation in Chimgere
assessetly applying theEnergy DataAnalysisTool (EnDAT) developed by106] and eyanded by
[116]. It performs a land use assessment to identify areas on which the wind and solargeaouree
exploitedand is then overlapped with metelogical weather data and typical technology data such as
power curvesThe Global Land Cover database in a spatial resolution off30@00m with 23 land

use types is employed to identify suitable arfa power generation from renewables with three
categories of closed to open (>15%) shrub land, dltisepen (>15%) herbaceous and sparse (<15%)
vegetation and bare areas in each pixel of 0.045° taken into considdddt&]n The minimum
distanceaway fromsettlement iset tol km. According to thegeographical conditions of China , the
maximum elevation could reach 3000oreven3500m [32] for renewable resource abundaegions
(such as Qinghai Provincgl25]. In the assessment for the Chinese provinces, default values in
EnDAT were therefore changed, e.tpr the maximum elevation and for the minimum annDedect
Normal Irradiance NI) for economic deployment of CSRMaximum elevation was set to 3060
instead of the default value of 2500aslarge plains with goodolarinsolation are located at high
elevation.The summary of main exclusion criteria to determine suitable areas for solavirashd

power plants installation in China is showrTiable3.1.
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Table3.1 Main exclusion criteria to determine suitable areasdtar and wingpower plansinstallgion in China.

Renewable errgy Solar Wind
Technology Open area PV CsP Onshore Offshore
Minimum resource / 1600 kWhyr 4 ml/s 5m/s
Maximum slopg°] 45 2.1 15 15
Maximum elevatiorabovesea leve[km] 3 3 3 /
Minimum distance to settlemefkm] 1 1 1 /
Maximum distance from coasiithin exclusive

economic zones (EEZkm] ! ! ! 200
Maximum sea deptfm] / / / 40

The potentials analysis artde generation ohourly time series for PV, CSBnshore and offshore

wind were generatedith EnDAT based orthe NASA SSE 6.0 dataset for 1984 to 2004 which has an
hourly temporal resolution and 0.045° spatial resolutidme hourly power generation is based on
bottomup power plant models in terms of installable capacity, technology parameters and resource
avalability for different scenario years with consideratioraesumedechnological improvement (see
Table3.2). From the time series, a pixel based typical meteorological year is generated to determine
the most represitative month out of long term data available veithetter represeation of variable

solar irradiance and wind spefd 6]. Following the aboveesourceand land use assessment, EnDAT
calculateghe maximum installable capacities on the suitable areas and their potential power output.
For PV, the areapecific installable capacity is derived at the standard testing conditions from module
efficiency and efactor representing the efficiency of the remaining plant components, such/&S DC
converterd106, 116] The hourly electricity output of each grid is determinedthyparameters of

hourly average irradiance on the PV module both from satellite data of global horizontal irradiance
(GHI) and beam normal irradiance (BNijd the loss factor of PV modudeccounting for shadowing

and dirt Other influencing factors atbe hourly average difference of the module temperature and the
temperature at standard testing conditions (25°C) multiplietidtemperature factor represieg the
temperature dependence of the modules performdmadition an availablity factoris takeninto
accountwith consideration of module breaking down or mematce periods[106, 116] Both

centralized and decentralized PV power plants are taken into consideration.

For CSP solar fieldsa definednameplate cap#g is considered at the standard irradiance of
800W/m?, a solar field with a nameplate capacity oM¥V generates a thermal power output of

1 MW. At higher irradiances, the thermal power output can thus be higher than the nameplate capacity
of the solaffield. The default technology is a parabolic trough system with an area specific installable

solar field capacity of 176.2 MWkm?. To calculate the potential hourly output for each raster cell,
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the direct irradiance on the tilted surface of the paratiotiughs is calculated from the DNI, then
related to the standard DNI of 89¢/m? and finally multiplied with the installable capacity. The lower
threshold for the annual direct normal irradiance sum was set to 1600 kih/fiis is lower than

the threbold of 1800 or 2000 kWh/ffyr in previous global[@, 125), country specifi (15, 73) or

regional {127]) assessments with consideration of local resources and economic ctsiram
reason for using a lower threshold is under the assumption that the distance to load centers might play
a signficant role in China and might compensate lower resource quiliéyto reduced transmission
costs Now, there is one CSP demonstration project located in Hebei ProvincEigsee3.3, No. 9)

with a local DNI vdue of 1600 kWh/rflyr, which is close to a load center compared to provinces with
higher DNI resources in northwestern China which are far from consumption centers in eastern China.
With the consideration of technological requirement for CSP , the maxisiape is defined as 2.1

[116].

For the installation of wind turbines, the minimum distance is guaranteed to minimize the influence of
interference. The asespecific installable capacity is calculated by the nominal capacity of a single
wind turbine over its area demand determined by the parametisdi$tance factor and the turbine
diamete. The corresponding wind electricity is determined by the maxirmstallable capacity and

the velocity of wind at the assumed turbine hub hefigj@6, 116] The thresholdbf wind speedor
minimum power generation ism/s for orshorewind and 5m/s for offshore windThen the resultef
maximum installable capacitiéy technologyin each gridare aggregated on provincial level basad

the geographical boundary data fr{it85].

Table3.2 Parameters focalculating installableapacitiesand power outpudccording tg106].

Parameter 2010 2020 2030 2040 2050
PV module efficiency%] 16.1 17.3 18 18 18
PV gfactor[%] 81.1 82 829 83.8 84.7
Loss factorof centralized P\{%] 10 10 10 10 10
Loss factorof decentralized P\R%6] 15 15 15 15 15
Temperature coefficient PM/°C] -0.005 | -0.0045| -0.0045| -0.004 | -0.004
CSP thermal capacity factfmW w/km] 176.2 176.2 176.2 176.2 176.2
Availability factor of CSH%] 0.95 0.95 0.95 0.95 0.95
Efficiency of the CSP power blo¢kb] 0.37 0.37 0.37 0.37 0.37
Efficiency of the CSP thermal storaf§é] 0.95 0.95 0.95 0.95 0.95
Onshore wind nominal capacity turbifié/V] 1950 3400 4400 5000 5500
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Offshore wind nominal capacity turbifié/V] 3000 6000 8000 10,000 | 12,000
Onshore wind rotor diametfm] 77.5 102.3 116.4 124.1 130.1
Offshore wind rotor diametgm] 96.1 135.9 156.9 175.4 192.2
Onshore and offshore wind distance fagto} 6 6 6 6 6
Hub height for onshore wind turbinfs] 112 122 127 131 132
Hub height for offshore wind turbingsn] 80 102 116 128 140
Loss factor wind%] 0.15 0.15 0.15 0.15 0.15
Availability factor wind[%o] 0.95 0.95 0.95 0.95 0.95
Input data 2010 2020 2030 2040 2050
PV areaspecific installable capacifiw/km?] 130.6 141.9 149.2 150.8 152.5
CSP solar field arespecific installable capacifiW wkm?] 176.2 176.2 176.2 176.2 176.2
Onshore wind areapecific installable capaciffW/km?] 104 10.4 104 104 10.4
Offshore wind areapecific installable capacifiw/km?| 104 104 104 104 104

The annuabiomassenergy potential irthemicalTWh is calculated from provincial biomass power
potentials with assumedll load hours of 5844 and power plant§@éncy of 0.3[113]. The anual
geothermal exploitablenergycould reach 37.8 TWimationally [186]. Medium to low geothermal
potentials an be found inthe Beijing-Tianjin-Hebei region (6.1 TWh). The pureg hydro storage
potential in China is 200 GW194]. The planned pungu hydro power stations will reach 60 GW
during the period of 2016to 2020 with a total installed target of 40 GW by 2(088]. Since the
distribution of the 200 GW potential is unknown, thstribution ofthe planned stations given in5j8

is used as a proxy to distribute the total potenfiglart from that, the explored coastal sea water
pumpedstorage potentials in 8 provinces from nehore and islands 42 GW/[188]. It could provide
economic feasibility for storage in large offshore wind bases development suclZlzgjiang and

Jiangsu Province.
3.3 Results

3.3.1 Wind Energy

The results for wind powegeneration potentials show that the onshore wind potentials are
concentrated in nortlvestern Chinébecause of better wind speed and useable land resqasses
Figure 3.1). All coastal regions have potentials fasffshore wind power capacitybetween €
MW/km?,
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Figure3.1 Maximum installablavind powercapacity per krover4 m/s thresholdn China

The annual power generation potential terms ofmaximum installble capacities and averagall f
loadhours (FLH)as well ashourly time series were calculataith EnDAT. Four different threshold
from 4 m/s to maximum 6.5m/s for onshore wind and @/s for offshore windwere applied to
evaluate capadés andcorrespading FLH in the study region§seeTable 3.3). Since onshore wind
resources in Inner Mongolia have such high potentiaés highest threshold of 6rf/s is applied in
order to explore the most economic outputifsronshore wind power generation. Beijing, Tianjin,
Shanghai and Jiangsu Province only have onshore wind potentials belswhile Hebei, Zhejiang
and Inner Mongoliaalso have onshore wind potentials abovems. According tothe different
assessmerthresholds applied, the maximuimstalled onshore wind capacity for power generation
range from 20 GW to 40 GW in BTH region from 10 GW to 60 GW in YRD region and from
1700 GW to 5400 GW in Inner Mongoliaas a potential supply regiomhe FLHareincreasing with
higher wind speed. Compared with onshore wind, the potentials for maximum insfésteare wind
capacities irthetwo study regions are higher, with rasgrom 80GW to 90 GW in BTH regionand
from 20 GW to 370 GW in YRD region.
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Table3.3 Onshore and offshore wind power generapiotentialsunder different wind speed thresholdstudy regios and

Inner Mongolia.

4m/s

Max. installed

Onshore wind
5m/s 6 m/s

Max. indalled Max. installed

6.5m/s

Max. installed

, FLH , FLH , FLH _ FLH
capacity capacity capacity capacity
GW h GW h GW h GW h
Beijing 0.5 1477 0.175 2021
Tianjin 2.6 1492 1.499 1573
Hebei 34 2538 28.97 2752 24 2941 21 3041
BTH region 37 2449 31 2690 31 2690 21 3041
Shanghai 0.2 1811 0.2 1811
Jiangsu 7 1549 5 1600
Zhejiang 50 1066 3 1662 0.1 2504 -
YRD region 57 1130 9 1626 9 1626 -
Inner
Mongolia 5382 2447 5253 2470 4598 2571 1738 2950
Offshore wind
4m/s 5m/s 6 m/s 7mls
Max. installed FLH Max. instaled Max. installed FLH Max. installed ELH
capacity capacity capacity capacity
GW h GW h GW h GW h
Beijing -
Tianjin 39 1966 39 1966 11 2083
Hebei 49 1985 41 2071 16 2202 -
BTH region 88 1976 88 1976 27 2021
Shanghai 60 2020 60 2709 49 2836 2 3069
Jiangsu 127 2160 127 2160 46 2493 -
Zhejiang 185 2247 181 2270 93 2693 16 3020
YRD region 372 2181 368 2303 187 2682 18 3026
Inner
Mongolia )
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3.3.2 Solar Energy

The potential of PV technology for power generation is distributed nationwide but still conceintrated
northwestern China (sdeigure3.2). The assessmerdgsults of PV for power generation show ttiet
BTH region has higher FLH thatie YRD region 6eeTable 3.4). Three thresholdgor minimum
annual direct normal irradiance sum of 1600, 1900 and 2000 k¥ynAvere applied to evaluate the
maximum installedCSP capacities and corresponding full load hoursthe study regios. CSP
generation potentialsxist in Hebei Praince ofthe BTH region but only to a small extent. However,
large potentials exigh the northhwestern provinces of Inner Mongolia, Xinjiang, Qinghai, Gansu,
Ningxia, where also most of the current 8P demonstration projects are located (Bégure 3.3).

The highest threshold of 2000 kWH/gr is applied to Inner Mongolia in order to explore the most
economic output for CSP power generatiddue to lower CSP resources, the threshold of

1800kWh/n?/yr was applked to Hebei Province
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Figure3.2 Maximum installablé®V capacity per kifin China
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Table3.4 PV and CShotentialsfor power generation ithe study regios andin Inner Mongolia.

PV

Max. installed

1800 kWh/nd/yr

Max. installed

CsP

1900 kWh/nd/yr

Max. installed

2000 KWh/nifyr

Max. installed

capacity capacity capacity capacity
GW h GW h GW h GW h

Beijing 6 1218 -
Tianjin 25 1176 -
Hebei 345 1256 7 1600 -
BTH region 376 1250 7 1600 -
Shanghai 2 994
Jiangsu 67 1045
Zhejiang 548 958 -
YRD region 617 968
Inner
Mongolia 53154 1268 25661 1664 9100 1735 919 1665
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3.3.3 Hydro Power

The hydro power resources in China are concentrateégkthree soutitwestern provinces of Sichuan,
Yunnan and Tibet while easteconastal China only accowtor very little potentials(seeFigure3.4).

The hydro power generation of today corresponds very well with the exploitable potentials in eastern
China, whereas in the middle of Chinadagspecially in the western part still relative high shares of
thetechnicalpotential€ are not yet deployedue to environmental constrairfits].
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Figure3.4 Spatial distribution of technical exploitable hydro power in CHigt.

More specifically, acording to the report dfL77], the economic potentials of hydro power of China
are concentratein the southwestern provinces of Sichuan, Yunn&uizhouand Guangxj central
provinces of Hubeiand Hunan, northwvestern provinces of Xinjiang and Qingh@he hydro power

resources itheBTH region and YRDegion are relatively very limite@seeTable3.5).

8 Technical potentials: geographical and techniestrictions limit the theotial potentials (the theoretical potential of a

renewable resource is the amount of the physical energy [la\x).
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Table3.5 Hydro power potentials by province of ChifZ7].

Theoretical potentials Technical potentials Economic potentials
Region/Province Installgd Gene.ra.ted Installgd Genera}ed Installled Gene.ra.ted
capacity electricity capacity electricity capacity electricity
GW TWh GW TWh GW TWh

Sichuan 144 1257 120 612 103 523
Yunnan 104 914 102 492 98 471
Hubei 17 151 36 139 35 138
Guizhou 18 158 19 78 19 75
Guangxi 18 155 19 81 19 80
Xinjiang 38 334 17 71 16 68
Qinghai 22 192 23 91 15 56
Hunan 13 116 12 49 11 46
Fujian 11 94 10 35 10 35
Gansu 15 130 11 44 9 37
Tibet 201 1764 110 576 8 38
Chongging 23 201 10 45 8 38
Heilongjiang 8 66 8 24 7 21
Zhejiang 6 54 7 16 7 16
Shaanxi 13 112 7 22 7 22
Jilin 3 30 5 12 5 12
Guangdong 6 53 5 20 5 18
Jiangxi 5 43 5 17 4 14
Shanxi 6 49 4 12 4 12
Henan 5 41 3 10 3 9
Inner Mongolia 6 51 3 7 3 7
Liaoning 2 18 2 6 2 6
Ningxia 2 18 1 6 1 6
BTH region 2 20 2 4 1 3
Anhui 3 27 1 3 1 3
Hainan 1 7 1 2 1 2
Shandong 1 10 0.1 0.2 0.1 0.1
gﬁ;g;ﬁ;’d 2 15 0.1 0.2 0.02 0.1
China 694 6083 542 2474 402 1753

3.3.4 Other Renewable Energy Resources

The other regional RE resources for power generation are summarited Tiable 3.6 based on
literature review(refer to Section3.2). Compared to wind and solar energy, the other renewable
energy resources for power generation are relatively low botheitwo study regions and Inner

Mongolia. However pumped hydro powecould act as storage to balance fluctuating wind and PV
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generation irthe studyregiors andin Inner Mongolia.Biomasscanhave other competitive uses such

as fuels for heat and transport.

Table3.6 Biomass geothermal, small hydi®-50 MW) and pumped hydrpotentialsfor power generatioand storag@n

thestudy regios and Inner Mongolia.

Biomass[113] Geothermal [186] Small hydro (550 MW) [35] Pumped hydro[85, 188]
Max. installed Max. installed Max. installed
capacity FLH capacity FLH capacity FLH Max. installed capacity
GW h MW h MW h GW
Beijing 0.4 5844 94 6654 186 2263 2
Tianjin 0.6 5844 364 6654 5 4000 1
Hebei 8 5844 461 6654 1206 3191 12
BTH region 9 5844 918 6654 1397 3071 15
Shanghai 0.4 5844 - - -
Jiangsu 6 5844 0 6654 0 2983 9
Zhejiang 2 5844 1 6654 5 2602 18
YRD region 9 5844 1 6654 5 2607 27
Inner Mongolia 8 5844 6 6654 658 3236 12

3.4 Summary and Discussion

The potentiad asessment shosvthat the eastern castal regios of Chinahaverelatively low RE
resources for power generation compared with northern and western China in terms of solar, onshore
wind and hydropotentials However, the abundant offshore wind in easterntab&hina could be

fully exploited with the assumedcost reductionof the offshore wind technologyEliminating
administrative barriers aniinplementingsupportingstorage technologies such as pumped hydro,
power to hydrogen, etaregenerally seen a@mportant preconditiondnstead of fossil fuslthatare
dominated by coal for power and heat supply in China, solar and wind energy could contribute largely
to the energy system transition in China. Especially Inner Mongolia itdthbundant wind and solar
energy could act as key supply region fbe eastern coastal metropolitan regiomspecially the
neighboringBTH region. The RE potentials for power generation could edse@radditional power
demand from the electrification of heat and transport sects an important measure for
decarbonization. National planning of power transmission capacity expansion largedyorelige
distribution of RE resources and demdBd, 68, 84, 147, 148]
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4 Scenario Analysis ofEnergy SystemTransition Pathways

4.1 Introduction

This Chapter shows the approach and results of the generation and evaluation of different energy
scenarios for théwo selected regions. Different basic strategies for the future energy saneply
examined and compared considering all sectors of the energy systeraduction of greenhouse gas
emissions is one of the major global challengethisf centuryandthe nain backgroundalso of this
scenarioanalysisn 2015 Chinaods first ANationally Deter mi
peaking CQ emissionsat around 2030, lower carbon intensity per GDP and increasing share-of non
fossil fuels in primary energfpr 2030[138]. However, arrent studies providing energy scenarios for
China are predominantly focused on the national level and lack a specific perspective on the regions
with urban agglomerations, which have specific challefg@sl178](as discussed iBection2.2). The
metropolitan region of BeijingTianjin-Hebei (BTH) in the north and the southern region of Yangtze
River Delta (YRD) accounted for 20% of national population, 30% of Gross Domestic Product (GDP)
and 24% of energy consumption in 20[B0]. These regionsepresent huge demand centers and
suffer from severe air pollution and energy shortage probgegis

However,as shown irSection2.5, their current policies related to energy system transition are rather
shortterm driven with 5 years planning horizand lack sectoral or regionaltegration, which would

be necessary to address these challeriggs.scenario analysis intended tcadd a longterm and

cross sectoral perspective to the overall picture of energy system development for the above
mentioned focus regions in China, where the challenges are becoming mostrathitechapter |
provide longterm energy system scenarios to deriviegrated energy system transition policies for

metropolitan regions of China, which help to implement the decarbonization of the energy sector.

In order to account for the imbalanced distribution of economic growth and urbanization with
available renewde resources in Chind, constructa regional based loAgrm integrated energy
system model with sector coupling among power, heat, transport and fuels. With thid exmete
different energy transition pathways for the two study regions towards Z0&0scenario analysis
aims to deal with regional specific challenges of efficiency improvement, coal redu@#4n
transport decarbonization and mudéctor electrificatioras discusseth Section2.2 Main research
guestions are how a leearbon eergy supply system could look like in each region and how much of
the locally available renewable resources can be integrated into the energy system. Ahosisdhat
explore how much renewable energy, mainly in form of electricity, needs to be imported/éstern

or surrounding renewable energy abundant regions to guarantee energy supply safetycarele

the targetof CO, emissions reduction in eastern Chinaapply a normative scenario approach,
backcasting from the target year of 2050. This {@rgn perspective could help policy makers to

compare different options in terms of total system costs and environmental benefits in order to avoid
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il eicnk ef fectso especially in the investments of

longlife time.

The analysisin this chaptelis structured as followingSection4.2 shows the methods, the energy
system modeling and scenario construction process of regional energy system towards low carbon
future. Section4.3 presents the results and discussion from the transition pathways of two study
regions.Section4.4 is the conclusion and policy advice derived frorerario analysis for eastern

coastal metropolitan regions of China in terms of energy system transition.

4.2 Methodology andData
4.2.1 Energy SystemModel

| develogd normative scenarios targeting ragon-specific low-carbon energy systemwithin an
energy systemmodelling framework with sector coupling The energy system models are
implemented in the Mesap/PlaNet platfojb®3, 107] The malel represents a time frame until 2050
divided in five years steps (s€gured.l). It starts with energy demand development, driven by GDP
and population. With a broad representation of different technologieseirsebtors of industry,
residential, transport, serviceaad commercethe model assesses the required energy supply, as well
as capacities for electricity and heat supply, €Qissions and costs for heat and power production. A
detailed description of theasic layout of the model can be foundlial]. | have adapted the original
mode structure by disaggregating the residential #relservices and commerceectos, in order to
better capture the urbanization aspects.

;— T T 11 T T T T T T ]| (i Powerplams | | | ;— ___________ |
| | | |

| | | 54 |
| Input | | Power demand—3»{* FO_&)] - : | Normalive approach :
| | | | | * RE | # Reduce CO2 emissions |
! ! ' ., I L |stiudear | b Increasesharcof RE |
| | | I'ransport | | | | |

| | | | |
I/ ~ | | _ : | CHP plants : | :
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Figure4.1 Applied regional energy scenario model for the two stedyons in China.

The technologies for power, heat and fuels supply are represented by efficiency, ratios between flows
(e.g. defined for Combined Heat and Power (CHP) plants, transport modes, hybrid vehicles both for

passenger &ight duty vehicles (LDV)andheavyduty vehicles (HDV)), costs and emission factors.

The basic input data for thmodellingis provided via a comprehensive assessment of regional energy

statistics. The energy balance tables by province or resp. municipality from the China Energy
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Statistical Yearbook 2018 75] were used focalibrating theenergymodelup to the base year (2015).
Additionally, since renewable energies for heat, power and transport are not included or specified by
souce in the regional energy balance table yet, China Renewable Energy Data Bodletas used

for additional information. For the transport sector, the regional energy balance table also does not
specify energy consumption by traffic modes. Therefore, the traffic volume both for passengers and
goods from China Transportation Yearbof81] was used for energy consumption calculation
disaggregated by traffic modes of aviation, rail, road and pipelines. The adopted converter parameters
from traffic volume to energy consumption are from high interventienao in 2050 Shanghai Low
Carbon Development Roadmap Repdd3]. The provided conversiofactors from China Energy
Statistical Yearbook were used for universal energy unit (PJ) calculation from original individual

physical quantitieg140].

Regional Gross Domestic Product (GDP) and population are two main drivers for energy demand in
enduse sectors. Therefore, energy intensities by GDP or population are used tdaecfilwall@nergy
demand for power, heat and fuels by sectoused population and GDP in terms of Purchasing Power
Parity (PPP) from national forecqd89] for the projection of regional development maintaining the
same national shares as in 2015 {Ealale4.1).

Table4.1 Assumption of population and economic growthhetwo study regions.

Population (Mio.) GDP per capita ($oisprécap)

2015 2020 2030 2040 2050 2015 2020 2030 2040 2050

BTH 111 112 120 126 133 18,109 25,560 39,535 51650 65124

YRD 159 168 176 182 189 25334 34,080 53768 71516 91657

The @lculated regional energy systemith energysupply structure for each sectgrtotal primary

energy supply, Ceemissions, and energy supply caatspreented and discussed in SecthB.

4.2.2 Current Situation and Policy in Study Regions

This thesisfocuses on the BTH and the YRD region, which each consists of three provinces or
municipalities.Figure 2.2 gives an overview of geographical and administrative informatien the

study regions. The population densities are much higher than national average and they account for 27%
of national energy demand in 20[B0]. As located in different tengpature zones, YRD region has

much higher electricity demand for cooling while BTH region has much higher heat demand for

building sector especially in winter season.

For thelong term scenariokfirst analyzed the current status of the regional eneygies as well as
the current or newly implemented poés, which influence the shedrm development of the energy

system(refer to ChapteR). In bothregions the energy system today is still largely basecbahand
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oil products. Since 1993, China has been a net importer of crude oil with increasing import
dependencyver yearsThe share of imported crude oil in total consumption has increased from 53%
in 2009 to 68% in 2017,largest crude ail gmpo@di#s, A76] In 2015,0 t he
most of the municipalities imy focus regions still feate a coal dominated heat and power supply
system, with less than 12% from natural gas. Beijing is an exception, with 82% and 54% of natural gas
for power and heat supply respectively. In three provinces (namely Hebei, Jiangsu and Zhejiang) coal
covers everover 97% of the heat supply. The shares of coal for power supply in Hebei, Jiangsu and
Zhejiang Province are 97%, 91% (6% for natural gas) and 89% (6% for natural gas) respectively (data
source[175]). More data on the current energy supply and consumption structures as it was also used
for model parametization are documented in Figure A.1 to Figure /Sthce 2016, natural gas is
promoted as ficlean fuel 0 and a feduexi fgolluonfomt i on f
industry and building$102], especially in northern China where district heating systems and coal
boilers are widely used in winter sea$d83].

During the 1% Five-year period (2012020), China plans to expand its natural gas and Liquefied

Natural Gas (LNG) import infrastructure to replace coalhi@ near futurg81]. The fnACoal t o
program promoted in northern China covers almost 15 provinces as a pollution reduction corridor to

the BeijingTianjin-Hebe i region with fA2+260 ke ireccboilers[26s ai mi r
183]. Under this background, the share of natural gas should increase from 6% in 20%dad 15%

of national primary energy by 2020 and 2030 respectively. Howevusrstrategy faces elienges to

fulfl peak demand, as in 2017, Chinads underground 1
of its consumption compared with a coverage ratio of 17% in United States and 27% in[EQOR)pe
Additionally bottlenecks from transmission infrastructures lead to difficult situations especially along

the eastern coastal regif#02]. This is especially chaltging for small cities and towns, where higher

prices occurred during the process of gradual price liberalization of natural gas (implemented for non
residential customers since 2015 but still remains sequlated102, 183). Furthermore from long

term perspectives, it is questionable, if a transition to natural gas is economically feasible, ecologically
sufficient toguarantee a decarbonized and secure energy s(gglyin the newest version of China
Renewable Energy Outlook 2018 does not require the growth of natural gas after 2020 in its Below

2°C scenarid179]). The BTH region relies heavily on pipeline gas from Central ABR]; with

limited conventional naturalgas resources and challenging exploitation and utilization of
unconventional shale gas in terms of domestic production, demand growth still far outpaces domestic
supply in any plausible scenarid92]. Therefore also nuclear energy is considered kesy optiorto

reduce coal consumption as pointedhia 13" Five-year Plans for Power Development and regional

specific power development plajsst, 157, 167]

A widely discussed scenario strategy is a renewable energy dominated system both worldwide or
specifically for Chingd45, 123, 174, 178]However the renewable energy resources in eastern coastal

China are limitedds discussed in Chapt@r. Therefore the share of imported electricity (ideally also
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from renewable energies to be in line with national decarbonization targets) needs to increase as
already addressed in theBive-year Plans for Renewable Energy Development towards [8%20

In 2016, the percentage of nrbgdro renewable resources for electricity gatien ofthe two study

regions are no more than 2% (with the exception of the Hebei Province) and the targets set to increase
the share to 5% in Shanghai, 7% for the provinces of Zhejiang and Jiangsu, 10% for BTH region by
2020 (according to Renewable Bolio Standard Policy released on 29.02.2016ttg National

Energy Administration)88]. However, these shettrm targets are still too low to meet regional
climate targets in thiong term. Currently eastern coastal China still features low renewable energy
shares, since much of the recently installed renewable energy capacities are located in western and
northern China with relatively abundant wind and solar resources. The daeatlom of the heat and
transport sectors also largely rely on electrification based on renewable energies. Within this
background, 12 transmission lines were finished by end of 2017, under theA20Ad3 Plan on
Prevention and Control of Air Pollutiof26] to support the coal reduction plan in eastern coastal
China and tHea ofmEIWsecttriandy North to Easto progr
transmission capacity across provinces and regions will reach 270 GW, of which 130 GW are planned
during the period2016 to 202(84]. With the penetration of variable renewable energy (VRE) into
regional power system, balancing supply and denarmucialfor a secue supply of electricity to
metropolitan regions. During the L&ive-year period, demonstration projects start to balance hydro,
wind and PVpowerin YRD region and Sichuan Province etc. which are power supply regions with

abundanhydro resources.

Especially in thamedium to longtermfuture, distributed energy systems with PV and wind, storage
such as battars, electric vehicles, power to hesystems with heat storagdkexible power togas
generatiorwill also promote the peatration of VRE into energy supply system both in urban and rural
areas. After fast growth of installed onshore wind and PV capacities of large utility scale in northern
and western China, during theBive-year period, eastern China has also set taufgetdistributed
installed onshore wind and PV power plaf®2]: the Hebei Province set a target for-gnid
distributed onshore wind capacity of 4.3 GW from 2018 to 2[@4]; high load centers like
Shanghai develop st grids to integrate wind, PV and storage systemlocal scale[165]; the
Jiangsu Province promotes distributed onshore wind in low wind speed[H&$sand the Beijing

area accelerates installation of onshore winggbtioer with systematic balancing of PA63]. The fast
development of distributed PV has started in 2014. During tHeFi&-year period, the 110 GW
target for solar power plants includes 60 GW of distributed PV by BB20In the 18 Five-year Plan

of Renewable Energy Development in BTH reg[@67], the Hebei Province plans to improve its
ability to control and export its electricity surplus from wind and PV power plants at around 10% of its
total power supply; both Tianjin and Beijing target to enhance import capacity from the surgound

renewable energy abundant provinces by 6 TWh and 10 TWh respectively. During thiwet@ear
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period, Jiangsu Province has set priority for offshore wind developmitniO0 GW ongrid by 2020

[167] to access these abundant resources (details on the resoursmass@¥xhapter3).

Restructuringheindustry sector in eastern China from heavy industry based economy towards service
and innovation based economy is seen as another option to limit energy demand. theblairigest

steel production base of Chiftel7] and in the Jiangsu Province industry accounts for 80% of energy
demand, which is higher thdhe national average of 669475]. Energy demand is also expected to
increase with the continuous process of urbanization in the region. At the same time residential and
commercial buildings have large potentials to save up to 74% of the energy by 2050 accoeding t
scenario study d®]. For example, energy efficiencybfe at i ng supply could be
Bui | dabeliggStandards for new residential and commercial buildings and retrofitting program

with smart metering and thermal insulation materials applied for existing building §i66fs

In 2015, Passenger Cars (PC) and Light Duty Vehicles (LDC) consumed most of the energy in
transport sector with 66% in BTH region and 58% in YRD reg&nd account for 67% and 58% of

total CQ emissions in transport sector respectividl$2]. According to the 18 Five-year Plan for
Modern Integrated Transport System Development (ZUXD)[166], by 2020, high speed railway
service will cover 113 big cities (including megacities), civil aviation will cover 260 cities and another
36 lines of highway will be completed. The electrification rate of railway is supposed tosmdremn

61% in 2015 to 70% by 2020, at the same time doubling the transport service. Especially the
metropolitan regions strive for a limited commuting time under 2 hours. By June, 2018, 27 provinces
and municipalities in China have set targets for aeeghicles usedni private and public transport

with supporting charging infrastructures during the" JHve-year period[193]. By 2020, built
charging infrastructures need to support 5 Mio. electric vehj8ils However, future uncertainties

exist in terms of the competition among different transport modes thus affecting energy consumption
structuresEspecially for freight transpovwtith a growing demand particularly in developing countries
generally lack proper designed supporting policies for modal shifting from road transport{%d]Jrail

The future lowcarbon fuel supply could involve successful deployment of Compressed Natural Gas
(CNG) and biofuels; advanced vehicle concepts in LDV marlgrheat include battery electric, plug

in hybrid and fuel cell vehiclegl31] supported by fast charging or battery exchange infrastructures
and refuelling stations. However, a regional plan with multiple provinces and core cities such as
metropolitan regions under sectoral cling context among power, heat, fuels and transport sector is

not available yet.
4.2.3 Normative Scenario Approach

The normative scenario approach sets desired future targets for 2050, namely the transformation of
regional energy system towards lower Q$nissios. From this starting pointapply a backcasting

process for the transition pathways with different decarbonizing strategies and efficiency potentials
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explored. This approach has been previously used for assessing the decarbonization of the energy
sectorin various studie$41, 99, 111]and is one option to incorporate structural changes beyond
current trends. For this study, the £@missions reduction targets would be achieved through
efficiency improvement, the implementation of low carbon technologiesexpansion of import
capacity, mode shifts anldehaviorchanges. In order to develop a reference case for the future
trajectory of the energy systendid a thorough analysis of recent Chinese energy scenarios as well as

current and emerging energy pylion regional level.

First of all, the current available national energy scenario studies that target an energy system
transition to meet various climate targets are reviewed in order to identify regional transitional targets
and tasksSevenscenarios fsm threestudies are reviewed to compare main policies and strategies

behind to deal with energy system transition of China Tsdxe4.2.).

1 The China Renewable Energy Outlook (CREO) examined energy systemdrapathways
under current domestic policies and below 2°C target®rding to thdaris Agreement. It
reflects the latest coal reduction policies in China, aathpared to the other studiéss the
lowest share of energy consumption in indusiking into accounturrent economic structure
adjustment policies in Chirfa78].

1 The World Energy Outlook (WEO) of tHaternatonal Energy Agency (IEAprovides three
scenarios for China following different storyliné&iansition pathways without new policy
targetsare the basis dhe Current Policy Scenario (CRationally Determined Contributions
(NDCs) for Paris Agreemerareconsideredn the New Policy Scenario (NPand interlinked
energy related goals to UN Sustainable Development Goals (S&r@&sachievedn the
Sustainable Development Scenario ($¥9).

9 Two scenarios fronthe Energy [R]evolution studjunded by Greenpeace represent pathways
with high shares of renewable energyesupposingnuclear phasout and assuming a
maximumdeployment ofefficiency measures. Thesge the Energy [R]evolution Scenario
(E[R]) and the 100% renewable energy systethé&Advanced Scenario (ADV123].
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Table4.2. Reviewednational energy scenario studies.

Study Institute

Scenarics

China Renewable Energy Research

Energy Outlook Institute
(Abbreviation) (CREO)
Time horizon 2050

Main policy and strategy

Stated Policy Scenaric Below 2°C Scenario

(SP) (B2°C)

Based on current
) o Below 2°C targets
domestic policies

Achieved CQ emissiors by 2050 (B}

4.6 2.6

World Energy International Energy

Outlook Agency
(Abbreviation) (WEO)
Time horizon 2040

Main policy and strategy

Current Policy ) )
) New Policy Scenario
Scenario

(CP) (NP)

Exclude new policy =~ NDCs for Paris

targets Agreements

Sustainable
Development
Scenario

(SD)

Interlinked energy
related goals to UN
SDGs

Achieved CQ emissions by 2040 (Bt)

114 8.6

3.3

Energy [R]evolution  Greenpeace
(Abbreviation) (E[R]D)
Time horizon 2050

Main policy and strategy

Achieved CQ emissions by 2050 (Bt

Energy Revolution )
. Advanced Scenario
Scenario

(E[R]) (ADV)

High share of
~100% renewable
renewable energy witt
energy systerand
nuclear phasoutand o
] o high efficiency
high efficiency

1.3 0

Table4.3 comparegwo dimensions oknergy efficiencieseferring tothe economicoutputand CQ

intensities of thesscenariogelatedto the primary energy us&he CREO study expectshigher

energy efficiency in 2020 due to the consideration of domestic adjustment of ecostamture

during the 18 Five-year periodThe Energy [R]evolutiostudyhasthe lowest CQintensity by 2050

with even zero emissions in its advanced scendue to theimplementation of high shageof

renewable energies iall sectos of the energwystem The WEO study considers different energy

efficiendesand CQ intensiiesin its three scenariodore in-detail comparisonof reviewed national

scenario studiesre provided in the Appendix Wvith regard tothe installed power capacity by
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technobgy, the electrification rate by sector, final energy consumption by sector with the
consideration of different efficiency measures and economic strucametkie resulting peak year for

the consumption of fossil fuels.

Table4.3 Comparison of energy efficiency and €idtensity of reviewed scenarios.

Item Energy efficiency CO:z intensity

Unit MJ/$GDP g/MJ

Year 2020 2030 2040 2050 2020 2030 2040 2050
CREGSP 4.6 3.1 2.2 1.5 74 63 55 35
CREOB2°C 4.5 2.9 2.1 1.4 68 57 39 22
WEO-CP 4.8 35 2.8 / 69 64 62 /
WEO-NP 4.6 3.2 24 / 68 61 54 /
WEO-SD 4.4 2.8 1.9 / 65 48 26 /
E[R] 4.9 2.9 1.7 1.1 65 55 35 14
ADV 4.8 2.8 1.7 11 66 53 23 0

The scenari@omparisorillustratesthe range of future developmerathways that are seen as possible

and plausible on the national levitlalso reveals the importance of exogenously, i.e., politically set
strategies and constraints, e.g., regarding the use of nuclear power, CCS, biomass and other
controversially discussagnewable options such as variabézentralted renewable power and large

hydra. Also regarding efficiency the scenarios reveal large differences in terms of average energy
intensities.The range of intensities, deployment pathways, and mitigation tmegEzwere used to

definemy ownregional storylines for the scenario assessment.

Three different regional scenarios are the basis for the analysis of development pathways in this thesis.
The Fiveyear plans until 2020 and their following trends until @36r each province or municipal

city are the basis fahereference, the Current Policy Scenario (CPS). In order to reach regiopal CO
reduction targets compare it with two alternative options, a Natural Gas & Nuclear Scenario (NGNS)
and Renewable & Iport Scenario (RIS), which are constructed to discuss regional energy system
transition pathways of the two study regions (¥able4.4). The three scenarios vary not only with
regard to lowcarbon heat and powageneration options and technologies but also in assumed

efficiency improvement potentials. The scenarios differ with regard to:

1 Energy savingn industry due to economic structure adjustment from heavy industry based
economy towards service and innovatlmmsed economy (from guidelines raised in th&é 13
Five-year Plans for Economic and Social Developnjig@});

91 Degree of electrificatiom heating and the transport secégraddressed @hina Renewable
Energy OutlooK178];

1 Energy conservation ithe building sector (addressed in the"lRve-year Plans for Energy
Saving in Buildings and Green Buildinfis71]);
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{1 Transport mode shift from road transport and aviation to rail transport (highlighted in‘the 13

Five-year Plans for Integrated Transportation Developtfisa]);

1 CO, emissionreduction targetg§as emissions per capitaccording to different national

scenario studies with proportional to differences between relgaord national average in
2015 (24 times more irtheBTH region and 2.7 times moretine YRD region)[39, 123, 178]

Therefore, based on the stigyedeveloped for the two scenarios, options to transform the fossil fuel

dominated energy system in the study regions are also presented in the folltatileg.4 gives a

detailed insight in the assumptions faick of the scenarios.

Table4.4 Main assumptions and strategies for scenario construction in two study regions.

Scenario
Abbr eviation

Assumptions

Current PolicyScenario

CPS

Natural Gas & Nuclear Scenaric

NGNS

Renewable & Import Scenario

RIS

Efficiency

Same intensity changing rate as
WEO-CP scenario folChina
indicating no additional new
policy effects on energy
consumption by sectors,
extending the trend to 2050

Same intensity changing rate as
WEO-SD scenario for China
indicating moderate
electrification rate effects on
energy consumption by sectors,
extending the trend to 2050

Same intensity changing rate as
national CREG2°C scenario
indicating the highest
electrification rate effects on

energy consmption by sectors

Power supply

Currentsituation, driven by
shortterm policies

Use natural gas and nuclear as
alternatives to replace coal and
oil for local generation, moderat
expansion ofegionalRE power
generation and import capacity

Deep electritation and
decarbonization of regional
energy systes)phag-out of
nuclearenergyfull utilization of
regional RE potentials, high
share of power import from RE

abundant regions

Currentsituation, driven by

Use natural gs as alternative to
replace coal, moderate expansit

Further expansion of RE heatin¢
supply, district heating and

Heat supply . ) . .
shortterm policies of RE heating supply and cooling system and electricity fo
electricity for heat heat
Transport modes shift from roac
o ] to rail both in terms of
Transport Currentsituation, driven by o ]
o Moderate electrification rate passengers and goods, high
sector shortterm policies

electrification rates, utilize RE
hydrogen and synthetic fuels

CO2 emissions
per
(2050)

capita

Based on WEGCP scenario for
China: 8t CO; per capitayear

Based on WEENP scenario for
China 4t CO; per capitayear

Based on CREQ°C scenaridor
China 2t CO; per capitayear
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NGNS is characterized by the utilization of natural gas and nuclear as a key strategy together with
moderate electrification rate in ende sectors to replace coal and oil products for heating, cooling
and mobility. In NGNS natural gas and nuclear power plants are fiekpendedas a strategy to
reduce coal power plant§he scenario assumesnaoderde exploitation of regionbl available
renewable energies for power generation antbderate share of imported electricity compared with
RIS.

However, there is a risk that oviewesting in gas infrastructure and nuclear expansion may delay a
transitionto a deepdecarborization by preventinghe further developmermif renewable energil12].
Besides,this strategy caread to a permanent import dependenchina hasalreadybecome the
worldd krgest importer of natural gas via pipeline and as liquefied natural gas (LNG) sincei2018
adoubing since2014 The main reasons atiee domestic projects to replace coalnagural gas in its
households and industry sectdos deal withlocal air pollutions[13]. Therefore RIS follows the
strategy of early and consistent promotajirenewable eneigs combined witha high electrification

rate loth in heat and transport sectoféis may even allowo achieve higher regional climate targets
compared to thenational averag¢54]. RIS also phases out nuclear time YRD region, does not
promote nuclear power plants tine BTH region and limits the expansion of natural gas power and
heat plants. Additional power demand from electric heating and electrification of transport sector is
taken into consideration. According to the™Bive-year Plan for Power Development, by 2020 the
electricity used to replace fuels will reach 450 TY8H]. Power import will be available from other
renewable energy abundant provinces such as Inner MongolBichuan Province. Hydrogen
produced from electricity of renewable energies is introduced as an option for chemical storage and
can be utilized in cogeneration for the production of heat anttieigcor reconversion into electricity

for short periods as wd®9].

Compared to NGNS with moderate electrification sataplemented in transport sector, RIS will
further deepen electrification rate and utilize RE hydrogen and synthetic fuels to replace fisssil fue
[108, 109] For the heating sector, district heating system is further developeelriarthern region to
improve system efficiency compared with C[3]. The effects of these main assumptions will be
further discussed in Sectidn2.4

4.2.4 Main Assumptions

The main assumptions for constting thescenarios are discussetth regard toenergy efficiency by
sectors, imported share electricityas well aostsand efficiencyof adopteduels and technologies.
Lower energy intensgsareassumed in RIS compared with NGNS duatorther decarbonization of
theeconomy, deep electrification heat and transport sectoashift to moreefficient andsustainable
transport modes, higher efficiency standaiasbuildings, and an adoption of more efficient electric
appliances and changes afstomerbehavios. Final energy demand by sectors is calculatedhe

basis of theeviewed national scenario studies in terms of energy intensityl édde4.4). Table4.5
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shaws theaverage reduction dfnal energy demand by sectors in 20®88ultingfrom the assumed
efficiency improvemerst The higher reduction rate the residential sector of BTH compared with
YRD is due to the current low efficient heating system in nontihina.The higher reduction rate in
industry of BTH compared with YRD is because of cutting over capadaspecially for steel

production in Hebei Province.

Table4.5 Assumption of final energy demanditection potential in NGNS and RIS compared with CPfefwo study
regions in 2050.

NGNS RIS

Industry  Residential ~ Transport Servics& Commerce| Industry Residential Transport Services & Commerce

BTH 49% 22% 22% 24% 64% 30% 35% 35%

YRD 28% 4% 20% 26% 34% 8% 37% 27%

The assessmertdf power generatiorfrom wind and solarenergieswas conducted with the tool
EnDAT (as discussed i@hapter3). Biomass as a renewable fuel is a limited resource, which has
mary competing utilizations such as for electricity and heat generation or as transportation fuels
influenced by marketriented policie§131]. | therefore assume a very restricted implementation of
biomass and biofuels across all sectors. The annual biomass power generatitethamchl
exploitable hydropower generation potentials by province or municipality are takerf ft@jnand

[35] respectively. A medium to low temperature geothermal potential of\&1. could be found only

for the BTH region[186], where asignificant potentialcould be usedor individual and district
heatingof buildings[83, 186]

The regional renewable energy potentials for power generation and power demand in the scenarios are
comparedn Figure4.2. The minimum and maximum eleciticdemands are derived from theee
constructedscenaios (seeSection4.3). After 2020, the regional power generation from renewable
energies cannot meet the growing regional power demand even for the minimum level. Thus
electricity from other regionsdeally from renewable energigs strongly needed, especially white

further electrification othe heat and transposectorancreass thepower demandowards2050. The
renewable resources for power generation in the BTH region are dominated by solar Pvipsihy

onshore wind. The YRD region has a higher share of offshore wind and a lower share of solar (PV
only) compared tohe BTH region.The regional potentials of renewable energies for power generation

in thetwo study regionarefully deployedn RIS (in detailseeSectior4.3.2.
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Figure4.2 Regional renewable energy potentials for power generation compared with power demand ranges from three

scenariogsee Sectiod.3.2 in the two study regions.

Specific investment costs, fixed operation and maintenance costs for power and CHP ptakenare
from the 1.5°C scenario studipr Chinain 2015 value [121]. Regional histori¢ull loadhours (FLH)

by technology[197] are used for future assumptions based on national scenario §izBgsCO,

costs since 2020 are assumed for GldEByproducers irindustry,the residential andhe services and

commercesectors,public CHP and power plantsased on[121] assuming arbon markets as

evaluated iff191]. Also prices for fossil fuels and their future projecticare taken from theatioral

1.5°C scenario studji21]. Due to the lack of commphensive investment data for the heat selctor

only accounted for new installations of renewable technologies. Investment costs for biomass, solar

heat, geothermal and heat pumps are bas¢tiddh Emission factors for gas transport, refineries and

coal transformation are calibrated frotine Multi-resolution Emission Inventory for China v1.0

Databasd190]. Technology and fuels transformation efficiency is assumed to increase from CPS to

NGNS and RIS. For example, efficiency improvement for electrolysis improves by 4% in RIS

compared with CPS in 2050. Discount rate was set to 6%. The detailed cost and cgfficien

assumptionsised forscenariaconstructiorare available ithe Appendix C

4.3 Results ofScenario Analysis

The resuing transition pathway$or thetwo study regions are shown and discussed in the following

subsections. First provide an overview ovethe energy efficiency gains by sectansd regions in

Section4.3.1 Then energy supply structures in power, heat and transport sectotisearebulting

58



Chapter 4Scenario Analysis of Energy System Transition Pathways

primary energy useare discussed irthe following ®ctiors. Section 4.3.6 finally shows the
corresponding C@emissions reductioy sectorsunder NGNS and RIS compared with CPS and

gives an analysis on power and heat supply costs.

4.3.1 Energy Demand

The energy intensityreductiors assuned for heat, power and fuelare translated intéinal energy
demanddevelopmentsn enduse sectors shown iRigure 4.3 and Figure 4.4. A higher efficiency
improvement is assumed for RIS compared with NGNS, whiclespecially a significaneffect in

the BTH region du¢o the high fossil fuel use fdreaing and transport. Especially the share of energy
consumption for industry could be reduced here from 22015 to 42% under NGNS amol 37%

under RIS. While in YRD it would be reduced from 70% in 2015 to 55% under NGN® &%do

under RIS. The application of energy saving standards in building sectors contribute to the efficiency
improvement inthe residemial andthe services and commercsectors. By 2050, the energy demand

per capita irhouseholds of thBTH region could decreadsy 6 GJ/cap from CPS to NGNS and with
further 2 GJ/capreductionsunder RIS. In southern regions like YRD energy demand pétacep

much lower due to a lower heat demand in winter sed&tmmnever significantenergy efficiency gains

can be realized through more efficient cooling systems and other electric appliances. Thus the energy
demand per capita of the residential sectofRD region could also decline from CPS to NGNS and
RIS. There are similar trends fhe services and commerce seciirshe two study regions as well.
However, even with the implementation of efficiency measures, energy consumption in both
residential ad services and commera=ctors of BTH region and residential sector in YRD region
will increase in the future due to a continuous urbanization process with higher energy consumption
per urban resident compared with rural residents due to improved Iteingasdq49, 133, 137, 196]
Energy consumption per capitathre services and commerce seavdryY RD region is assumed to be a

little lower by 2050 under NGNS and RIS compared with 2015 level due to an improved district
heating and cooling systef@3], which transfers industry waste heat to commercial buildings (e.g.
policy to prioritize industal CHP plants for economic development zones in southern Jiangsu
Province[167]). In both regions efficiency measures are essentiautb the massive increase in
energy consumption until 2030. They are the major target if €ssions are to be limited in the
short to midgterm. During the continuous urbanization process, the integrated building design with
smart system, passive housesd more efficient equipped appliances contributed to energy saving
comparedo past decades. The changeshafregional economic structuisérom heavy industry based

to service based also contribute largely to the reduction of heat demand in indipnyaléy inthe

three provinces dflebei, Jiangsu and Zhejiang. Efficiency could also be gainedtfrentilization of

waste industry heat for buildings through well connected district heat netf@8ksin the BTH

region, thescenariaesult shows that efficiency measuresve the potentiab reduce heat demand by
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50% under NGNS and 72%der RIS in 2050. Otherwise, heat demand could increase by 11% under
CPS from 2015 to 205&imilar shares could be achieved in the YRD region.
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Figure4.3 Final sectoral energy demand by fuels and elegtiiic the scenarios for the BTH region.
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Figure4.4 Final sectoral energy demand by fuels and electiicitiie scenarios fahe YRD region.
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Chapter 4Scenario Analysis of Energy System Transition Pathways

The modalshift from private cars to public transportation tdyutes to control energy demandtire

transport sector. Besides, electrification of rail and road trangperkey optiongo significantly

reduce thduel demand The resultghereforealsodemonstraténow electricity is supposed to replace

fuels in tansporation, especially for road traffic, but also for heatiegpecially coalisein the heat

sector. By 2050, the share of power for heat supply could increase from 22% in 2015 to 47% under
NGNS andto 68% under RIS compared witinly 24% under CPS.ie YRD region already covers a

higher share of heat by electricity, as no widespread district heating systems are available. The share

of power for heat supply could increase from 48% under CPS to 70% under NGS8286 under

RIS compared wittonly 35% in 2015. For the transport sector, power consumption could increase

from 11% under CPS to 41% under NGNS and 54% under RIS, providing the main share of transport
services compared with only 5% in 2015 in the BTH region. Starting from only 2% in 2015, YRD
transport is slightly lagging behind, with 30% under NGNS, and 47% under RIS by 2050. However
electrification of headgand transport |l eads to finewd power (
consumption of HAconventi on alsdtsiealrgetincréease ineopepall i c at i
power demand in the NGNS and RIS scenarios in comparison to aoday the CPS scenario. By

2050, the share of electricity for hiegt and transport of total power demand could increase from 19%

under CPS t@7% undeNGNS ando 32% under RIS. Irthe YRD region, the share of electricity for

heaing and transporin total power demand could be rather stable in all scenarios, due to a lower heat
demand. Nevertheless, power could become the main heat source in theri® seehis region. In

the next sectionkpresent, how this can be exploited for a transformation of the supply system.

4.3.2 Power Sector

The scenarios show a fundamental change in the structure of the power sector, due to the challenges of
coal reduction ad a massive increase in consumption due to the electrification of heat and transport
sectors. Especially the integration of renewable sources required new infrastructures, to allow for an
integration of VRE both in the NGNS and RIS scenarios.

Figure 4.5 shows thatby 2050, the share afegionally available renewable energy for power
generation could increase to 47% under NGNS and 75% under RIS compared with only 17% under
CPS inthe BTH region. Additional storagend other flexibility options such as Demand Side
Management (DSM), power to heat, hydrogen and other fudllsoe needed in order to reduce
curtailment of VRE power generation, and to improve load balancing and supply security of electricity
[21, 70] Under RIS 90% of the Concentrating Solar Power (CSP) plants potentials in Hebei Province
could be utilized andanact as load balancing with its thermal storage systemlasitoi the 15 MW
demonstration project in Hebei Province in operation. If nuclear power plants are also promoted in
BTH region as other eastern coastal provinces, it could reach 9 GW installed capacity under NGNS by
2050.Thereduce use ofnatural gas anduclearenergyandthe assumeturther electrification of heat

and transport sectors under Ri&juirelarger shares of electricity to be imported from renewable
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energy (RE) abundant regions. This is even the case with fully exploited régiamallable RE

resources in BTH and YRD. Under RIS the total installed capacity of wind and solar by 2050 needs to

increaseby 50% compared with NGNS and increase 5.7 times compared with GR&HBIH region.

Here PV could become the main power supplier in the diicredectricity mix: with 85% of exploited

PV resources under RIS, PV could suppoiddf regional selproduced electricity. The share of

i mported

electricity (ideally al s

(0]

from

renew:

consumption centers to ulg regions) in BTH region needs to reach 76% in RIS compared with 56%

under NGNS and 40% under CPS, starting from 30% in 2015. Regional coordination and integration

within metropolitan regions and RE abundant regions in terms of renewable power gerardtion

consumption is crucial to reach overall climate targets. From the energy policy context it is important

to overcome potential administrative barriers in order to formulate consolidated targets, as described in

sectiord.2.2

To back up expansion of renewable energies for power generation, conventional power plants need to

run with reduced FLHthus more systemflexibility will be required For natural gas power plants
assumea reduction to 900 houperyearin the RISaccording to assumptions usedi22]. There is

a more significant change in the mode of operation in BTH, with currently 4888 bompared to
YRD region, with currently 2340 hours. In contrasgssumed thafLH for wind and solar energy

could significantly increase by 2050téchnologies will further develop and flexibility options will be

implemented for load balancin@.g. increase from 1655 hours to 2449 hours for onshore wind

electricity generation ithe BTH regionwith increasing wind turbine sizes and higher hinddght).
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Chapter 4Scenario Analysis of Energy System Transition Pathways

Figure 4.6 shows that in YRD region, by 2050, the renewable energy generation could increase from
41 TWh in 2015 to 897 TWh under NGNS atwd1486 TWh under RIS (more than 80% is VRE)
compared with only 211 TWh under CPS. If nuclear power plants are further developed in YRD, the
installed capacity could reach 27 GW under NGNS by 2050 compared with 12 GW under CPS. In the
RIS scenario only the existing 3 GW remained. Electricity imports dth vegions could be
implemented from RE abundant regions such as Sichuan Province with hydro resources and Inner
Mongolia as well as other western provinces with wind and solar energies, supported by planned and
expanded crossegional High Voltage Directurrent (HVYDC) and High Voltage Alternating Current
(HVAC) transmission line$84]. Under RIS the total installed capacity wind and solar by 2050

could increase 55% compared with NGNS and increase 7 times compared with CPS, exploiting 95%
of onshore and offshore wind potentials. The installed capacity for offshore wind nationwide is
currently far behind the set target of 5 G/ 2015[172]. However future cost reductia[42, 44]

the development ofa domestic offshore wind industry and eliminating administrative barriers for
ocearresourcananagement and utilizatiamould ensurdurther installation$34, 153] Offshore wind
couldthenprovide electricity tdhe eastern coastal regiomsth a relativeshort transmission distance
competitive system costand less landscape impact compared with onshame [192]. This is
especially important in dense urban areas of eastern coastal Chitne YiRD region by 260,
offshore wind could supply 47% of its own power generation under RIS while only 25% are achieved
under NGNS and 6% under CPS. Opposite to the BTH region, wind would be the backbone of power
production in YRD. With a higher share of offshore wind inpitaver systemrenewablehydrogen

could be produced during peak hoursaastorage option. A demonstration project has already been
discussed in the ¥3Five-year Plan for Wind Power Development (e.g. in Jiangsu Provigdé)

Unlike the large windfarms developed in arthern China with high wind speed, onshore wind
resources in YRD are of low to mediumind speed. However, exploiting its own available onshore
wind resources for power generation has the advantage of being close to load ttergeesiucing

transmissin costsaand losses

Under RIS the share of imported electricity could be significantly higher: 57% in YRD by 2050
compared with 43% under NGNS and 40% under CPS. The share of imported electricity is lower in
the YRD region compared with BTH region as YRIDvers just one megacity but two provinces with
larger hinterlands and coastal aréasinga significant higheoffshorewind potential. 3 GW and 9

GW of offshore wind energy under NGNS and RIS respectively are expected to provide electricity
generation § 2050 with consideration of assumed cost reduction and regional resource potentials
[192].
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Figure4.6 Power generation structuirethescenariogor the YRD region.

Under the precondition of massive efficiency improvements, both NGNS and RIS scenarios manage to

phase out oil and most of the coal letheat sector in both regions. CRS&umedi c | e an
technology as basc heat supplyoption according taéhe current policyand thereforegetains coal as

the main heat sour@dso in the long termThe alternative scenarios implement a strong difieation

of heat applications instead. The NGNS follows and enhances thetesinorpolicy of promoting

coal

natural gas for heating to replace coal boilers and coal fired CHP plants and supplements this with

geothermaland solar energyheat pumps and electrlieaters The RIS scenario with even larger
efficiency gains could further reduce gas and aea leading to a predominantly renewable heat

supply system. Modern use of biomass and waste for heating and CHP plants with existing and

planned district heaig systems could contribute to eliminate low efficient and pollutant coal fired

boilers and CHP plants, especially in urban arbaseover the development includes a consequent

exploitation of low temperature sources for space heating and hot waterasusblar thermal

collectors and ambient heat via heat pumps. In the BTH region, the share of renewables for heat
supply could reach 45% under NGNS and 69% under RIS by 2050, up from only 6% in 2015 and 12%

under CPS in 2050. Solar heat and biomass coodptement each other specifically in district

heating systems. Also the regional potentials of geotherma[88&at86]areexploited in the RI%see

Figure4.7). In the YRD region, renewables could supply 44% under NGNS and 65% underyRIS b

2050. Here electric heatingdirectly or via heat pumps becomes the backbone of spatiachead

hot water(seeFigure4.8). However, the total power demand for heatim@050is even lower than in
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Chapter 4Scenario Analysis of Energy System Transition Pathways

the CPS scenaridue to efficiency improvemesitFor both regions this requires strong efforts and

coorinated planning in refurbishment and new construction of buildings.
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Figure4.7 Final energy for bat supply by fuels the scenarios for tH8TH region.
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Figure4.8 Final energy for bat supply by fuels the scenarios for théRD region.

Besides, district heating and utilization of natural gas, electricity, solar and geothermal energy for
heating in small towns and rural areas need to be further prorotedder to achieve such a
consequent replacement of coal stoves and low efficient traditional biomass utiligE8®h

Especially in winter sason when heat demand is higher, fluctuating wind power during peak
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generation periods could be used for heat production. This also helps on the onedwmpetosate
the lower solar radiation and on the other hand to balance VRE through heat stoeadizaly the
balancing has already been mentioned as a valuable option of sector cfi#8irtg improve system
performance. Compared with YRD region, BTH region hasmt@ls of geothermal for individual and
district heating supply in buildind83, 186]

4.3.4 Transport Sector

The energy supply for transport changes significantly in the NGNS and RIS, as a result from the two
major strategies of mode siiifg and a change in drive systems. RIS gains higher efficientlyein
transport sector compared with NGNS by further shifting transport from road and aviation to rail
(including urban transit and medium to long distance for regional transport). Theoshitctric
mobility induces additional efficiency gains.
transport in bottscenarios oNGNS and RISandin both regions. The utilization of synthetic fuels

could further contribute to replace gasoline fiwobility in RIS, specifically for heavy duty transport,

ships and planes (s&iégure4.9 andFigure4.10). By 2050, the share of oil products consumption in
transport secrr could drop from 80% under CPS to 34% under NGNS and only 6% under RIS in BTH.
In YRD by 2050, the share could decrease from 83% under CPS to 46% under NGNS and only 7%

under RIS. Such a transformation could largely reduce urban air pollutions frotnanosybrt.
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Figure4.9 Final energy demand by fuels for transporthe scenarios for th&TH region.
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Figure4.10 Final energy demand by fuels for trandgpn the scenarios for théRD region.

The transport energy consumption of metropolitan regions in a developing country such as China
cannot be separately discussed without its urbanization context. Sustainable and integrated urban and
regional planning &lp to increase efficiency and energy saving. Moving freight transport from trucks

to rail and ships have continuously beennsas an efficiency measure, i@l and water modes are

more energy efficient on a pankm basis[131]. The shift of passengers from aviation amadscto

rail in RIS both for urban mobility and long distance travebds to significant reductions of fuel
demand. However, such mode switching needs to be supported by a corresponding development of
infrastructures, in line with the widespread adoptibalternative fuel vehicles and custorbehavior
changes[131]. These strategies then lead to a much slower increase in energy demand in road
transport in the NGNS and RIS and the latter could even stabilize its demand towards 2050.

On one hand, electric vehicles help toueglroad pollution from gasoline and diesel cars; on the other
hand, they could act as storage to utilize electricity from wind and PV during peak generation periods.
This helps to integrate VRE into the power system in aafbsttive way. This is espely important

in a high renewable penetration power system such aglR8. Although battery electric vehicles
dominate renewable vehiclestime Chinese market at the moment dnalrogenrefueling stations in

China only exist in 7 main cities, after 2030, hydrogen and other synthetic fuels produced from
renewable energy electricity could supply fuels for road transport as well, where electric drive systems

are at their limit (e.g. in lay duty vehicles).
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4.3.5 Primary Energy

As a result of the shifts in final energy demdhdre isa major transformation of the primary energy

supply in the NGNS and RIS. In both regions the transformation leads to a significant reduction of

coal and oil prodets, which takes place more rapidly in the BTH region, mainly due to the more

comprehensive electrification of the heat and transport sectors. However, the perspective of primary

energy supply must be amended by the additional primary energy demand inanibed regions by

power imports, which are therefore also presented in the figures. In both the BTH and YRD region,

power imports increase in line with the renewable share in the system. In order to further replace

natural gas and nuclear power, 58% &#18bo of power need to be imported in RIS in BTH and YRD

respectivel vy, which resul't in Aexportedo

Province etc. This is a much higher share than in the other scenarios.

Nevertheless, compared with CPS, priynanergy demandncluding renewable electricity import

pri mai

could be reduced in both regions. In the RIS, the remaining primary energy is mainly based on

renewables. In BTH the reduction of total primary energy could be 43% under NGNS and 61% under

RIS. Withou additionaldecarbonizatiomeasures under CPS, coal consumption could peak ind2035

13487 P} crude oil and natural gas could continue to grow until 2050 to 7000 PJ and 4100 PJ

respectively. Effective measures especially for fuel alternatives inahspiort sector could largely

reduce the demand for crude oil products thus reducing national energy import dependdfigyisee

4.11).
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Figure4.11 Primary energwgupply and share of renewables in the BTH region.
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In the YRD region, compared with CPS, primary energy demandeducedin the alternative
scenarioslightly less than in BTH, by 34% under NGNS and 59% under RIS. But coal consumption
under CP$eaksn YRD much earlie(in 2020)than in BTH at 15,000 PJ (sEgure4.12).
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Figure4.12 Primary energy supply and share of renewabléldiY RD region.

4.3.6 Effects on CG Emissions andCosts

With the penetration of renewable energi@s replace fossil fuels, efficiency measures, ,and
electrification in heating and transport sectors, the regional éssions could be significantly
reduced in NGNS and RIS compared with CRBTH, the regional C@emissions per capita reduce
from 15.5 t/cap in 2015 to 4.4 t/cap under NGNS and 1.1 t/cap under RIS comparestilwith 2
t/capin the CPS. CQ emissions remain predominantly from gasnbustiorin the power sector in the
NGNS ad RIS in both regions. In YRD region, the regional ,fnissions per capita could be
reduced even more from 17.6 t/cap in 2015 to 3.5 t/cap of NGNS and 0.6 t/cap of RIS by 2050
compared with 12.5 t/cap of CPS. This leads to even higher overall emisdimtions in YRD than

in BTH. However, compared with national below 2°C climate targets, regional NGNS scenarios could
not match the national average target of 2.15 t/cap by 2050 accordibgPloRIS scenarios could

help the regions to achieve higher climate targetsithaational average. Besiddhe energy system
transformation in large demanerdes could alsosuppot the transition processin supply regions
under the condition of high penetration of renewable energies in power sector. The cumulative CO
budget from 2015 to 2050 could be cut by half in the RIS Fsgare4.13), with higher reduction in

the BTH region.The figure also shows that the reduction will only come into effect in the long run
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following the assumed trajectories which all take into account the national NDCs until 2030
Therefore it becomes clear, thatyoan immediate start in the energy transition towarttsv carbon
future can help to cur@0O, emissionsas fast as possibko thatthe cumulative emissiorare low

enough to reach the°Z target with a high probability
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Figure4.13 Cumulative CQbudgets during 2023030 and 2012050 periods in two study regions.

However, the transition process needs contin@asconsistennvestments into renewable energies

for power and heat supplyhe power secr investments for an energy transition could be huge, both

in terms of installed capacity as well as grid and storage infrastructures, as has been previously pointed
out[97, 112, 123, 178]On the other hand, these studies also calculate, the energy trapaytsoaff

via reduced fuel costs and massive cost reduction for installations such as PV and wind in the long run.
My study shows that the total investment costs for power and CHP plants would increase from CPS to
NGNS to RIS, mainly due to additional powgemand from heat and transport sectors Sgere

4.14). However this will be compensated for mainly by reduced fuel costs for power and CHP.
Compared with CPS, the fuel costs in NGNS and RIS would be larghlgad: compared with CPS

only 67% will occur in NGNS and 43% in RIS in the BTH region; for the YRD region the reduction is
slightly lower, reaching 78% of CPS in NGNS and 51% in RIS. However, in order to reach regional
climate targets, additional costs axeded for imported electricity. Fratme following multi-regional
optimizationanalysis| calculated a mean imported electricity pricesod $ct/kwWh, which is1.8

$ ctkWh lower than the costs of locally generated electricity in averafgr toChager 5).
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Figure4.14 Selected cumulative costsirthg transition period (2022050)in the scenarios for thgvo study regions.

Moreover, in the alternative starios the accelerated electrification could also curb investment costs

in the heat sector. However, without a comprehensive investment accounting of thetoeatsstor

the power sector,dalculated only cumulative investment costs for the renewadaedpplications in

each scenario as an indicator for additional heat cost. For the BTH remiestments in renewable

heat range between 5@8d600 billion $in NGNS and RIS. Here they are much higher timaviRD,

where no district heating systems irban areas need to be retrofitted. In the YRD region, which is
dominated by individual heating devices the additional investment costs for heat supply range between
200and300 billion $ between NGNS and RIS. In both regions these investmentlaiecly small
compared to investment and fuel costs in the power and CHP sector.

4.4 Summary and Discussion

The development of a normative scenario model integrates national andegional targets,
characteristics and development perspectives for decarbonizingneéhgy esystemsvith a focus on

two metropolitan regions of China: the northern Beijingnjin-Hebei (BTH) metropolitan region and

the southern region of Yangtze River Delta (YRDje scenario analysisharacterize$wo possible

and significantlydifferent transition pathways for decarbonizing the regional energy systems, which
highly depend on efficiency measures, policies for nuclear, natural gas and coal development, regional
exploitation of renewable resources (especially for solar and wind) with starabimport capacity
expansion connected to large wiad solarresource®f China by HYDC/HVACtransmission lines

This study extends nationrgets NDCs) by 2030 to possible regional targets until 2@eplying a
regional multisectoral analysisThe scenario analysisevealsthat policies tdncreasethe penetration

of renewable energies and natural gas as alternative fuels for coal and oil products into both supply

and eneuse sectors are necessary not only on the national but also on the regignéowevermy
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analysis of current policin Chapter 2ddentified, that such measures are not yet in place. To formulate
these kinds of firm commitments beyond 2@80@equirecto avoid stogstart investment cycles anal
provide confidence to supplyhain investors for longerm business opportuids especially for
technologies that are still in the early stages of deployment such as CSP, offshore wind and ocean
energy [192]. Both alternative scenarios, NGNS and RIS, require substaadditional policies
triggering the transformation and necessary sectoral and regional integesatially in the RIS,
regonal CQ emissions could be largely reduced in order to address national climate thtgets.
strategies this scenario follows dhe penetration of renewable energies into various sectors, transport
mode shifts, the development of district heating emaling systems, electrification in hewt andthe
transport sectorand the use of synthetic renewablefuels. Energy efficiency improvement is the
backbone for decarbonization optipttsus different potentials areonsidered iNGNS and RISThe
analyss alsoshows, that the focus of poliayith regard toindustrial restructuring29] especially ¢

cut excess capacity in heavy industry and district heatirtge®TH regioncan complement other

coal reduction measures the YRD region the exploitation of offshore wind, the efficiency in both
individual and central cooling systems and utilizatadnindustry waste heatan provide important
contributions The decarbonization dhe transport sector in both regions would largely depend on
electrification, with alternative fuels such as biofuels, hydrogen and synthetic fuels as a. backup
Electrifiction not only allows renewable energies to be integrated more efficiently into the transport
sector, but also significantly reduces the specific energy consumption for mobilitgsan#in large
environmental benefits especially in urban areBHse sceario RIS is characterized bya high
electricity demandiue toelectrification and hydrogen generation and therefees to be supported

by developinga suitablemarketbased power trading mechaniswhich also enables to implement
new strategies for semt coupling,improved system flexibility and security of supply. The import
issues both from electricity and natural gas are particular importathigfeastern coastal metropolitan

regions of China on the way to reach their@@issions reduction target

However, the discussion of key premises and strategiethim study is limited to two possible
decarbonization pathwaydenergy systemsf two selected regiong-urther sensitivity analysis of
key assumptions is needed to discuss the robustneamaadainty of constructed scenaridsbig
uncertainty comes from the future economic structure of Chamahow much of the economy could
be service and innovative basédirther important open questions are relatethe electrification
rates thatcould be achievedn heat and transport sectorncertainties also come from the
competitiveness among various low carbon technologies andpdisible implementatiorof
transmission capad@s or storags. The technology of Carbon Capture and StorageS)CG@f fossil
fuel power and heating plants for the reduction of; @issionsis not taken into consideration
because opossible constraints from storage capacity and uncertaiefi@®d to the costsy 2050

and the longerm effectivenessAdditionally, global natural gas markets with import pipelines and
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capacity to China and future global and domestic natural gas pddedurther uncertainties especially
for the NGNScase

Thesescenarios are aecessanstep toquantitativelyidentify the key chaénges not only from a
national but a regional perspective, highlighting the importance of regional integration especially for
the power system. Electricity generations from VRE sources are highly dependent on weather
conditions thus more information is gessary to guarantee supply security on extreme weather
conditions. Challenges of system integration rise ti#dpenetration of renewable energies both from
regional generated and imported electricity. In order to analyze storage foeethort termup to
seasonaklectricity storage as well der utilizing surplus electricity from VREa higher temporal
resolution is needed. Stilthe scenario analysis this chaptemprovides insights ito the possible
development of the overall energy system, relatosssectoral challenges ameéquirements for
achieving thdong-term targets, which need to come into focus when developing regional policies for
medium to longterm.
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5 Multi -regional Optimization of Power Supply for Metropolitan Region

5.1 Introduction

Metropolitan regiom aredefined as cities and their surrounding areas with close -scoitomic
connections and with concentration of population, transport and economic activities that largely rely

on importing energy from their hinterlarjf®2]. Accelerated uranization and industrialization in

China result in big challenges of increasing energy demand and emissions, especially in eastern
coastal metropolitan regions. The current serious urban air pollution and greenhouse gas emissions are
caused by local coalominated power and heating plants as well as road transport mainly from oil
products. The electrification of heating and s@ort combined with a decarboation of the power

system ighereforea maintransitionstrategyfor urban areafl 78].

The current penetration of renewable energies into the power sector in metropolitas isegiaite

low with less than 5% of thiotal electricity generation (sdégureb5.1). The rationalaverage target

by 2020 is 9% andolr levels of 5%, 7%, 10% and 13% are allocated to different provinces. Except
three provinces of Qinghai, Gansu and gdiia which have exceeded the set targets by 2020 in 2016,
most of the provinces still have big gaps towattts 2020 minimum targef especially in eastern
provinces.The Chinese Renewable Portfolio Standard Policy (RPS) was released on Fe&tfrliary

by the National EnergyAdministration (NEA)and aims to increase renewable energy penetration
especially in consumptiooentersand toreducewind and PV curtailment in westelRES abundant
provinces such as Inner Mongolia, Gansu and Ninfd&]. However, due to relatie limited RES
potentials in consumptionentersespecially the eastern coastal regions will need to import large
amounts oklectricityfrom surrounding RES abundant regidB4, 157] In order to solvehe current
curtailment from PV in western provinces, the newly installed PV stafiomsow predominantly
located ineastern provincesBeijing and Tianjin want to further increase the share of imported
electricity from the provinces of Hebei and Inner Mongolia, given the high demand for electricity and
limited local renewable resources, and in order to achieve local climate targets antegusganrity

of supply By 2020, Beijing and Tianjin will import 10 TWh and 6 TWh annualgpectively, in
which half is fromrenewable energy generated electrigit$7]. By 2020, the installed renewable

energy capacity in Beijindianjin-Hebei (BTH) region wilreach 45 GW157].
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Figure5.1 Percentage of nehydro renewable resources in electricity generation of 20hpared t®020 target§88] with

an indication of possible regional power exchanges

In addition tothe scenario analysifor the regional energy systesin Chapter4, a modelling case
studywith focus on the power sect® conductedn this chapterThe aim is to analyze the future
power supply system hourly and regionalyd to focus on interactions between the regionaésys
regardingthe integration ofhigh sharesof VRE. Under this contextihe case studyrovides insights
into options for decarboniizg the power supply irthe Beijing-Tianjin-Hebei metropolitan regioas
described in Sectio®.1 It includes4 megacitiesvith a populationof over 10 million[129] and other

9 main cities The case studyonsidersinner Mongolia asa resourceabundantsupply region It is
characterized by regional heterogeneity in terms of infrastructures, resources and consumption
Provinces with higher installed wind and solar capacities such as Inner Mamgelifacing serious
curtailment. In 2017, the curtailed wind power in Inner Mongolia reached 9.5[T9%h The aim of

the study in this chapter is to develop cost efficient strategies to implemegiional lowcarbon
power systemMain research questions are how a predominantly renewable energy supply could be
implemented, how much locally available renewatdsources can be integrated into the power
system and how much need to be imported fresighboringsupply regionsin order to deal with
intermittent characteristics of PV amind, the case study analyses thae of interprovincial
transmission capagi and its expansiorFurthermorethe modelling reveals theole of local storage
expansionas well as ofthe integration oklectric vehicles EVs) and power to gasnto the future
energy systemProvincial level municipal citiesvith high power demantike Beijing and Tianjin
have announced to increase import ability from Province of Hebei and Inner Mohg&a20 As
there is a lack ofong termtarges till 2050 in terms ofregional CQ caps or certainshares of
renewableenerges, the following casestudy assumepredefined regional CQOemission limis, to
analyze selected goabriented pathways for power generation as well &guired storage and

transmission expansioBue to the high expansion of renewable energies in scenarios such as RIS and
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theassociated curtailment and system integration costs, it is important to analyze investment decisions

in this way.

5.2 Methodology andData
5.2.1 Methodology

The Renewable Energy Mix (REMix) moddR2] was parametrized according to the regional
conditions and uskfor this case study. It appliesast minimization approach for capacity expansion
planning and operation optimization with hourly resolution under certain constoi@Q emissions
and shargeof renewable energya myopic modellingapproachwasappied to calculateghe transition
pathway from 2020 to 2050 10 year step(seeFigure5.2). In this approach, the resuf one model
run is used as input for the next. Essential input data are resource tims, gedbnology
characterizations and the scenarios of the electricity demand and supply 3ystdristorical weather

dataof the year2001are used to model the futypewerfeedin time seriesrom RE

2020 2030 2040 2050
e ™

~ N
Energy System
[ I - ) Energy Data Optimization Model 4 Output dat )
nput data ! 2 5 utput data
P Analysis Tool REMix-OptiMo P
« Climate- & weather REMix-EnDAT * Least costinvestment and * Investments in power
. dispatch of the energy system L3| plants, grids and storage
data Calculation of hourly b n fe 1 q
. ased on linear optimization + Hourly dispatch and FLH
* Technological profiles for renewable : :
) under system constraints of technologies
parameters feed-in . T I d jall
+ Economical emporally and spatially « Total system costs
e - resolved + CO,-emissions
Ll
K Supply scenarios J Minimize Cyyem = 3 X, \ /
o J
1\ J

Figure5.2 Renewable Energy Mix (REMix) energy system mduieded orf22].

REMix-OptiMo represents the energy system optimizatmodel which is a deterministic linear
optimization programdeveloped under general algebraic modelling system (GAMSaims to

analye future energy supply scenarios in high spatial and temporal resolution. The model is set up
based orma modular structure represented by technical and economic parameters afvaéable
technology, maximum installable cap#&sf specificinvestment and operation costs and efficiency.

The applied modules are power demand, variable and dispatchable renewable power generation,
conventional power generatiopowerto-power storage powerto-hydrogen direct current (DC)

power transmissiomnd simplfied representation oglectric cars with assumptions of load shifting
potentials Investments in new capacities consider technology cost, amortization time and interest rate,

allowing for the calculation of proportional capital costs for the chosen optimization pgjd$he
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annual operational costs are calculated according to the capacity of newly installedndntte

annual power outpufhe latter may include variable production costs, fuel and ce@ificate costs

[22]. The model regions (in this cag®jo municipality cities and two promces) are represented by
technology specific power generation and storage and are connected with translimniesiorhe
capacity expansion of power plants, grid and storage are optimized according to available potentials
and system constraints. The objeetfunction is to minimize theotal system costs for all anaba
regions, composing of proportional investment and fixed operational costs of all endogenously
installed system components for one year of their amortization time and variable operatitsalf c

all technologies.

The model contains a detailed representation of CSP plants. UBedhe energy of direct solar
irradiation to heat the working fuels, which are then used for the production of steam for turbine
operation. Equipped with thermahergy storage (TES) and backup firing systems, CSP plants can
provide dispatchable or even continuous power generation. The overall solar field thermal capacity is
composed of the exogenously defined existing capacity and the endogenously calculated added
capacity with limited to overall potentials as assessed by En(oér to ChapteB). Hourly changes

in TES energy level are described by the storage balance represented by chagfiveggidg and
seltdischaging [22]. The thermal power plants could use biomass, geothermal and fossil fuels for
power generationin the following analysis, natural gas used adackup fuel in CSP plantdn the

biomass and geothermal module the technical generation is restricted by available resources. For fossil
fuel power plants, fuel consumption is calculated by net efficiency accordthg power generation.

Then fuel costs, COemissions and costs atalculated.For the analysis of electric vehicles (EVSs),

only the passenger cars were analyzed with the additional power demand from RIS scenario
assumptions (refer to Sectigh3.4. The regional power systems optimized within pre-defined

system constraintsuch agnaximumCQ, emissions and minimum share of renewable enangithe

least system cosin detail refer to Sectiob.2.3.3.

5.2.2 Input Data
5.2.2.1 Powerand Hydrogen Demand

The hourly power demanclurveis based oithe data fromChina Southern Power Gridompanyand

was madified according tdhe yearly demand of each melting node based othe RIS scenario
analysis forthe BTH region Future powerdemandis deternined by the high electrification rate in

heat and transport sectors in line wiltke national below 2°C scenario stufly78] (also see Section
4.2.3. The additional power and hydrogen demand for the analysis of electric and hydrogen vehicles
is calculated based on the assumed market shares only for passenger cars (PC) andvifhitidsty
(LDV) under RIS scenari¢seeTable E1 in the Appendk E). It is further assumed that half of the
energy consumptions of hybrid vehicles come from electri@ibe share of electricity used for PC

and LDV would increase from 4% in 2015 to 55% in 209the absolute consumption values
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considered in the modelling a9 TWh electricity for electric vehicles ant TWh hydrogen used

in fuel cell vehicles in 2050.

5.2.2.2 Renewable Energy Potentiafer Power Generatin

The assessment of renewable energy resource potentials in China contributes to evaluate how
regionaly available RE resources could support the desarzation of itspowersector(seeChapter3

and Sectior4.2.4. In contrast tothe limited available RE resources for power generaiiorthe
metropolitan regionthe neighboring region dhner Mongolia is abundant in terms of both solar and
onshore windenergy that provides the opportunity for power export especially from renewable

energies (sekigures.3).
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Figure5.3 Renewable energy resources assessment compared to prp@egrddemand in 2050 in suppiggionof Inner

Mongoliaand metropolitan region of BTH (includes the demand from electric vehiolier RIS scenarjo

5.2.2.3 Existing InstalledCapacities andshort-term Targets

Currenty installed powergeneration capacitiesf photovoltaic (PV),wind (onshore andffshore,
biomass geothermalconcentratingsolar power (CSP) with gridconnedbn targets by 2020r 2030if
availableat provincial (for Hebei and Inner Mongolia) and municipal level (for Beijing and Tianjin)
are bken into consideration for bolase yeaand scenariparameterdation[83, 158, 187)seeTable

5.1). Hebei and Inner Mongolia have the targetincreasenstalled onshore wind capacity 18 GW

and 45 GW by 2020 respectivelfebei province will install 1 GWCSP by 2020164] while in Inner
Mongolia the targets are 3 GW by 2020, 6 GW from 2020 to 2025, &\ from 2025 to 2030
[198]. Existing installed capacities and sht@tm targets are used as exogenously defined capacities
which will be reducel according to the assumed life timEeach technologylheyare complemented

by endogenously calculated power generation capacities as result of the REMix marfedlisgst

optimized load balancing
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Table5.1 Exogenously assumerhpacities of renewable powedapts inthe study regios for scenario years.

Technology Onshore wind  Offshore wind PV CSP Biomass Geothermal
Year Life time 25yrs 25yrs 25yrs 40yrs 25yrs 20yrs
Unit GW GW GW GW MW MW
Beijing 0.5 - 1 - 109 0
Tianjin 1 01 0.8 - 83 10
2020
Hebei 18 05 12 1 1640 10
InnerMongolia 45 - 12 3 340 0
Beijing 0.5 0 1 - 109 0
Tianjin 1 01 0.8 - 83 10
2030
Hebei 18 05 12 1 1640 10
InnerMongolia 45 - 12 16 340 0
Beijing 0.3 0 1 - 0 0
Tianjin 0.9 0.1 0.8 - 0 0
2040
Hebei 13 05 12 1 1202 0
InnerMongolia 31 - 12 16 174 0
Beijing 0 0 0 - 0 0
Tianjin 0 0 0 - 0 0
2050
Hebei 0 0 0 1 0 0
Inner Mongolia 0 - 0 7 0 0

World Electric Power Plants Database (20]198] is used to generatbase yearof 2015 and
exogenously assumed scenarapacities for conventional power plants of combined cycle gas turbine
(CCGT), gas turbine (GT), coal and lignite witlfiferentassumedife times (seeTable5.2). Currently

there is no nuclear power planttime study region and it is assumed that there is no further planning

for nuclear power developmentimand Chinalunder RIS scenarioBy 266 0, wi t hoawut ciphas

of coal power plants, still 10 GW and 8 GW remhkyn2050in Hebei and Inner Mongolia respectively.
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Table5.2 Base year of 2015 and@genously assumezhpacities of fossil fuel peer plants irthe study regios for scenario

years.
Technology CCGT GT Coal Lignite
Year Life time 30yrs 30yrs 40yrs 40yrs
Unit GW GW GW GW
Beijing 15 0.01 16 0
Tianjin 0.06 0 10.7 0.6
2015
Hebei 0.2 0 325 1.6
Inner Mongolia 0.7 0 35.6 20.1
Beijing 8.3 0.01 1.6 0
Tianjin 2.7 0.12 10.8 1.3
2020
Hebei 0.3 0.17 415 2.8
Inner Mongolia 1.2 0 41.8 25.8
Beijing 8.3 0.01 1.0 0
Tianjin 2.7 0.12 10.4 1.3
2030
Hebei 0.3 0.17 38.8 24
Inner Mongolia 1.2 0 43.0 24.3
Beijing 6.8 0 0 0
Tianjin 2.7 0.12 7.4 1.3
2040
Hebei 0.02 017 311 2.0
Inner Mongolia 0.5 0 40.1 22.3
Beijing 0 0 0 0
Tianjin 0 0 0.2 0.7
2050
Hebei 0 0 10.2 1.2
Inner Mongolia 0 0 7.6 6.0

5.2.3 Assumptions
5.2.3.1 Other RenewableEnergyPotentials forPower Generation

The potential of biomass and geothermiaérgyfor power generation is assumed based1d:3] and
[186] with FLH of around5800 h and 668 h respectively. Most of the hydro power potentials are
located in central and soutineChina with very few in north eastern and northern CIi3%. The
potentials of small hydro power-&0 MW) generation irthe study regions are based on the analysis
from [6]. The explored pungd hydro storage potentiah China is 200 GW194]. Pumped hydro

80



Chapter 5Multi-regional Optimization of Power Supply for Metropolitan Region

power station®f 60 GW areplanned and under constriget with a total installed target of 40 GW by
2020[85].

Table5.3 Assumedoower generation potentials for biomass, geothermal, small hydro and pumped Hixdrstualy regions.

Small hydro
Technology Biomass Geothermal Pumped hydro
(5-50 MW)
Installed Installed Installed .
) FLH ) FLH . FLH Installed capacity
capacity capacity capacity
Province MW hiyr MW hiyr Mw hiyr Mw
Beijing 422 5844 94 6654 186 2263 1902
Tianjin 570 5844 364 6654 5 4000 1000
Hebei 8202 5844 461 6654 1206 3191 12,255
Inner Mongolia 8713 5844 6 6654 658 3236 12,255

5.2.3.2 Technicaleconomic Parameters

The future cost reductions and efficiency improvements are assumed for renewable energy power
generation, transmission and storage technologiesT@gle 5.4 and Table 5.5). The solar multiple

(SM) is defined as the ratio of the thermal output from the solar field against the thermal input of the
steam turbine. In the systamodelling SM is freely optimizednd heat storage is added to the system
according to this design parametéhe thermal balance is determined by the thermal output thhem

solar field and thebackup unit,as well as thecharging and dischargingf the heat storagein
interactionwith the power generation and curtailm®]. For the povision of firm capacity, all GP

plants use natural gas fired backup systems allowingffdt-load power block operatid22].

Table5.4 Assumed economic and technological parameters for power gendrasiet orj4, 22, 179]

Fixed Variable . o Amortization
Investment costs Efficiency Availability .
O&M costs O&M costs time
% of
Technology . .
(al kw) investment a/ MWh % % yrs
costs/yr
2020 2030 2040 2050 2020 ~ 2050
Onshore wind 861 832 818 789 4 0 92 25
Offshore wind 2400 2200 2000 1800 55 0 n/a 92 25
PV 689 603 502 430 1 0 95 25
CSP_power block 980 980 980 980 40
25 2.2 37 95
CSP_solar field 399 320 256 192 25
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CSP_thermal

38 29 24 19 25
storage
Biomass 2400 2200 2100 2000 4 2 30 90 25
Geothermal 10000 9000 8000 7600 4.5 0 9~11 95 20
Gas turbindGT) 437 437 437 437 4 0 43.6 ~46.5 95 25
CCGT 850 850 850 850 4 0 60 ~ 63 96 25
Coal 1500 1500 1500 1500 4 0 46.8 ~49.1 90 25
Lignite 1640 1640 1640 1640 4 0 50 ~51 91 25

Four different electricity storage technologies are considered in the modéhm@nergy storage unit
and converter unit are modelled sepagatal REMix-OptiMo with the consideration of installation
costs as well as fixed and variable operational cosis operating costs depend directly on the stored

electricity.
Table5.5 Assumed economic and tewlogical parameters felectric energytoragg4].
Investment costg2020 ~ 2059 Amortization time (2020 ~ 2050yrs)

Technology Storage(t / k Wh  Converter (G / RV Storage Converter
Pumped hydro 10 530 ~ 450 60 20
Lithium-ion battery 300 ~ 150 100 ~ 50 21~25 21~25
Hydrogen storage 1 1500 ~ 1200 30 15
CAES_AD 41 ~ 47 1020 ~ 570 40 20

Fixed O&M costs Availability Efficiency (%)

% of investment . Self-discharge rate

costsyr % Charge Discharge of storage per hour

Technology 2020 ~ 2050
Pumped hydro 1 98 89 ~91 89 ~01 0.0005
Lithium-ion battery 0.9~05 98 93 ~97 93 ~97 0.0011
Hydrogen storage 2 95 71~75 60 ~ 62 0
CAES_AD 1~2 95 81~84 86 ~ 89 0.08

The assumed economic and technological parameters for electrancalescal electrolyzerused for
onsite hydrogengeneration at gas statiomse shavn in Table 5.6 and Table 5.7. The installed

electrolyzer capacities affidll load hours for hydrogen production are fgeeptimized.
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Table5.6 Assumed economic and technological parameters dotrad cargd4].

e S
% / U ct/kWh
2020 15 2 1
2030 30 2 1
2040 45 2 1
2050 60 2 1
Table5.7 Assumed economic and technological parameters for local electlysest for hydrogen café].
Efficiency Investment costs Amortization time Fixed O&M costs Variable O&M costs
Year % G/ kiw yrs % of investment costs/yr G ct &k wt
2020 70 527 30 15 0.1
2030 70 439 30 15 0.1
2040 70 366 30 15 0.1
2050 70 305 30 15 0.1

The assumed development pathways for fossil fuel prices are shdviguie 5.4 based orf4]. The

high development pathways are assumed for the scenario an&lgdsywtdevelopment pathways are

used for the sensitivity analysis in Sect®a.
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Figure5.4 Assumed development pathways for fossil fuel prices.

Grid capacity expansion is limited fmoint to point HVDCgrid technologybetween neighboring

moddling nodes The maximumtransfercapacitybetween model regioris assumed to g0 GWfor

reasons of acceptance and feasibil@urrenty, ten extra hgh voltage (EHV)direct current (DC),

three ultra-high voltage (UHV) dternating current (AC) andsix UHV-DC transmission linesre

existingandthreeUHV-AC transmission lineare plannedo bein operaion by 2020in China They

are taken into considerati@s optiongo connect RE supply regiemvith consumption cente inthe

eastern coastal regigeeeFigure 55).
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CHINA'S NATIONAL POWER GRID PLAN FOR 2020
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Figure5.5C h i n aidnal power grid plan for 2020 (map source: State Grid Corporation of China).

For simplification, all the historic and scenario transmission capacitiegygregated by model nodes
andrepresented bi#VDC technology. In Beijinglianjin-Hebei and Inner Magpolia region, 6 HVDC
transmission lines are modelled wilhated power of 1000 MWnlestment codor overhead linegs
assumed tdbe 5 4 4  k[d4]/akdradditional csts forthe installation of each converter station are
assumedwith a reduction trend(see Table 5.8). The amortization time of transmission knand
convertes are assumed toe 40 and 20 years respectively. Taenual fixed operational costs are set
to be 1% of the investmentsThe power flow over each connection is limited by the-detned

capacity of the available lines.

Table5.8 Assumedcosts ofconverterstatons forHVDC transmission line6 Un i t : [4Mi o. ()
2020 2030 2040 2050
108 102 96 90

The distances between madeelregions, which are defined as the distance betwecapital city of
each province and municipality cities, are listed Tiable 5.9. A length factor of 12 between
geographicatlistanceandlength of overheattansmission lines assumed for thianalysis.
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Table5.9 Assumed tances between model regidiit: km).

Connection Assumedtransmission line length
Beijing i Tianjin 115
Beijingi Hebei 265
Beijing i InnerMongolia 406
Tianjin Hebei 262
Tianjin 7 InnerMongolia 506
Hebeii InnerMongolia 396

Besides, hinvestments in new power generation, storage and grid technology are set tocafitad

interest rate of 6%.

5.2.3.3 SystemConstraints

Based orthe scenario analysis of carbon emission trajectory for the Chinese powerlsef3ai the
national CQ cap in this study isssumedo be 4.5 Bt in 2020with reductiongo 3 Bt by 20302 Bt

by 2040 and Bt by 2050respectively This mitigation paths in line with the IPCC targetto fulfil a
carbon intensityeductionby 202Q to peak emissions by 2030 atwl achievea minimum 80% CO;
emissionsreduction on 1990 level by 20%0r China The regional C@cap is allocated bghe current

CO, emissions in power sector accordinghie Multi-resolution Emission Inventory for China (MEIC)
database190]. It is assumed that minimum of 60%of electricity would begenerated from
renewable energies by 2050. The shares are allocated to each province/municipality city biased on
available2020 targets (se€able5.10). Furthermore, grid expansion igimited to a maximum of50

transmission linefor each transmission corridor from supply region to consumpgaiers

Table5.10 Assunedregional CQ limits and REsharesn powe sectorby provincetity.

Regional CQ, emission Minimum share of RE L . .
o . Beijing Tianjin Hebei Inner Mongolia
limit in power sector (Mt) in power sector (%)

700 2020 (targets) 10 10 10 13
470 2030 18 18 18 24
300 2040 38 38 38 43
150 2050 58 58 58 64
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5.3 Optimization Results

The analysis in this sectigrovides quantitative results of the scenario analysis in ternmstailed
capacity,investment and fuel costannualelectricity production and resulting G@missions, as well
ashourly dispatchfor mocklled regionsin addition, therequiredgrid expansiorbetween the regions

is calculated under the objective function of minimized system.costs

5.3.1 Summary of Key Results

The optimization results show that under set system constrietshare of renewablenergy in
installed power generatiortapacity and annualectricity productionwould significantly increase
under the RIScenarian boththe BTHmetropolitan regiorandthe supply regiorof Inner Mongolia
(Table5.11). However, compared with the share of fioiro renewable energy for annual electricity

generation in 2017, the shadgrm gaps are still higim themodelled regions

Table5.11 Share of renewable ergy (without hydro power)n terms of installed capacity and anngeheratiorin the study

regiors.

Installed capacity 2017° 2020 2030 2040 2050
Beijing / 16% 25% 28% 38%
Tianjin / 21% 43% 52% 56%
Hebei / 55% 78% 86% 86%
Inner Mongolia / 64% 76% 84% 98%
Annual electricity generation 2017[184] 2020 2030 2040 2050
Beijing 5% 30% 33% 36% 52%
Tianjin 3% 16% 32% 40% 49%
Hebei 14% 45% 65% 78% 7%
Inner Mongolia 15% 70% 80% 86% 98%

CO; emissions from power generation woutghly reduce after 2030 ithe two municipality cities
underthe current shorterm policy till 2020 andhe set systentonstraints Table5.10). In contrastjn
Hebei andinner Mongolia the emissions could reduce immediately urtier samescenario These
results reveal thahe current shorterm policy till 2020 is noyet sufficient to stopCO, emissions
growth in themedium termin municipality cities However, withthe further penetration of renewable
energy for power generation arlde implementation ofegional CQ emissionsconstraints the
emissions inthe metropolitan regiortould bereducedby 2050to 76% of its peak emissions in 2030

(seeFigureb.6).

9 Data not available.
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Figure5.6 COz emissionsrom power generation for 2020 to 2050 by study regions.

With the penetration of renewable energy itite regionapower system the full load houfSLH) of
variable renewable energy (VRE) is decreasing with increasing curtailed drwhgin demand and
supply regios; while the FLH of dispatchabl€SPtechnology is increasing in Hebgll 2040 and
Inner Mongolia till 2B0 with its thermal energy atage (TES) system However, by 2050, the
curtailment rate@R) in its power blockwould increase td.4% in Hebei Province ant 33% in Inner
Mongolia (seeTable5.12). The resultsdemonstratehat in VRE dominatedpower systemsuch as
that of 2050a much higher flexibility of demand and residual generation is requisenbpt storages,
grid extension and flexible backup generatmsadditionalload balancing optionsot considered in
this case studgould bepowerto heat, power tduels and measure of demand side management
(DSM) to further reducepowercurtailment from VREgenerationHowever,such further flexibilities
and resulting infrastructural needs which | could not consider in this case study duecndatints

would furtherincreasehe costs for system integration
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Table5.12 Annual curtailment rate (CR)and full load hours (FLH) by RE technology from 2020 to 2050 in the study

regions.

PV Onshore Wind
2020 2030 2040 2050 2020 2030 2040 2050
CR 0% 0% 36%  44% CR 0% 0% 40%  45%
Beijing Beijing
FLH 1218 1218 783 687 FLH 1477 1477 884 816
CR 7% 0% 1™  34% CR 8% 0% 1% -
Tianjin Tianjin
FLH 1099 1176 971 777 FLH 1366 1492 1236 -
CR 0.2% 3% 4% 5% CR 0% 01% 11% 13%
Hebei Hebei
FLH 1254 1224 1202 1194 FLH 2537 2536 2255 2216
CR 1% 24% 2% 21% CR 2% 9% 9% 13%
Inner Mongolia InnerMongolia
FLH 1138 969 904 1005 FLH 2888 2698 2696 2574
Offshore Wind CSP_power block
CR 8% 0% 16% - CR 0.4% 2% 6% 13%
Tianjin Hebei
FLH 2331 2547 2146 - FLH 1537 2373 3615 3305
CR 0.3% 5% 10% - CR 3% % 18% 33%
Hebei Inner Mongolia
FLH 2757 2629 2480 - FLH 1553 1444 2730 3305

The optimization results show that the mean value of marginal elecymitgration costever the
optimization periods wouldhcrease till 2040 in all modelled cities and provin¢eseFigure 5.7).
With better solar and wind resources, Inner Mongolia has lower marginal costs comjhréte
metropolitan regionhatarebelow57 0 / MWThe mean marginal electricigpstsin Inner Mongolia
is used to calculatihe imported electricity costsfor metropolitan region that Wiadd to the transition
costsfor energy system transition in mmepolitan regiongseeTable C1 in the AppendixC energy

carrier costs for imported electricjty
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Figure5.7 Mean marginal electricitgostsover optimization peod by city and province.

10 Calculatedrom curtailed energy divided by the potential annual VRE power generation.
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5.3.2 Total Installed Capacity

Figure 5.8 shows the total installedapacitiesfor power generation, electricity storage and grid
transfer asa result of exogenously assumed existing installatiand additionally required capacities
which are an endogenous result of the system optimizalitoa.total installed capacity from fossil
fuels inBTH regionwould decrese after 20@ but only slightly In contrast, the share of PV in terms

of total instdled capacity would increase frof®% in 2020 to73% by 2050 inBTH region. Limited

by regionaly available onshore wind potential 6(@W and 31 GW under #/s and 9n/s assessment
thresholdgespectively and not competitiveostsfor offshore wind eneng the share of wind in terms

of installed capeity would decrease from 26 in 2020 to only7% by 2050 inthe BTH region.The
maximum regional potentials of biomass would be exploited by 2050 while the planned
capacites for geothermaland CSP would k installed due to higher costs compared with other
technologiesThe maximum potentials for pumped hydro would be fully exploitiedadyby 2020
Thisresults in aontinuoudncrease of installed capacity for lithidion battery, hydrogen storage and
adabatic compressed air energy storage (CAES_AD) from 16 GW, 3 GW and 0 GW in 2030 to 55
GW, 16 GW and 12 GW by 2050 respectively in the BTH region to balance the increasing variable

generation of PV.
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2020 2030 2040 2050
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CAES_AD 12 12
® Hydrogen Storage 0 3 9 16
Lithium-ion Battery 16 39 55
= Pumped Hydro 15 15 15 15
u Offshore Wind 1 1 1
Onshore Wind 36 36 36 34
Photovoltaic 20 145 316 376
uCSP 1 1 1 1
H Geothermal 0 0
® Biomass 7 8 10 11
CCGT 11 11 10
uGT 5 24 43 44
= Lignite 4 4 3 2
= Coal 54 52 40 48

Figure5.8 Total installed capacity by technologies in the BTH region.
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Quite dfferent fromthe metropolitan regionboth PV andonshore wind would dominate the power
supply system in Inner Mongoliavith a growthfrom 59% in 2020 t095% by 2050)in terms of
installed capacity(seeFigure 5.9). BecausePV has lower power generation costsmpared with
onshore windlarge amounts of PV wid be installed duringhe 20402050 periodin the supply
region (315 GW). Similarly to BTH, only the planned installed capacity for geotheranad CSP
would be installed due to higher costs compared with other technologies. The maximum regional
potentials of biomass would be exploited by 20%8e growth of installed capacity fanodelled
storage technologiebas the similar trend as that the metromlitan region, especially for the
expansion of lithiurion battery during théast decadas a result ofhe large installation of PVThe
installed capacity for fossil fuels would decreasanf 69 GW in 2020 td4 GW by 205Q which is
only 20% oftheamountin 202Q The installectapacities foRE and backup power generatjsiorage
and gridtransfercould guarantethat theincreasing power demand both from metropolitan and supply
regionsis coveredn every hourof the modeled years
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2020 2030 2040 2050
Grid 32 54 68 81
CAES_AD 1 12
mHydrogen Storage 0 1 2 5
Lithium-ion Battery| 4 63
= Pumped Hydro 12 12 12 12
Onshore Wind 100 181 233 265
Photovoltaic 12 12 82 315
uCSP 3 16 16 8
mBiomass 7 9 10 11
CCGT 1 1 0
® Lignite 26 24 22 6
mCoal 42 43 40 8

Figure5.9 Total installed capacity by technologies in the supply regfdnner Mongolia.

Figure 5.10 shows the gridexpansionbetweensupply and metropolitan regios The RIS scenario

would increasdotal transfer capacities between Inner Mongolia and the metropolitan rdgoms

32GW in 2020 to 81GW by 2050due totheincreasing power exchange dema@dmpared withthe

supply region of Il nner Mongol i a, grid expansi or

growth. The results are below the set maximoh®0 GWfor all transmission corridors.
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Figure5.10 Grid expnsion between supply antetropolitan regions from 2020 to 2050 (Unit: GW).

5.3.3 Investmentand Fuel Costs
5.3.3.1 Investment into hstalledCapacity

In the metropolitan regionjnvestments irenewable power plants woukharplyincrea® in this
scenariofrom 64 bill i on G d-20R0 perpdo22 b5 | | i on (-2080uperioch(gee 2 0 4 0
Figure5.11). In contrastthe investment into fossil fuel power plants would peak during 2030

period and reduce ®5b i | | i ongthelastdlecadélhe total investment into renewable power
capacities would exceetdt of fossil fuels after 203@ompared withrelative larganvestmens into

power generation capacities, storageaggion requires only betweéhand 72 billion i feach

decade from 2020 tB050.Investments in storage facilities are dominatedithjum-ion batteries for
shortterm load balancindue to a PV dominated power supply systamich, unlike pumped storage
facilities, have no limited potential. To a lim@ extent, investments are also made in seasonal
hydrogen storage facilitiesand he investment into CAES _AD would be required after 2030.
Investment in biomas®nshore windand CSPinstalled capadits would remain rather stablat
around 2,30bibli hknt3bm A U fespeatively for each decadaue tothefast expansion

of PV in BTH region, the investmentsould also increasaccordinglyfrom88b i | | i on 0 dur i n¢
2030 period tal62bi | | i on G d u r .iComgparédhcethainesnentdire wira p@ver

remain at a lowr level, evenslightly declining in the long term, with only minor investments in
offshorewind for the planned capacities of 202Zthe reason for the latter resision the one hanthe

limited regional onshore wind potentiahd assumed relatively higher offshore wind castselative

low FLH in the region. @ the other hand PV generation in the region combined with imported

electricity fromonshorewind will be beneficial from a system poiot view.
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Figure5.11 Investment costs dbtal installed capacity by technology in tB&€H region.

In the supply regionof Inner Mongoliawith an onshore windand solardominated power supply

system, largeinvestmentsin wind power plantswould be requied duringeach decade (from

151bi | I i on 0-2080weriodtd@092i01210i on G d u rrespegtivelylseeFigueest dec
5.12). The investment into PV capdy would sharply increaseonly during the last decaddof

136bi I i on Uu). The investments into f ossdulngf uel p
20202030 periodtoonly2bi I I i on U0 during the | ast patiyofade. W
CSP by 2050, more investmerdse required forlithium-ion batteries and CAES_AMb balance

variable PV and onshore wind poweageneration Storage demand arises primarily with regard to
shortterm load balancingising lithium-ion batteries withess demand for hydrogen storage than in

the BTH regionThe per decade investments into biomass power plants rentfzn sédble at around

20 billiona .
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Figure5.12 Investment costs of total installed eajfty by technology in theupply region.

During the energy system transition proceaso additional investments would be required for grid
expansiorwith anincreag from26 billion 0  d uthei202@2030 period to 8billion t dur i ng t he
last decade (gd-igure5.13).
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Figure 5.13 Total installed transfer capacity (indrid expansioh between the supply and the metropolitan regjiaith
corresponding investmenty decades fror@015to 2050.
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5.3.3.2 Fuel Costs

Continuoudy increasinginvestmeats would be required fomstalled capades of power plants
storage and grid expansioaccording to the RIS scenario. Howevire total fuel costs from fossil
fuel power plants wuld bereducedin the longterm (seeFigure 5.14) especially considering the
increase in fuel demand in the REF scenadmpared with RIS scenarigee Chapter 4)n BTH
region, fuel costs for coglower plantsand natural gas for CCGT would peak durithg 20202030
period.In contrastfuel costs for natural gas used for gas turb{{&T) would increase by decade till
2050.In the last decade, fuel costs for cpalver plantsn the supply regiorof Inner Mongoia would
decreaseharplyto only 11b i | | with somedremaininduel costs for natural gas used for CCGT,
GT and CSP as baalp fuels, whichwould provide additional flexibility in wind and PV dominated

power supply systesn

mCoal mGT = CCGT mCSP

a

Billion

o o o o o o o o
N [32) < [Te] N [s2] oy 0
o o o o o o o o
o N N o o o o N
L0 o o (=) Lo o o o
— N (92 < - N [32] <
o o o o o o (=] o
N N N N N N N N
BTH Region | Inner Mongolia

Figureb5.14 Fuel costs by power generation technolbyydecadefrom 2015 to 2050 ithe supply and metropolitan regions
underthehigh fuel price path

5.3.4 Annual Power Supply and Hourly Balance
5.3.4.1 Annual Power Supply

Figure 5.15 shows that from2020 to2050, the imported electricity fahe metropolitan region is
increasing due tdhe additionalpower demand from heat and transport sectord the massive
installation of RE generation capacity in the supply regidre $hare of impoetd electricity to total
power demanavould beataround 30% ovethe optimized periodAccording to the modelling results
a costminimized electricity system would already achieve considerable electricity imports in the first
scenario year 202y 2050, ® would dominatethe power supply system in BTk¢gion (286)
while onshore windwould dominatethat in the supply region (6%). Therefore, the lectricity
generation from @al power plarg would decreaseafter 2020 in both regionsGiven thelimited
potentals for pumped hydro storagether storage technologies of lithition batterieshydrogenand
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CAES_ADwould play amore and more important role in VRE dominated power supply sg$tetin
in metropolitan andsupply regiors with increasing full load hoursver time Local electrolyser
would contribute togenerate hydrogen as an alternative fuel and to inteyREe into the system,
especially inthe BTH region.With increasing shares of renewable power generation, a change in the

backup power supply fro8CGT to GT takes place in the long term.
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Figure5.15 Annual power supplyfor the metropolitan and the supply region from 2020 to 2050.

5.3.4.2 Dispatch Characteristics

The hourly balancing amongpower generation,storage, transmission and demasttbws typical
seasonal variationa the study regiondn this subchapterthe hourly dispatch in the yes2030 and

205Q which have clearly different characteristics, is discussed as an example.

In Beijing in 2030, itspower supply system would be dominated by imported electricity with pumped
hydro dominated storage systehithium-ion battery, hydrogen and E\&ill play a minor role for
balancing PV and onshore wiadd there is nourtailment from fluctuating energget (see~igure F1
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in the Appendix I From February to May, coal and biomass need to be opdlaxdaly depending
on imported electricity and power generation from PV and onshore wind to tidfilhourlypower
demand. From June to October, coal and biomass would be operated as Isasighl@a@ and CCGT
asflexible generatorsFrom November to Januar@T and CCGT would not be operated with only

coal and biomass as bdsadpower generators

Tianjin in 2030would have a loweshare of imported electricity than Beijing but still play a major
role (seeFigure F2). The storage system would be similar to that of Beijing with pumped hydro
dominaing and lithiumion battery hydrogen and EVs playg a minor role.From January to May,

coal and biomass would be operatiedibly with pumped hydro storage¢o balance PV and onshore
wind. From June to October, coal and biomass would act asldmdseower plantswith GT and
CCGT asflexible generatorsLater in November and December, only coal and biomass would act as
baseload power plants but are alsuperatedmore flexibly if power generation from onshore wind
increasesOverall the dispatch has quite similar characteristiché one in Beijing, however, with
considerably higher generation from coal and lower electricity import shares.

Unlike the two cities with imported electricity and PV dominated power supply systdoe to
limited land resourcesn Hebeiin 2030 onshoravind would also playa major roleresulting inless
import (seeFigure F3). CSP would operate intermittently especially when PV is not availBble to
limited pumped hydro storage potentials, more lithiom bateries would be needed to balance PV in
this system. FromJanuary to May, coal and biomass would be operfigagbly with increasing
curtailment from P\obver time From June to August, coal and biomass wouldagetinas basdoad
power plantsGT andCCGT would be operatefiiexibly without curtailment from PV and wind he
higher percentage of power generation from PV results in the charging of Hitmubattery and
export during peak periods. After September, the shapewér generation froranshorewind would

be increasing with less export from R¥dflexibly operateccoal and biomass power plants

As a supply region, Inner Mongolia 2030 will have apower system dominated by onshore wind
with high share of exported electricity (segure F4). CSP would operate intermittently when PV is
not available to fulfill peak demanaind to balancéase load The local pumped hydro potentials
could mostly satisfy the need for balancing fluctuatimigd andsolar eergies.Due to relatively
lower power consumption from EMsompared witHarge power generation demand, EVs would only
play a minor role for balancing fluctuating wind and solar energiesn January to Mayoal and
biomass would be operatééxibly with high curtailment from wind and solar during peak periods.
From June to October, coal and biomass would act as baseload with less curtiliewntmber and
December, coal and biomass would be operated more flexible way,agan with increasing

curtailment

In Beijing in 2050, the share of imported electricity would be further increased with higher share of

hydrogen as storagend EVs would play a major role but still with curtailment from PV and onshore
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wind during several periods when demand gdo(seeFigure F5). From February to May, local PV
tends not to be utilized due to relatively cheaper imported electricity resulting in higher curtailment
and biomass power plants would be operdiiexibly. From June to January, coal, biomass and GT

would beused adlexible generatoraind local PV tends to be utilized resulting in less curtailment.

Compared with 2030, the share of imported electricity in Tianjin would also be largely increased with
higher curtdment from PV (seeFigure F6). Different from Beijing, CAES_AD wouldilso act as
shortterm storage together with EVs, pumped hydrajdittion battery and hydrogefromJanuary

to July, coal, biomass and GT walbeagain used foflexible generation. Dring severatime periods

power supplywould befully renewable energy based but with higher curtailment from PV. From
August to December, coal and biomass would act asladpower plantand GT would be opeted

flexibly with decreasing curtailment from PV.

In Hebeiin 2050,a large share of lithiunion battery would be installed to balance power generation
from PV (seeFigure F7). From February to May, the power syppystem is PV and onshore wind
dominated withan increasing curtailmentate In June and July, coal, biomass and GT would be
operatediexibly with a still PV dominated power supply system but less curtailmaedtincreasing
export From August to Janug, coal and biomass would act as bassd generatorswith flexibly
operated Gandanincreasing share of onshore wibdt less curtailmerst

Inner Mongoliain 2050would still have an onshore wind dominaggalver system but with higher
share of PV cmpared with that of 2030 (séégure F8). CSP would operatmtermittentlywhen PV
is not availableto fulfill peak demand and to balance base lodfisept fully exploited storage
potentials of pumped hydro, litlhin-ion battery would dominate the storage systegetherwith the
operation of CAESAD and hydrogenUnlike the metropolitan region, EVsvould still only play a
minor roleby 2050due to less EVs available and relatively higher power generfatic@xport From
Jarnuary to May, the power system would hdly renewable energy based with flexibbperated
biomass power plants and increasing curtailsiéom onshore wind and PV over timie. June and
July, remainingcoal power plantsvould need to be operaleflexibly and PV would dominate its
power supply systermstead of onshore wind-rom August to December, coal and biompswaer
plantswould act as baskad power plantsut only play a minor role with less curtailmearid an

increasing share of onshosénd for power generatian
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5.4 Sensitivity Analysis

The abovederived modelling results(hereinafter referred to as reference scenaiebased oran
optimization approachnd therefordargely rely onuncertaincosts assumptiorfer the future Other
parametersmay influence the results as wellich as historic time series of renewable energies for
power generatiomnd exogenously definedystem constraintdn this section, the influence of costs
assumptionsn main output parameters is discusked/ariablerenewablesnergy of PV and windll
storagetechnologiesand gridexpansionThe sensitivity analysis was also conducted for the restriction
of grid expansion, the restriction obrrtailment for VRE ancCSP,the low development pathway for
fossil fuel pricesand time series for offshore wind from surroundaagstalLiaoning and Shandong
provinces with higher FLH The detailedsubscenarioassumptions are shown ifable 5.13. The
sensitivity analysis foces o theoutput parametersf installed capacity portfolios, curtailed energy,

full load hours and system costs.

Table5.13 Scenario asumptions for sensitivity analysis amvestment costgestriction of grid gpansion and curtailment,
low development pathways for fossil fuel prigesd higher FLH for offshore wind

Scenarios Assumptions

VRE_Inv_low Decreased investment costs for VREhnologiedby 50%

VRE_Inv_high Increased investment costs for VREEhnolgiesby 50%

Stor_Inv_low Decreased investment costs for converter and storagebyr§0%

Stor_Inv_high Increased investment costs for converter and storagelyr0%

Grid_Inv_low Decreased investment costs fiansmissiorgrid expansiorby 50%

Grid_Inv_high Increased investment costs foransmissiorgrid expansiorby 50%

Cur_restriction 20% Restriced curtailmentratio for VRE and CSP by region and yehelow 20% in2050)
Cur_restriction10% Restricted curtailment ratio for VRE and CSP byoegand year (belod0% in 2050)
Cur_restriction_5% Restricted curtailment ratio for VRE and CSP by region and year (below 5% in 2050)

) o No further transmission grid expansion from Inner Mongolia to BTH region is allowed (e
Grid_restriction -
current omplanned transfer capacities)

FFP_low Assumed low development pathway for fossil fuel prices (FFP)

) Applied higher FLH for offshore wind times series from surrounding coastal Liaoning an
Offshore_FLH_high )
Shandong provinces

5.4.1 Influence on Installed Capadties

Figure 5.16 shows the influence ofhe sensitivity casesn the calculatedinstalled capacityby
technologyin 2050 with a comparison to the reference scenartbé®TH region. The case of grid

restrictionbetweeninner MongoliaandBTH results in the highest variatioashieving a maximum of
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64 GW offshore windand 10 GW transmission linegithin the BTH region. Compared with the
reference case, 26 GW lithivibn bdteries 37 GW CCGT and 1 GW onshore windbuld be
additionally installed to compensate for the reduced electricity imipocontrastincreasing the FLH
of offshore wind energy would not contribute to the wderegional offshore wind resources.
Assuminglower investment costs for VRE and stoeggchnologiesanda low developmenpathway
for fossil fuel prices would further reduce the installed capacity of coal power play&3 to 38 GW
by 2050.Assuminglower investmentcostsof storage, grid restrictioand higker investmentcostsof
VRE would further reduce the installation of Gy 29 to 44 GW by 205050% bwer investment
costs for storags would further increase the installation of hydrogelectrolyzers lithium-ion
batteries and grittansfer capacities 30 GW, 6 GW and 16 GW respealy. 50% lower investment
costs forVRE technologiesvould contributethe most to theadditionalinstallation of CAES_AD and
biomass power plantey 9 GW and 4 GW respectively and also lead to 6 @tditional grid
expansion within the BTH regioh.ower investmentcostsfor grid expansiorand higler VRE costs
would further reduce the installation of onshore wiayl30 GW and 13 GW respectivelftsssuming
higher investment costs for all storage systemswould contribute to the installation of local
electrolyzes compared to the other storage technologibBe the lowstorage costase would reduce
the installation of electrolyzer Higher investmentcosts forVRE and storage technologies, the
restriction of grid expansion arassuming dow development patiay for fossil fuel priceswould
contributethe most toreducethe installation of CAES_Ay up to12 GW whilelower investment
for VRE technologies wouldesult in an additionahstallation of CAES AD of 9 GW. The influence
of higher grid costson the installed capacities would be rather smalth a slightly growth of coal
power plants and a reduction of @@pacitiesThe morerestricedthe curtailmentratio, the mordghe
need for gas turbines will be reduced and additional litiinmmbatteries will benstalled,with up to

minus21 GW andolus9 GW respectivelyf limited to 5% curtailment
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Figure5.16 Sensitivity analysis on total installed capacities of 2050 shown as deviations from the referezrie scBiH.
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Quite different from metropolitan regions, the influencettef selected parameteariatiors would

mostly be on the installation of wind, solar and storage technologies due to the highly renewable
energy based power supply system in Inner §dia by 2050(seeFigure 5.17). Assuminglower
investmentcostsof VRE and storage technologies would increase the installation dfyPN.3 GW

and 99 GW respectivelyAccordingly, higher costs of VRE and storageand also lower fossil fuel

prices would reduce the installation of PV by 202 GW, 143 GW and 120 GW respeciRealycing
investmentcostsof VRE has thdargestinfluence on the installation of onshore wiadd leads to an
increaseof 163 GW. Lower grid costs and bothhigher and lower investmentcosts of storage
technologies would also increase the installation of onshore mingér GW, 28 GW and 16 GW
respectively.In the case of low storage costs, this depends on the generally better integration of
renavable energies; in the case of high storage costs, it depends on a sharp decline in PV capacities
caused by this. In contrast, assumgr@ restriction, higer VRE technolog costsand lower fossil

fuel prices would reduce the installation of onshore viipd09 GW,84 GW and 34 GW respectively.

Lower investmentcostsof storage technologies contribute the most toatiditionalinstallation of
lithium-ion batteriesand hydrogen storagef 40 GW and 50 GW respectivelin contrast,higher
costs forVRE ard storagdgechnologies anthe low development pathway for fossil fuel prices would
lead toa reduction ofithium-ion batteriedy 62 GW, 51 GW and 39 GW respectivetprresponding
to a sharp decline in the installation of PV systémall three case$-urthermore,dw VRE costs and
induced additional VRE capacities resulttiee installation ofl6 GW morecompressed air energy
storage systems whilbigh VRE costs low and high storageosts would reduce capacities of
CAES ADby 11 GW, 9 GW and 7 GW resptively. The grid restriction would result in the highest
reduction ofgrid expansiorby 65 GW while lowgrid andVRE costs as well akigh and low storage
costswould increase capacities gfid by 28 GW to 8 GW Higher investmentcostsof VRE would
alsolead tothe highest increase @SPinstallation of 80 GW followd by high storageosts resulting

in additionall9 GW.The low developmémathway for fossil fuel pricelsas the highest influence on
the installation of GT and CCGiesulting in additionall GW and 16 GW respectivelyhe highest
curtailment restriction scenario results in the reduction of PV by 79 GW, onshore wind by, 4ahGW
pumped hydro by 1GW and theadditionalinstallation of21 GWCSPcapacity and.3 GWhydrogen

storage
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Figure 5.17 Sensitivity analysis on total installed capacities in 2050 shown as deviations from the reference scenario in Inner

Mongolia.

5.4.2 Influence on Curtailed Energy

Assuminghigher investmenicostsof storags changethe curtailed energy from PV and onshore wind
the most by 51 TWh and 12 TWh respectivelyn 2050 (seeFigure 5.18). The restriction of
curtailmentto 20% could reduce the curtailment from onshore wind ancdol80 TWh but increase
curtailed offshore windby 11 TWh A further limitation ofthe curtailment ratido 10% in 2050 would
result in the highest curtailed Pdf 48 TWh among the curtailment ratio restriction scenarios in the
BTH region which is due tdhe curtailment of PV in Hebei Province. This is because the curtailment
ratios in the two cities and Inner Mongolia are much higher than Hebei thel@0% restriction
scenario.When restridhg the curtailment ratios to 10% and 5% by 2050, the curgtnmatio in
Hebei is increased due to the effects from other regithmis illustrates that if regional policy would
introduce curtailment limi to increase renewable shaitemight be counterproductive and instead a
ifreed regi onaltercave phe puapbsdite rhighwiREdost dssimptionsvould
reducethe curtailed PVgeneration byl6 TWh compared to the reference cdetowed by the low
grid costcasewith a reduction off TWh. Assuminglower grid costswould alsoreduce thecurtailed
onshore wind enerdyy maximall0 TWh Lower VRE and gridcostswould increase curtaileghergy
from CSPby 1 TWh. Therestrictedgrid expansionlow fossil fuel prices and higher FLH for offshore
wind would not have much influence on the curtailed enéngy PV and wind compared with the

reference case.
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Figure5.18 Sensitivity analysis on curtailed enerigy2050 in BTH.

In Inner Mongolia, lower VRE costshave the reverse effect than in BTH. Thesulting higher
installationswould increase the curtailed energy from PV and onshore tnd maximum of96
TWh and 172 TWh respectively compared to the reference cas€i¢gee5.19). Assuming higher
VRE costswould reduce the curtailed energy from PV and onshore wind largely but insrdese
curtailed energy from CS€&onsiderably by135 TWh, followed by thecase of highstoragecosts with
an increase 040 TWh.Assuminglow fossil fuel price would reducehe curtailed energythe most by
93 TWhfollowed by the casgof low storagecostsandrestrictedcurtailmentwith reductions of67
TWh and 61 TWh respectiveliffhe assumptions ofigher and lower grid costs the restriction ofyrid
expansionand higlker FLH of offshoe wind haveonly small influences on the curtailed energy
compared with the reference caQuiite different from the BTH region, tteérongerestrictionof RE

curtailmentresults in lower curtailed energy especially for PV in Inner Mongolia.
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Figure5.19 Sensitivity analysis on curtailed eneiigy2050 in Inner Mongolia.

Comparingthe curtailment rati®in the study regionsn 2050 EFigure5.20) provides further inghts.
Assuminglow investmentcostsof VRE technologies would result in the highest curtailment ratio of
CSPof 27%followed by the assumption ofow grid investmentcosts with24% in BTH regionwhile

in Inner Mongolia,the restriction ofgrid expansiorwould result in the highest curtailment ratio of
CSP at 38%Most of the cases would contribute to reduce the curtailment ratio of CSP in Inner
Mongolia compeed to the reference case wilierestriction of curtailmentase achievingthe lowest.

The influence of restricting curtailment ratio for VRE is higher on PV than onshore wind in both
regions.Assuming highVRE costswould reducethe curtailment ratimf CSP below 5% ithe BTH
region. Theestriction ofgrid expansion and the assumptiorl@f stormgeand highVRE costswould
reduce the curtailment ratif PV below 5% in the BTH regionn contrast, botthigher storageand
lower VRE cost casesvould increase PV curtailment ratigp to 35% in Inner Mongolian 2050,
followed by the low gridcostcag at 26%.Assuminglower storageand higter VRE costs andhe
restriction ofgrid expansionwould reduce PV curtailment ratio from 21% to below 1%86lnner
Mongoliaand reducethe curtailment ratio of onshore wind in the BTH region below 19295Q In
contrast,lower VRE costsand restrictedgrid expansionincrease thavind curtailment ratio in Inner
Mongolia to 23% and 16%espectivelyfrom 13% inthe reference casddigh VRE costsreduce the
curtailment ratioof onshore windhe mostto 1% followed by the case oflow fossil prices and low
storagecostsat 6% and 8% respectivelifhe grid restriction case results in a curtailment ratio of
offshore wind inthe BTH regionof 7%.
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Figure5.20 Sensitivity amlysis on the curtailment ratio in 2050 in both study regions.

5.4.3 Influence on Full Load Hours

The sensitivityanalysis of influences atie full load hours is discussed only for Hebei Province and
Inner Mongoliain 2050 due to higher installation of poweragpitscompared to the two citiesee
Appendix G) Assuminglower VRE costsresults in the lowest FLH for copbwer plantsn Hebei at
2243 h while highvRE cost assumptiongesult in the highest FLH for coglower plantsat 4135 h
(seeFigure5.21). In most cases the FLH for GT would be at around 10@@Ha minimumbelow
500 h inthe two cases ofow investmentcostsof VRE and the restriction of gridxpansion Only
three cases woulesult in the operation &CGT, assumindow fossil fuel prics anda restrictedyrid
expansiomat around 5000 h anassuminghigh VRE costsat around 2500 hrhe FLH for biomass
combustionis relatively higler compared to othetechnologiedn the case of therestrictionof grid
expansion(maximum of6700 ) andlow VRE costs (minimum ofaround 3600 h Assuminglow
VRE costswould further reduce the FLH of CSP from 330thtihe reference case to 2100 h. There
are almost no variations for the FLH of PV, onshore wind, lithiom battery and CAB_AD in
Hebei Province. In thease of a restrictegrid expansionthe FLH for offshore wind would reacit
around 2600 h and result in the lowest FLH for pumped hydro power at around 1400 h compared with
2500 h in the referenasase Low storagecostswould result in a FLH of hydrogen storageaabund
1800 h and increase the FLH for local electrolyzer above 4000 h compared with 360thén
reference casd@he restriction othe curtailment ratio results in higher FLH for storage technet®g

and renewable energieklowever, to restrict the curtailment rato 5% results inlower FLH for
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storage tharhe 10% case due to increiag operation hours for coal, GT, biomass and @®#ch is
requiredto reduce the curtailment from VRE.
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Figure5.21 Sensitivity analysis on full load hours by technology in 2050 in Hebei province.

In Inner Mongolia, thease of restrictedrid expansiorreducea the FLH of coalpower plantgo the
minimum of below 1000h, followed by the low VREcostcasewith less tharR000 h, comparedo

most of the casesith around 3000 liseeFigure5.22). Only three casesould result in the operation

of GT at below 2000 hthe assumption bhigh storageand gridcosts andow fossil fuel prics. Two
cases result in the operation of CCGT at FLH of around 2000 h and above 4000 h respéuntively
assumption of higlstoragecosts and of low fossil fuel pricesow VRE costsanda restrictedgrid
expansionwould resultin a reduction of thé&LH of biomass power plants from around 4500 thim
reference case to below 3500Uow VRE costsreduce the FLH of CSP to the lowesiueat around
1600 h(due to the exogenous assumption of the planapddities as a minimum installatiowhile

high VRE costswould increase the FLH of CSP from around 3300 h in the reference case to the
maximum of almost 5000 hSimilarly to Hebei Province, the selected parameters have very few
influences on the FLH of PMithium-ion batteries and CBS AD. In addition,low VRE costsreduce

the FLH of onshoravind by 500 h compared to above 2500 h in the reference, caskhe same
influence is calculated fdrigh VRE costson the FLH of pumped hydro powénly the two asesof

low stomgecostsand therestrictionof grid expansiorresult in FLH of hydrogen storage at around
1500 h and 2000 h resgtively. Finally, low storagecostsresult in the highest FLH for local
electrolyzer at around 4700 h while higloragecossresult in the lowest FLH for local electrolyzer at
around 3000 hcompared to 3700 h in the reference c&milarly to Hebei Provincehe restriction

of the curtailment ratio results in higher FLH for storage technologies but also fan v 5%
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regriction case. The restriction of the curtailment ré&i®% results in lower FLH for storage thtre
10% casge againdue toan increasein operation hours for coal, biomass and CSP to reduce the

curtailment from VRE.
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Figureb5.22 Sensitivity analysis on full load hours by technology in 2050 in Inner Mongolia.

5.4.4 Influence onTotal SystemCosts

The influences of selected parameters forttii@ system costs from 2020 to 2050 in the BTH region

and Inner Monglia areshown inFigure5.23 andFigure5.24. The total system costs are calculated by

the annuies ofinvestments ofll installed capacities, the fuel costs, fixed andalde operational

and maintenance cosiadthe operational costs for the load shifting of electric vehidlbs.influence

of storage costslearly dominatesthe variation oftotal system costbetween 2030 and 205€ith
around 150 1®i0l Ibiidn i@namd vari ati ons irespettliey BTH r
The reason behind is thie investment costs of storage would also influence the instalttiossil

fuel power plants in the BTH region antirenewable energy capacities in Inner Mongdliampared

to that, influences resifig from VRE cost variationsare relatively small. The restriction of grid

expansiorincreassthe system costs in the BTH regibetweerb b i | | i oamd2® ibn ih2 020 «
2050compared to the reference ca$e restrict the curtailment ratio by 10% or 5% could reduce the
system costs by 10 billion 04 to 12 billion 0 1in

Mongolia before 2040. However, the 5% caselwau i ncrease the system cost

Mongolia inthe year2050.
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Figure5.23 Sensitivity analysis on system costs from 2020 to 2050 in the BTH region.
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Figure5.24 Sensitivity analysis on system costs from 2020 to 2050 in Inner Mongolia.

5.5 Summary and Discussion

Based orthe resources, policies and RIS scen&ameworkfrom Chapter 2 to Athe future power
supply systemsare further analyzednithis chapterusing the energy system model REMixd
applying a cosminimizing algorithmunder the mairconstraintsof limiting CO, emissions to the

level of 1995 an@chievingmore thar60% of renewable power generation by 2050.

The optimization restd show that undethe set system constraints, the share of renewable energy
both in terms of installed capacity and annual energy would significantly increase btith in

metropolitan region anthe supply region which result in a reduction @O, emissons from power
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generation immediatelgfter 2020 in both region®ith the further expasion of renewable energy

into the regional power systethe curtailed energy would be also increasifigerefore, significantly

more flexible technologies and operatstgategies need to be implemented in the electricity system in
the medium to long term. The modeling of the selected regions in China could consider different
storage technologies, grid expansion, as well as flexible EV charging and local hydrogeriagenerat
However, still partly high curtailment rates are calculated depending on key assumptions for sensitive
parametersThe results reveal that in RE dominatemver supply systems such as that tife year
2050,additional flexibility measures such pswe to heat and measures of demand side management
(DMS) are required téurther reduce power curtailment from VRE generation. Hosvethis would

further increasethe costs forthe system integration especially under even more ambitious

decarbonization tgets

The optimization results also show that the mean value of marginal eleagaigyation costs would
increase till 2040 in all modelled cities and provinces. With better solar and wind resources, Inner
Mongolia has lower marginal costs compatethe BTHregionthatcould achievea value below 57

a/ MW. The tot al i nst al lthe BTHegop wauld degreadsdfter@d40, budb s s i |
only slightly. The installed capacity for coal powglants would peakn 2020 in the BTHregion.In
contrast,the installed capacity for fossil fuels Inner Mongoliacould be largely reduced by 2050.
Themodelling resultsvith regard taemporally and spatially resolved load, fluctuating wind and solar
power generation anthe infrastructural needs illisate the utilization of different technologies,
investments ito backup generation, storage, grid transfer dhnel systemcosts for electricity
generation. The spatial resolution allows tbe in-detail analysisof the regional power supply
structures regarding generation, storaggower imports and exporteind energy lossesThe
combination of spatial and temporal balancing measureblesto deal with fluctuating renewable
energy such as PV and wind for power generation to tieehourly demandlt illustrates the
necessityof integrated regional plannirtg deal withthe situation ofthe unbalanced distribution of
electricity demand andariable renewable resources in a cosinimized way. The modeling also
provides evidence, that such a regional evation will reduce overall curtailment, leading to a more

efficient energy system.

However, it must be taken into account that the model results have uncertairgie® the
optimization approachvhich largely reles on uncertaincosts assumptionsertan defined system
constraintsand the use ofhistoric time series foVRE power generationThereforea sensitivity
analysis was conducted to discubs influenceespeciallyof costs assumptions for PV and wind,
storage and grid technologies on the insthtapacity portfolios, curtailed energy, full load hours and

system costs.

Since the regional pumped hydro power potentials have already been exploited in 2020, there is a high

correlation between the installation of PV and lithilom batteries, whiclis observed from 2030 to
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2050 in BTH and in 2050 in Inner Mongolia. The offshore wind within the BTH region or beyond is
not cost competitive compared with imported electricity from Inner Mongefi@eptwhen further
import is restrictedwhich leads tdncreased system cosasid higher FLH of mostregional power
plants The hydrogen and CAES_AD storage technologiesuapallycharged when peak generation
from PV occursduring daytime andhre discharged when onshore wijndaving limited regional
potentialsin BTH, generates less electricity during nigBesides, natural gas turbines are operated
flexibly together with storage technologies to compen#aealeficits from import during nightln
Inner Mongolia, storage and grtédchnologieswork together tobalance peak generation from PV
during daytime antb compensatéow power generan from onshore wind during nighAs expected,
lower fossil fuel prices would also contribute to the higher FLH adif the power generation
technologiesxcept PVin InnerMongolia. Higher investment costs of VRE and stadgchnologies
would promotethe furtherinstallationof CSP due tancreasedcost competitiveesswith its power
generation and storage systersie toan unbalanced distribution of renewable resources laad
demands, the future leearbon power system would highly depend onedkjgansiorof transmission
corridors. The system costs would lbegdy determined by the future development of storage costs.
More rigid curtailment requirements most likely wéhd to arincrease in storage expansiéih but to
restrict the curtailment ratidown to5% would result ira shiftto higher operation hours faoal, GT,
biomass and CSPhusleading toreduced FLH for storagechnologiesFor example in February in
2050 of Inner Mongoliathe operation foCSP wouldeliminate the requirements ftre charging and
discharging of lithiurdon batteriesduring theperiods ofpeak generatiofrom onshore windwvhen
changinghe restriction of curtailment ratio from 10% to 5% (Bégure5.25).
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6 Discussionand Outlook

6.1 Summary and Conclusiors

In this study | discussed two possible trajectories of the energy transition regardingnztiog and
technological transformatiosompared to a scenario which follows currealiges. Due to the
relevance of urban agglomerations with regard to energy consumption and specific challenges of
decarbonization, the analysis focuses on seleeggidnal eergy systers, namely that of the Beijinrg
Tianjin-Hebei Region and the YangtzevBr Delta region (including Shanghaiadgsu and Zhejiang)

First, the current status dhe energy systesiand key challenges to a levarbon future were
identified with a review of transition aspects and required actithis was complemented by an
andysis of current policy targets and actidnsm most recent policy plarat different administrative
levels of Chinaas discussed in Chapt@r An assessment of renewable energy potentialshen
provincial lewel provided information on an essential prerequisite for energy system transfor(iration
detail see Chapted). The bottomup scenario building represented tlegional energy systefnom

2015 status towards 20 in a consistent and transparent quantitative way. All relevant processes are
consideredrom primary energy supply withariousconversion processfor power, heat and fuets
theenduse sectors of industry, residentsdyvices and commercand tansport The three developed
pathways, namelgurrent policy(CPS) natural gas & nucledNGNS)andrenewable & impor{RIS)
scenariosvereconstructed witla normative approacim order to discuss options foeducing regional

CO, emissions an@sa framework to model théntegrationof RE intothe regional energy systesn

The comparison of three scenarios contribtiediscuss the impact of near to meditenm policies

on longterm transition pathways due to the path dependency in terms of investimeetergy
infrastructuregas discussed iGhapterd). The main conclusions are that omyurnaround in energy
policy to promote the integration of renewable energies will achieve desired climate italytsthe
national and international conteXtowever, a slow and gradual adaptatibfow carbon technologies

for the power generation portfolios and investments as in the NGNS scenario is not sufficient and
would result in the risks of path dependency os gdrastructures. Excegor the power sector,
measures tthe integration oheat and transport sect@sch as power to heat, EVs and power to X
would alsoplay a key role for the decarbonization of the whole energy systdmimprovedsystem

flexibili ty.

One key strategy applied for decarbonizthg heat and transport sectors is electrificatiSincethe
distribution of renewable energies in China is unbalanced between resource abundant regions and
consumption centerseeChapter3), nexta multi-regional power supplgystemis modelledfocusing

on the BTH metropolitan region with Inner Mongolia asupply region(as discussed i@hapters).

The RIS scenariowas used aa scenario framework as it assumes the highest electrification rate and
implies an ambitious expansion of technologies to generate electricity from renewable energies

providing the largest challenges for regional integratibhe multiregiond optimization results
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contribute toreach overall regional energy system transition tangéts higher spatial and temporal

resolution

The main conclusions drawn from thettomup scenario analysis are: first the implementation of
efficiency measureis the backbone for cosffective energy system transitias discussed in Chapter

4 with a comparison among CPS, NGNS and RIS due to different efficiency assunipténmkuse
sectors Second, it needs diffent regional strategies and strong interrelations of metropolitan regions
and renewable energy abundant regions that wind and solar power in northern resp. western regions
can play an important role for the future power supply of eastern metropolitangagshownfrom
therenewable energy potentassessmemesults inChapter3. Third, transmission capacity expansion
and local storage installatisrare necessary to balance power generation frarrable renewable
energy (VRE) and power demand, especially under&l8iscussed in Chaptewith multi-regional

power system optimization in higher temporal resolutiwurth, thescenario comparisoamong CPS,
NGNS and RISandthe regional integrated modellingetween Inner Mongolia and the BTH region
supportdecision making regarding the implementation of new technologies and infrastructures for
metropolitan regions towards lotgrm climate targetsThe developmenpaths inNGNS and RIS
differ, e.g., with regard to thiiture development afiatural gas pipeliresandelectricity transmission
capacites required ineastern coastal metropolitan regdo support its lowcarbon energy system
transition. The investmem such infrastructures in an early stage would hevafluence in a long

run with profound impacts on energy independerigyt more research needs to be done to identify
how to support and develop a market based flexible system for the supply and moos@ipower
heatand fuelscombining utilityscale and decentralized renewable sourbaskup capacitieand

various flexibility optionawith crossprovince or crossegional transmission

The analysis considers a variety of options to supply a paitan region of China with renewable
power. Biomass, PV and wind appear to be more cost competitive than dispatchable power generation
from CSP and geothermal energy, of which only the currently planned capacities are operated at the
modelled system cogninimum. Since the regional potential of pumped hydro power is already
exploited before 2030, there is a high correlation between the installation of PV and-ighium
batteries, which is observed from 2030 to 2050 in BTH and in 2050 in Inner Mongii§ho@ wind

energy within the BTH region is only cost competitive if further imports are restricted. Thus, the two
municipalities of Beijing and Tianjin will largely depend on imported electricity. In Hebei province,

the power system in 2050 is dominateg PV supplemented with onshore wind and some residual
coal in the winter season. l nner Mongoliabds po\
especially in the winter season. Compared to the metropolitan region, the role of electric vehicles in its
renewable energgominated power system is rather small. The hydrogen systems, compressed air
storages and natural gas turbines are operated flexibly to compensate for deficits from import during
the night. In Inner Mongolia, storage and grid technologies of complementary importance to

balance peak PV generation during the day and low onshore wind generation at night.
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The key assumptions fdhe low-carbon scenariog this thesislargely rely onthe exploitation of
efficiency potentials and measurgsg., adjustment of economic structymustainablairbanization
strategies application ofnew energy efficiety standards medium to longerm decarbonization
targets (e.g.share of renewable energy for primary suppbduction of regional COemissiors,
improvement ofelectrification rates and adopted lowcarbon technologies and thdirture costs
reduction potentials thatauld largelyaffect the energgupply mix and transition costs herefore
further sensitivity analysis of key assumptiowsuld be needed to discuss the robustness and
uncertainty of constructed scenari@®me key assumptions for the future investment costs of VRE,
storage and grid, the restriction of curtailment from renewable energies, the restriction of grid
expansion fronrerewable energy abundant regitmload centersthe future development of fossil
fuel prices and higher FLH for offshore wipdtentialshave been discussed in SectA However,
greatuncertainies alsoarisefrom C h i nfidudeseconomic structur@.g, how large will the future
economic growth be? ¢ much of the economyould be service and innovati based}.
Uncertaintiesalsoresultfrom the unclear futurecompetitivenessf various low carbon technologies
and the expansion of transmission capacity or stqi@geo what extenelectrificationcan take place

in the heat and transport sectoréfhat will be the policy for nuclear development and the costs of
power and heat generation from renewables irfutwe?) The wncertaintiesvould alsoberelated to

the development of thglobal natural gas markes well asmport pipelines and capaias for China

and future global andationalnatural gas pricelhe main limitationsn modellingtheregional enagy

system are further discussed in the next section.

6.2 Limitations for Regional Energy System Modelling

In this work | constructed an integrated energy system maeddd combined statistics and
assumptions from varios®urcego support the scenario anakysf future energy system transition in

two eastern coastal metropolitan regions of Chimbhich integrateghe power, heat and transport
sectors to reach the targetsemiergy systerdecarbonizatiomn an annuabasis In addition, | applied

a higher spdal and temporal resolution energy system model to address the imported electricity in the
power sector undehe scenario characterized witigh electrification angenetrationof renewable
energies The hourly dispatch shows the interactions among payeeeration, storage and grid
technologies inan hourly resolution in different provinces and citiggth seasonal variations
Furthermore | conducted a sensitivity analysis on key paramateter the costs optimization
approach, which shows the robustmef the constructed transition pathwayswever, such a pure
costs optimization approach neglects the market aspects as shown curtailment from PV in cities with
imported electricity during several months by 20&@ other social aspect§ the energy sgtem

transition procesd he limitations for regional energy system modelling are further discussed below.
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6.2.1 Transparency andAvailability of Energy Statistics

Comparedto the publishedlEA World energy balance the currerly available provincial energy
balanca in Chinese statisticsould notfully supportthe annually basedtottomup scenarianalysis
as applied in Chapté: The main limitations are:
1 Data on the use of renewable energies are missing,ie.g.t he heating sector
e n e r gre gvendwithout differentiation between solar, biogas and geothermal ¢hérgy
1 Fuels for heat and power suppbre notdistinguished by technologiesncluding the
distinction of CHP and auteproducers
1 Energy consumption in transport sector is not distinguished by transport.ftaslesnfusing
thatenergy consumptiom transportis partly induded in the residential sector contrast to

other international statics

Thereforefor this thesis | combinal other provincial levelenergy related statisticgs described in
Section4.2

All these statisticalata need to be converted framginal physical unitsnto a singleenergy unit (e.qg.
PJ) Assumptionswvere made for fuels based dhe total primary energyfrom the provine éesergy
balance tableElectricity demand data with higher temporal resolution are urgently needeal with

the fluctuating characteristics of RE for power getiera In this study original hourlglectricity
demand data from five provincdmlonging to theSouthern Power Grid Company of China (not
publidy available)wereused forthe analysis of thduture power system in Chaptdér Comparedo
data availability inthe power sectortime-resolved data for the heating sector are even more difficult
to obtain because of tHack of installation of smart meterShus the temporal variability of heat
demandcould not be ncluded in the analysis in ChaptBr Comparedto the above mentioned
published statistics, the latest information regarding the current development of RE in terms of grid
connected installed capacity, generagégttricity, FLH and curtailment raie available onlineThey

are published quarterlpy NEA to monitor the performance of the penetration of iRt® power
generation in each provingeterms ofgaps with development targetgardinginstalled capacjtand
curtailment rateThe overview onadditional data sources for regional energy system modelling of
China for this studyas discussed in Chaptérand5 is provided in the Appendix H All the above
mentioned statistical and data limitatiorfarther complicate data availability, accurag and
consistency to supporégionalenergy systesianalysis witha focus orthe integration of renewable
energies anwith the obgctive tofurther support public debate asthkeholdemvolvementin policy
making.

Statistical dateare a key input forthe parametrization of the models fecenario analysis asso
revealedby the review of threescenariostudies focusg on different geographical scopesith
specificnormative targets and analytical approad®®3. Againstthis backgroundthere is an urgent

needt o i mp r cenergy§dtisti@ statusat boththe national angrovincial leves, in particular
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with regard totechnology and fuelspecific data orelectricity, heat and fuel supplyncluding
renewable energy form$or accompanying analyses of the expangbriluctuating RE intothe
regional energy system, the public availabilitydafa with highertemporal and spatial resolutidor
power and heateeds to be improved dioththe supply anddemand sideOn the demand side, data
on customerconsumptionpatternsfor the demand of electricity, heat and mobility needs to be
collected andharnessed in compliance with data protection guidelines to ensure addemated side
management with the support of ICT technology and daeaplatforms. The further improvement of
transparency and integration of energy statistics in China will beassfor developing open source

energy system modefsr the analysis of thpower market on different scalg¥].

6.2.2 Sensitivity of ScenarioAnalysis

The workin this thesisg focusedon the construction of energransitionscenarios based on different
decarbonization strategies. However, this analysis langgdigs on social and economiframework

conditions such as

future national and regional econonaied populatiorstructures
domestic energy policies and efficiency improvement potentials
set system constraints such as national and regionat&3 andhe share of RE for power, heat
and fuels supply
the future development pathways of fossil fuel and p@es
the assumed keyechnical and economjgarametergor RE technologies for power generation,
heat supplystorage energy transmission and distributiG@specially for applied muHiegional
power system optimization models in Chaggr

9 additionalpower demandepending on the assumeldctrification rate in the heat and transport

sectorqas analyzeth Chapter).

All thesefactors would influence the transition patfor study regions in terms @iiture electricity,
heat and fuel demangeak energy demandational and regional GObudgets andoeak CO;
emissionsin addition,the national and regional energypply and investment structurédspend on
the generation,storage and transmissiaf energyin the form of electricity, heat and fueland
therefore directly influence thg/stem transition cosendnationaland regional energy independenc
(seeTable6.1).

Table6.1 Summary of key influencing parameters for constructed regional etrargjtionscenarios.

Parameters ltems Influenced Results

Transfer from energy intensive industry to low carbon

economy sepecially for three provinces Power. heat and fuel demand

Economic structure

Population structure Urbanization rate with different energy consumption
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structures for rural and urban residents

Domestic policy fothe development afuclear, natural Power, heat and fuel supply

Energy mlicy )
gas, coaglREand CCS and investment structures

o Efficiency improvement potentials in buildings, industry
Efficiency Peak energy demand
and transport sectors

COzcap
System constraints

Share of RE for pwer, heat and fuels supply Peak CQemissionsCO,
Price development Fossil fuels both from domestic and international marker Pudgets
pathways CO» price

RE technology for heat and power supply

Technology costs with N
) Storage techology Systemtransition costs
assumed learning curves

Transmission and distribution technology

o e . Power demandtructureand
Electrification rate Assumed electrification rates in heat and transport sectc )
energy independency

In my thesis | made the first steps towards a comprehensive sensitiaiygiarby varying a broad
range of cosvariationsand other main influencing system constrafiotsthe optimization of multi
regional power systenfsee Sectiorb.4). However, h order to further discuss the raoiess of
constructed reghal energy transition scenariothe sensitivity analysis for kegociceconomic
framework conditionseed to beonductedn the future This also includethat the scenarimodelers
need toconsiderthe latestRE cost data fronthe development of the real market such as the current
auction prices and future trends tbk RE industrydevelopmentduring innovationprocessesOnly

then can it be avoided in the future that an overestimatioenefgy transition costs anah
underesimation of the deloymentpotentialof RE technologie$n various sectorss carried out in
such analyses (see €%96]).

6.2.3 Social Aspects of Energy Transition

Beyond technicabspects, research is increasingly focusing on governance as a success factor of
energy system transitign7, 114] New analytical frameworks are developed to cover the necessary
institutional changes and address stakeholder integfafidi. Experience to date in various countries
shows that cmprehensive regional planning and energector, and technologgpecific planning

are important strategies for energy pol[@91, 110] Continuously monitoring the achievements in

light of the targets and using milestones under consistent legabfiogl gonditions can guarantee an
effective energy transitiofi7l, 101] Thus, welfounded energy transition management needs to
navigate, i.e., continuously identify the moavdrablesolutions and effective measures in the course

of the transition process. Losigrm scenari@nalysesdp to identify robust and/or optimal transition

pathwayswith the capability of integrating qualitative aspestichas governance and acceptability in
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the futureto reach certain economic, societal, environmental, and climate [§8&las discussed in
Chapter4 and 5 of this study All of the abovementioned transition aspects and related measures

require the support of specific or integrated policies acrassusadministrative levels.

Besides, public acceptance is an importantqmedition for longterm energy system transition. It
involves different market, socioolitical, and community issued0, 11, 52] especially forthe
investment in and construction of energyated infrastructurege.g. nuclear, fossil fuels and
renewable energie$l8]. Public involvement in the decisianaking process may be an important
aspect, but may not necessarily lead to higher local acceptance. However, opportunities for (economic)
participation, transparent informatioand fair sharing of the burden help to avoid local rejection of
projects.For example, thexpandingof nuclear,onshore wind farms and transmission lines usually
poses the highest risk regarding logeteptance. Thaarket development of lowarbon techologies

and efficiency improvement also relies on public awareness. Improving public awareness, e.g., by
active discourse and communicating the societal-teny targets of energy transition, contributes to
public acceptancgs2]. Public consensus, constructive and faacted discourse in the media, and
political stability regarding the targets are preconditions for a successful transition process.
Transforming the energy system toward low carbon pathways also requires o@giechnical
changes and a paradigm shift, which affect not only technology itself, but also business models and
institutions[72, 79, 11%, which has not been discussed in this study

6.3 Outlook: Renewable Energyoriented Market Design

The above discussed process for scenario construction does not consider the implementation of market
mechanisnto integrate renewable energy sources into vargectorsAccording to the latest market

report of renewables from IEA towards 20[3B], the share of competitively set remuneratiuiti

become higher (seeFigure 6.1) . For Chinads case, it i s dri ve
administratively set feeth tariffs (FITs) to auction schemes for onshore wind and solar PV
installations will continue to stimulate hydropower, offshore wind, bioenergy ari ge@wth in

China[38]. Compared with other regions, the market competitive mechanism for the installation of
renewable energies in China needs to be further developed such as through proped @desitjon

schemes.
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Figure6.1 Utility -scale renewable capacity growth by remuneration type,-28187].

Besides,in the futurea new energy market needs to be designed and develdfiedenhanced
flexibility and involving more market playeis order to further support the integration of renewable
energies into the systeim a cat-effective way. Suck mechanism with a combination of power and
carbon market would support the realization of the energy system transition targets both regionally and
nationally. RE electricity could participate in market trading in financial-afeal, intraday, and
reaktime balancing market as well as provide other ancillary senjited] such as flexibility,
frequerty adjustment and reserve capacity with the involvement of energy storage fa@lrfies
However, there are no such shitm trading markets existing in the current power dispatch paradigm

of China [178]. The power market reform in China started in March 2@ifing to establish
competitive wholesale and retail electricity markets especiallyifdustry customers, which is
supported by several market pilot projects in multiple provinces. Just recently, NEA has released a
new draft guidance on the developmentaafomestic electricity spot market (ESM) to support the
energy transition towards leearbon future with the coordination between planning and market
operation under flexible market price signf83]. Specifically, the local and regional conditions in
terms of RE potentials and electricity consumption need to be taken into consideration when
developing the models for electricity markatalysis This guidance has pointed out that regions with
less frequent grid congestion and high market concentration on teeten siderebest sugdfor a
decentralized model with retime markets (or redime balancing mechanism) as a start; in those
regions with rather freqent grid congestion or large skaof RE, a centralized model with dalyead
markets (or a daghead preclearing mechanism) will be a good choice to start WBH].
Nevertheless, the ESM development in China should facilitate the development of regional markets as

well swch as the coordinated development of Beijingnjin-Hebei region and Yangtze River
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Economic Zone with creatingvorableconditions for intramarket transactions and market integration

so as to further promote the consumption of clean energy in a bsrapef87].

The current demonstration projects to tesarbon market in Chinanly coverthe power sector. By

2020, it is planned to extenlemto a national widescheme ando include industry, building and
transport sectors as wellFrom the above scenario analysis | conclude, that a more integrated
approach of C@pricing across all sectors should be considered. However more sectoral specific
modelling would be needed gsjifically to address the impacts of carbon pricing the future
transport demand and its mode shiftifidne establishment ad power market in China would also

help to implement effective GQpricing undera market mechanism and trapsovincial or trans
regional trading of electricity. Besides, other flexibility options such as demand side management
would also require effective price signals. In order to further improve security of supply, measures
such as monitoring supply securjigrametersdevelopig capacity and grid reser{43] also need to

be implemented under market mechanisrich is the guaraee for the implementation aefpolitical
agenda required for energy system transition

119



Bibliography

[1] Bertram, C. et al. 2015. Carbon leckthrough capital stock inertia associated with weak
nearterm climate potiies.Technological Forecasting and Social Chang6, Part A, (2015),

621 72.

[2] Caflisch, M. 2009Global Potentials for Concentrating Solar Power Electricity Generation
Adaptation of the REMix Renewable Energy Supply Model to-Ratiion UseETH Zliich.

[3] Canzler, W. et al . 2017. From Aliving | abdo t
mobility, and Information Technology in Germarnergy Research & Social Scien&,

(2017), 25 35.

[4] Cao, K:K. et al. 2019 Analysis of infrastratural options to integrate renewable energies in
Germany and Europe considering security of supply (INTEEVERYeral Ministry for
Economic Affairs and Energy.

[5] Cebulla, F. 2017. Storage demand in highly renewable energy scenarios for Europe: the
influence of methodology and data assumptions in rimakdd assessments. (2017).

[6] Cheng, C. et al . 2015. Chinads s maRerdewablyy dr op o
and Sustainable Energy Reviewg, (2015), 4855.

[7] Cowell, R. et al. 2017. Enegrgransitions, sumational government and regime flexibility:

How has devolution in the United Kingdom affected renewable energy developErentyy
Research & Social Scienc23, (2017), 160181.

[8] Dai, H. et al. 2016. Key factors affecting leteym penetration of global onshore wind energy
integrating topdown and bottorup approachefenewable Energ5, (2016), 1830.

[9] Dai, Y. et al. 2016Reinventing Fire: Chinae A r oadmap for Chinads Rev
Consumption and Production to 2050xd€utive SummaryEnergy Research Institute,
Lawrence Berkeley National Laboratory and Rocky Mountain Institute.

[10] Dermont, C. et al. 2017. Bringing the policy making perspective in: A political science
approach to social acceptanEmergy Policy 108,(2017), 359368.

[11] DevineWright, P. et al. 2017. A conceptual framework for understanding the social
acceptance of energy infrastructure: Insights from energy stdtagegy Policy 107, (2017),

27 31.

[12] Duan, H. et al . 2 0 gy and Alim&te pohicy targets M HR036 andles e n e
multiple uncertaintiesEnergy Economics/0, (2018), 4660.

[13] EIA2018.Chi na becomes worl doés | argest natur al g a

online: https://www.eia.gov/naturalgas/weekly/archivenagwu/2018/12_06/ (accessed on
21 March 2019)U.S. Energy Information Administration.

[14) EI' A 2018. China surpassed the United States e
Available online: https://www.eia.gov/todayinenergy/detail.php?i®324 (accessed on 12
April 2018).

[15] ElIShazly, R.M. 2011. Feasibility of Concentrated Solar Power under Egyptian Conditions.
(2011).

[16] Fagerberg, J. et al. 20Ibhe Triple Challenge for Europe: The Economy, Climate Change and
GovernanceCentre for Tehnology, Innovation and Culture, University of Oslo.

[17] Fragkos, P. et al. 2017. Energy system impacts and policy implications of the European
Intended Nationally Determined Contribution and dcarbon pathway to 205&nergy Policy
100, (2017), 21e226.

[18] Fraune, C. and Knodt, M. Challenges of Citizen Participation in Infrastructure fRédiking
in Multi-Level System& The Case of Onshore Wind Energy Expansion in Germany.
European Policy Analysis, 2, 256273.

[19] Freeman, R. and Yearworth, M.2Q Climate change and cities: problem structuring methods
and critical perspectives on lesarbon districts.Energy Research & Social Scienc2b,
(2017), 4864.

[20] Fulton, M. et al. 2012Scaling Wind and Solar Power in China: Building the Grid to Meet
Targets.Deutsche Bank Group, DB Climate Change Advisors.

120



[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]

[37]

[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]
[48]

121

Bibliography

Gils, H.C. 2015Balancing of Intermittent Renewable Power Generation by Demand Response
and Thermal Energy Storag€niversitat Stuttgart.

Gils, H.C. et al. 2017. Integrated modellingvaiiable renewable energpased power supply

in Europe Energy 123, (2017), 173188.

GOJP 2016Renewable Vehicles Development Actions Plan in Jiangsu Province (

ao

o

320 “ 7). General Office of Jiangsu Province.
Goldthau, A. 2014. Rethinking the governance of energy infrastructure: Scale, decentralization
and polycentrismEnergy Research &dgial Sciencel, (2014), 134140.

GOSC 2013Action Plan on Prevention and Control of Air Pollution ( -
7). General Office of the State Council.
GOSC 2013Action Plan on Prevention and Control of Air Pollution ( :

7). General Officeof the State Council.
GOSC 2014National Energy Development Strategy and Action Plan (ZIR0D) (0

T 7" 2014 2020 7). General Office of the State Council.
Griffiths, S. 2017. A review and assessment of energy policy in the Middle Ea®aatid
Africa region.Energy Policy 102, (2017), 24269.
Guan, D. et al . 2018. S;temigsons uhroagh trathgtionls inne i n
industry and energy systenMdature Geosciencdl, 8 (2018), 551.
Hall, S. et al. 2017. Investirig low-carbon transitions: energy finance as an adaptive market.
Climate Policy 17, 3 (2017), 28@®98.
He, G. et al. 2016. SWITCIE h i n a : A Systems Approach to Dec
SystemEnvironmental Science & Technolodp, 11 (2016), 546 5473.
He, G. and Kammen, D.M. 2016. Where, when and how much solar is available? A preovincial
scale solar resource assessment for CReaewable Energy5, (2016), 7482.
Lu-Hill, O. and Chen, J. 2013. Supporting measures for building effigi improvement
projects in Shangha ( F W ).
Hong, L. and Moller, B. 2011. Offshore wind energy potential in China: Under technical,
spatial and economic constrairEnergy 36, 7 (2011), 44821491.
Hu, Yuanan and Cheng, H. 2017. plecement Efficiency of Alternative Energy and Trans
Provincial Imported Electricity in Chindature Communication$, 14590, (2017).
Huber, M. et al. 2014. Integration of wind and solar power in Europe: Assessment of flexibility
requirementskEnergy. 69, 0 (2014), 23@46.
IEA 2019. Are auctions forecast to be the primary policy mechanism driving tgidye
renewable electricity capacity expansion? Available online:
https://www.iea.org/newsroom/news/2019/februaryauetionsforecastto-be-the-primary-
policy-mechanisrdriving-utility-scaler.html (accessed on 11 March 2019nternational
Energy Agency.
IEA 2018.Renewables 2018: Analysis and Forecasts to 2b@#8rnational Energy Agency.
IEA 2017.World Energy Outlook 201Tntemational Energy Agency.
IEA 2018.World Energy Outlook 2018nternational Energy Agency.
IPCC 2014. Exploratory and normative scenarios.
IRENA 2017. Renewable Energy Auctions: Analysing 2016. International Renewable Energy
Agency.
IRENA 2015. Renewable Energy Prospects: Germany, REmap 2030 andiyssnational
Renewable Energy Agency (IRENA).
IRENA 2018. Renewable Power Generation Costs in 2017. International Renewable Energy
Agency.
Jacobson, M.Z. et al. 2017. 100% Clead &enewable Wind, Water, and Sunlight-8#&ctor
Energy Roadmaps for 139 Countries in the Waltdile 1, (2017), 108121.
Jiakun, L. 2012. Research on Prospect and Problem for Hydropower Development of China.
Procedia Engineering?8, (2012), 67i/682.
Jian, C. et al. 201 Green Transportation and Energy Consumption in Chitautledge, New
York.
Jiang, K:J . et al . 2 @drbdn invéstmenn pathway lindew the 2°C scenario.
Advances in Climate Change Researchd (2016), 222 34.



[49] Jin, G. et al. eds. 2016. Electricity Demand in Chinese Households: Findings from China
Residential Energy Consumption Survey.

[50] Junne, T. et al. 2019. How to Assess the Quality and Transparency of Energy Scenarios:
Results of a Case Studynemgy Strategy Review§2019).

[51] Kaack, L.H. et al. 2018. Decarbonizing intraregional freight systems with a focus on modal
shift. Environmental Research Letteds3, 8 (Aug. 2018), 083001.

[52] Kammermann, L. and Dermont, C. 2018. How beliefs of thetipalielite and citizens on
climate change influence support for Swiss energy transition péiwrgy Research & Social
Science43, (2018), 4860.

[53] Kang, C. et al. 2013. Balance of power: toward a more environmentally friendly, efficient, and
effecive integration of energy systems in ChihBEE Power and Energy Magazingl, 5
(2013), 56 64.

[54] Kannan, R. and Turton, H. 2016. Long term climate change mitigation goals under the nuclear
phase out policy: The Swiss energy system transiioergy EEonomics 55, (2016), 2111222,

[55] Kempton, W. and T dogiidppwerdimplerehtatibn: Frovhestakiilizing the
grid to supporting largscale renewable energyournal of Power Sourced 44, 1 (2005),

2801 294.

[56] Klein, M. et al. 2019. Rapidly Falling Costs of Renewablége Energy Scenarios Lagging
Behind? (under reviewknergy Strategy Review@019).

[57] Kuzemko, C. et al. 2016. Governing for sustainable energy system change: Politics, contexts
and contingencyEnergy Research & Social Sciend@, (2016), 96105.

[58] Lenhart, S. et al. 2016. Electricity governance and the Western energy imbalance market in the
United States: The necessity of interorganizational collaboratinaergy Research & Social
Sciencel9, (2016), 94107.

[59] Li, A. et al. 2016. Energy conmption and C@ emissions in Eastern and Central China: A
temporal and a crogggional decomposition analysiBechnological Forecasting and Social
Change 103, (2016), 284297.

[60] Li, C. et al. 2015. Comprehensive review of renewable energy curtaiBnenavoidance: A
specific example in ChinaRenewable and Sustainable Energy Revielts (2015), 1067
1079.

[61] Li, J. and Lin, B. 2017. Does energy and Lnissions performance of China benefit from
regional integrationZnergy Policy 101, (2017), 366378.

[62] Li, Y. and Wu, F. 2013. The emergence of centrally initiated regional plan in China: a case
study of Yangtze River Delta Regional Pl&fabitat International 39, (2013), 13i7147.

[63] Li n, B. and Liu, H. 2015 . ang hrbamizatiosEnelogy and d i n g €
Buildings 86, (2015), 356365.

[64] Lind, A. and Espegren, K. 2017. The use of energy system models for analysing the transition
to low-carbon cities The case of Osldznergy Strategy Reviews5, (2017), 4456.

[65] Liu, Q. et al . 2017. Pat hway and pol i €ginesenal y s
Journal of Population Resources and Environmégt 1 (2017), 349.

[66] Liu, W. China Auto Association: 2016 new energy vehicle production and sales were over
500,000, a increase of about 50% (2016 50.7° , 53% )
Available online: https://www.d1lev.com/news/shuju/48462 (accessed on 24 February 2017).

[67] Liu, Y. et al. 2015. The effect of netype urbanization on energy consumption in China: A
spatial econometianalysisJournal of Cleaner Productior{2015).

[68] Li u, Z. 2017. Chinabds strategy EHEnergy Sduttes, dev el
Part B: Economics, Planning, and Polici2, 11 (2017), 91D75.

[69] Luederitz, C. et al. 2017. Many pathwaygsvard sustainability: not conflict but dearning
between transition narrativeSustainability Sciencd 2, 3 (May. 2017), 39307.

[70] Lund, P.D. et al. 2015. Review of energy system flexibility measures to enable high levels of
variable renewable ettricity. Renewable and Sustainable Energy Revie\ss (2015), 786
807.

[71] Lutz, L.M. et al. 2017. Driving factors for the regional implementation of renewable efergy
A multiple case study on the German energy transikoergy Policy 105, (2017)136 147.

122



[72]

[73]

[74]
[75]
[76]

[77]

[78]

[79]

[80]
[81]
[82]

[83]

[84]
[85]

[86]

[87]

[88]

[89]

[90]

[91]

123

Bibliography

Markard, J. and Hoffmann, V.H. 2016. Analysis of complementarities: Framework and

examples from the energy transitiohechnological Forecasting and Social Chanddl,
(2016), 6375.
Mashena, M.E. and Alkishriwi, N.A. 2016. The Econosnid Solar Thermal Electricity (STE)

in Libya. Proceedings of the International Conference on Recent Advances in Electrical

Systems, Tunisiz016).

Meng, M. et al. 2017. Scenario analysis of2@0mi s si ons from Chinads

Journalof Cleaner Productionl42, Part 4, (2017), 3103108.

MHURD 2016.China UrbanrRural Construction Statistical YearbaoMlinistry of Housing
and UrbarRural Development.

Miao, L. 2017. Examining the impact factors of urban residential energymgmtion and C®
emissions in China Evidence from citylevel dataEcological Indicators73, (2017), 2037.

Michalski, J. et al. 2017. Hydrogen generation by electrolysis and storage in salt caverns:

Potentials, economics and systems aspects wghrdeto the German energy transition.
International Journal of Hydrogen Energg2, 19 (2017), 134271.3443.

Moss, T. et al. 2015. Whose energy transition is it, anyway? Organisation and ownership of the

Energiewende in villages, cities and regidoscal Environment20, 12 (2015), 15471.563.

Muinzer, T.L. and Ellis, G. 2017. Subnational governance for the low carbon energy transition:

Mapping the UKO&s HBnEimrenerg gnd Blanmirg tCi Roliids iaral ispace
(2017), 2399654416687999.
NDRC 2016.13th FiveYear Plan for Economic and Social Developméanty(,

wo Wwra g % ). National Congress.
NDRC 2017.13th Fiveyear Plan for Natural Gas Development (2e4@20) ( o @
20 7).

NDRC 2017.13th National FiveFive Plan for Energy Development ( § fW7 70
7). National Development and Reform Commission, National Energy Board.
NDRC 2017.13th National Fiveyear Plan for Geothermal Development ( 0 #

AW:> 7 & 7). National Development and Reform Commission, National Energy

Administration, National Ministry of Land and Resources.
NDRC 2016.13th National FiveYear Plan for Power Development ¢ & fAW> 70 %

© 20162020 ). National Development and Reform Commission, National Energy Board.

NDRC 2016.13th National FiveYear Plan for Renewable Energy DevelopmeéntR
O f@w7 70 7). National Development and Reform Commission.

NEA 2018.2017 National Renewable Energy Power Development Monitoring and Evaluation

~

Report (2017 n P zZ 0 E ). Available online:

http://zfxgk.nea.gov.cn/auto87/201805/t20180522_3179.htm (accessed on 18 March 2019)

National Energy Administration.

NEA 2019.0pinions on Further Promoting the P|Iot Program of Developing Electricity Spot

Markets (Draft for Comments) ( G w z
b £ ). Available online: http://www.nea.gov.cn/2019

03/08/c_137878845.htm (accessed on 14 March 20d#)onal Energy Administration.
NEA 2016.Renewable portfolio standard policy (RPS) P ). National
Energy Administration.
NEA 2019. Solar PV cumulative installed capacity at yeard 2018 of China (2018 @ 3 0

H ). Available online: http://www.nea.gov.cn/20@9/19/c_137907428.htm
(accessed on 04 April 201¥National Energy Administration.
NEA 2018.The Status of the Construmii and Operation of Photovoltaic in the First three
Quarters of 2018 in China (2018 /éj"f w3 " ). Available online:
http://www.nea.gov.cn/20181/19/c_137617256.htm (accessed on 18 March 2019).
National Energy Administration.
Noel, L. 2017. The lniden economic benefits of largeale renewable energy deployment:
Integrating heat, electricity and vehicle systerBsergy Research & Social Scienc2s,
(2017), 5459.

el

e



[92]
[93]

[94]

[95]
[96]
[97]
[98]
[99]
[100]
[101]
[102]
[103]
[104]
[105]
[106]
[107]

[108]

[109]

[110]
[111]

[112]

[113]
[114]

[115]

[116]

OECD 2015.The Metropolitan Century: Understanding Urbanisation and its Consenpge
OECD.

OECDI/IEA 2017. District Energy Systems in China: Options for Optimisation and
Diversification IEA and Tsinghua University.

Ou, X. et al. 2017. The Lowarbon Transition toward Sustainability of Regional €oal
Dominated Energy Consuniph Structure: A Case of Hebei Province in Chigastainability

9,7 (2017).

Pan, X. et al . 2017. Chinabs energy system t
of different effortsharing principlesEnergy Policy 103, (2017), 11i6126.

Pan, X. et al . 2018. Decarboni zation of Chi

mitigation toward the Paris Agreement go&aergy 155, (2018), 853864.

Pfenninger, S. and Keirstead, J. 2015. Renewables, nuclear, or fossil fue?oSden Great
Britainds power system consi deAppliedgEnemydsS2t s, e mi
(2015), 8393.

PLATTS 2015. World Electric Power Plants Database. S&P Global Platts.

Pregger, T. et al. 2013. Lofigrm scenarios andrategies for the deployment of renewable
energies in Germanienergy Policy 59, 0 (2013), 35®60.

Pye, S. et al. 2015. An integrated systematic analysis of uncertainties in UK energy transition
pathwaysEnergy Policy 87, (2015), 67(3684.

Rogge, K.S. et al. 2017. Conceptual and empirical advances in analysing policy mixes for
energy transition€nergy Research & Social Scien&8, (2017), 110.

Sandal ow, D. et al . 2018. A Natur al Gas Gi ant
Global MarketsColumbia Center on Global Energy Policy.
Schlenzig, C. 1998P | a Net . : ein entscheidungsununeer st ¢t z

UmweltplanungUniversitat Stuttgart.

Schmid, E. et al. 2016. Putting an energy system transformation into practice: The case of the
German EnergiewendEnergy Research & Sociat®nce 11, (2016), 26275.

Scholz, Y. et al. 2016. Application of a higletail energy system model to derive power sector
characteristics at high wind and solar shaeeergy Economicg2016).

Scholz, Y. 2012Renewable energy based el@ity supply at low costs: development of the
REMix model and application for Europdniversitat Stuttgart.

Seven2one 2015. Mesap documentation. Available online:
http://www.seven2one.de/en/technology/mesap.html (accessed on 07 September 2015).
Shafiei, E. et al. 2015. Comparative analysis of hydrogen, biofuels and electricity transitional
pathways to sustainable transport in a renewbh$ed energy systerinergy 83, (2015),

614 627.

Shafiei, E. et al. 2017. Energy, economic, and @iityn cost implications of transition toward

a carbomeutral transport sector: A simulatidased comparison between hydrogen and
electricity.Journal of Cleaner Productiori4l, (2017), 237247.

Shum, K.L. 2017. Renewable energy deployment polictransition management perspective.
Renewable and Sustainable Energy Revi&®s(2017), 1380.388.

Simon, S. et al. 2018. Transformation towards a Renewable Energy System in Brazil and
Mexico - Technological and Structural Options for Latin Amari€nergies 11(4), 907 (2018).
SolaneRodr 2 guez, B. et al . 2 &é&r@EmisdmxEnergy8ystenT r an s i
Near Term Implications of Long Term Stringent Climate Tardatsiting Global Warming to

Well Below 2°C: Energy System Mollieg and Policy DevelopmentG. Giannakidis et al.,

eds. Springer International Publishing. B331.

Song, K. et al. 2016. Assessment of Biomass Power Potential on Provincial Scale and Analysis
on Plan Target Quot&orum on Science and TechnologyGhina 0, (2016), 124129.

Spreng, D. 2014. Transdisciplinary energy reseaiRbflecting the contexEnergy Research

& Social Sciencel, (2014), 6673.

Stafford, B.A. and Wilson, E.J. 2016. Winds of change in energy systems: Policy
implementation, technology deployment, and regional transmission organizakoesgy
Research & Social Scienc2l, (2016), 222236.

Stetter, D. 2014Enhancement of the REMix energy system model: Global renewable energy
potentials, optimized power plasiting and scenario validatiorUniversitat Stuttgart.

124



[117]

[118]

[119]

[120]

Bibliography

Sun, L. et al. 2018. Energyater nexus analysis in the Beijinganjini Hebei region: Case of
electricity sectorRenewable and Sustainable Energy Revi®&s(2018), 2i734.

Tang, S. et la 2016. Synergy Mechanism Research Based on the Integration of Beijing
Tianjin-Hebei Region.Proceedings of 2015 2nd International Conference on Industrial
Economics System and Industrial Security EngineelihgLi et al., eds. Springer Singapore.
181 185.

Tena, D. Luca de 2014.arge Scale Renewable Power Integration with Electric Vehicles
Universitat Stuttgart.

Tena Diego, L. de and Pregger, T. 2018. Impact of electric vehicles on a future renewable
energybased power system in Europe with a focus on Germatgrnational Journal of
Energy Researcl®, 0 (2018).

[121] Teske, S. et al. 2019. Achieving the Paris Climate Agreement Goals: Global and Regional 100%

[122]

[123]

[124]

[125]

[126]

[127]
[128]
[129]
[130]

[131]

[132]

[133]
[134]
[135]
[136]

[137]

[138]

125

Renewable Energy Scenarios to achieve thesPsgreement Goals with nemergy GHG
pathways for +1.5°C and +2°Cham: Springer(2019).

Teske, S. et al. 201&nergy [R]evolution A sustainable world energy outladireenpeace
International, Global Wind Energy Council, SolarPowerEurope, BhatsZentrum flr Ludt

und Raumfahrt (DLR).

Teske, S. et al. 201&nergy[R]evolutiori A Sustainable World Energy Outlook 2015, report
5th edition Greenpeace/GWEC.

Topi, C. et al. 2016. The economics of green transition strategies for €idadow carbon,
energy efficient development approaches be adapted to demand side urban water efficiency?
Environmental Science & Polic$8, (2016), 7482.

Trieb, F. et al. 2009. Global Potential of Concentrating Solar P&atarPaces Conference
Berlin. (2009).

Tsita, K.G. and Pilavachi, P.A. 2017. Decarbonizing the Greek road transport sector using
alternative technologies and fuelhermal Science and Engineering Progrelss(2017), 16

24.

Ummel, K. and Wheeler, D. 2008. Desert gowthe economics of solar thermal electricity for
Europe, North Africa, and the Middle East. (2008).

UN 2016.The New Urban Agendddabitat Ill: The United Nations Conference on Housing
and Sustainable Urban Development.

UN 2014. World Urbaniation Prospects Department of Economic and Social Affairs,
Population Division.

UNEP 2015.District Energy In Cities: Unlocking the Potential of Energy Efficiency and
Renewable Energynited Nations Environment Programme.

Vimmerstedt, L. et la 2012. High Penetration of Renewable Energy in the Transportation
Sector: Scenarios, Barriers, and Enablemdational Renewable Energy Laboratory and
Argonne National Laboratory.

Wang, C. et al. 2014. The value of a clear, ke climate policyagenda: A case study of
China’s power sector using a mukigion optimization modelpplied Energy 125, (2014),

276 288.

Wang, Q. 2014. Effects of urbanisation on energy consumption in (hmeagy Policy 65,
(2014), 332339.

Wang, Q. et la 2016. Exploring the relationship between urbanization, energy consumption,
and CQ emissions in different provinces of ChinRenewable and Sustainable Energy
Reviews54, (2016), 15631579.

Wang, S. et al . 20109. D e cmatiots Amalszof thegAmeiban n a 0 s
Association of Geographer$09, 1 (2019), 26&85.

Wang, Y. 2017. National carbon market launched for power sector.

Wang, Z. et al. 2015. Residential heating energy consumption modeling through a-Ugmttom
apppach f or Chi nCold sVintet elimatiS negioneergy and Buildings109,
(2015), 65 74.

Wei,S.20l15Enhanced Actions on Climate Change: Chi
Contributions Department of Climate Change, National Develept and Reform
Commission of China.



[139]

[140]

[141]

[142]
[143]
[144]
[145]
[146]
[147]
[148]
[149]
[150]
[151]
[152]
[153]
[154]
[155]
[156]

[157]

[158]

[159]

[160]

[161]

Wen, A. and Jing, Y. 2011. EU Lewvar b on Revolutionos I nfl uenc

Delta Regional Development and Its CountermeastEasrgy Procedia5, (2011), 22809
2302.

Wen, J. 2016China Energy Stadtical Yearbook Nat i onal Bureau of Stat

Republic of China.

Wittmayer, J.M. and Loorbach, D. 2016. Governing Transitions in Cities: Fostering
Alternative Ideas, Practices, and Social Relations Through Transition Management.
Goveanance of Urban Sustainability Transitions: European and Asian Experierides
Loorbach et al., eds. Springer Japan.3&3

Wu, J. et al. 2017. Mind the gap! Barriers and implementation deficiencies of energy policies
at the local scale in urban Chirenergy Policy 106, (2017), 201211.

WWF 2011.2050 Shanghai Low Carbon Development Roadmap Rapdit- Shanghai Low
Carbon Development Roadmap Research Team.

Xiao, M. et al. 2019. Energy System Transition in Eastern Coastal MetropolitaonRex
Chinai The Role of Regional Policy Plarinergies (2019).

Xiong, W. et al. 2016. Case study of the constraints and potential contributions regarding wind
curtailment in Northeast Chin&nergy 110, (2016), 5554.

Xiong, W. et al. 2@5. Heat roadmap China: New heat strategy to reduce energy consumption
towards 2030Energy 81, (2015), 274285.

Yang, X.J. et al. 2016. Ch iEmvimodnsental Bevetopnzent | e
20, (2016), 8B90.

Zhang, D. et al. 201 Present situation and future prospect of renewable energy in China.
Renewable and Sustainable Energy Revi&ws(2017), 865371.

Zhang, P. et al. 2009. Opportunities and challenges for renewable energy policy in China.

Renewable and Sustainaliieergy Reviewsl3, 2 (2009), 433149.
Zhang, R. et al. 2018. The contribution of transport policies to the mitigation potential and cost
of 2 °C and 1.5 °C goal&nvironmental Research Lettefls3, 5 (Apr. 2018), 054008.
Zhao, G. et al. 201 Energy modelling towards low carbon development of Beijing in 2030.
Energy 121, (2017), 107113.
Zhao, J. et al. 2014. Power generation and renewable potential in &enawable and
Sustainable Energy Reviewt, (2014), 72i7740.
Zhao, X.and Ren, L. 2015. Focus on the development of offshore wind power in China: Has
the golden period comd®enewable Energyl, (2015), 644657.
Zhou, Y. et al. 2014. Scenario analysis of endrgged lowcarbon development in China.
Journal of Enviromental Science26, 8 (2014), 16311640.
2018. 13th Five Year Plan for Integrated Transgah System Development in Jiangsu
Province ( zn0 ., r 0 78). Government of Jiangsu Province.
2016.13th FiveYear Plan for BeijingTianjin-Hebei Region Collaborative Development (

"y O f@wrp0 7). National Development and Reform Commission RMD).

2016.13th FiveYear Plan for BeijingTianjin-Hebei Region Renewable Energy Development
( = O @AW 70 7). National Development and Reform Commission
(NDRC).

2016.13th Fiveyear Plan for Biomass Development ( O RAWF 0 7). Ministry

of Energy.

2016. 13th FiveYear Plan for Economic and Social Development in Beiiramjin-Hebei
Region ( ~ ) W=z @ g % ). National Development and

Reform Commission (NDRC).
2016.13th FiveYear Plan for Economic and Social Developmenti@bei Province (.

] Wss @ 7 ). Hebei Development and Reform
Commission.
2016.13th FiveYear Plan for Economic and Social Development in Jiangsu Province (
v W:2 @ g 7 ). Jiangsu Development and Reform
Commission.

126



[162]

[163]
[164]
[165]
[166]
[167]
[168]
[169]
[170]
[171]
[172]

[173]

[174]

[175]
[176]

[177]
[178]

[179]
[180]
[181]
[182]
[183]
[184]
[185]

[186]
[187]

[188]

[189]
[190]

127

Bibliography

2016.13thFive-Year Plan for Economic and Social Development in Zhejiang Province (

v W:> @ 71 7 ). Zhejiang Development and Reform
Commission.
2017.13th Fiveyear Plan for Energy Development in Beijing.( AWz 70 1]

7). Beijing Development and Refa Commission.
2017.13th Fiveyear Plan for Energy Development in Hebei Province ( Al£’s 57 0

] 7). Government of Hebei Province.
2017.13th Fiveyear Plan for Energy Development of Shangtai ( O RK?0

7). Shanghai Government.
2017.13th Fiveyear Plan for Modern Integrated Transport System Development {20A®)

(#7970 79 r0 7). General Office of the State Council.

2016.13th Fiveyear Plan for Power Development in Jiangsu Province ( Alk7 70

z0 F 7). Jiangsu Province Delpment and Reform Commission.

2016.13th Fiveyear Plan for Renewable Energy Development in Beijing ( Atz 70
= ] %).

2016.13th Fiveyear Plan for Renewable Energy Development in Hebei Province ( i/
2270 = 0 7).

2016.13th Five-year Plan for Renewable Energy Development in Tianjin ( A7 70

P ] 7).
2017.13th Fiveyear Plan on Builidng Energy Saving and Green Buildings ( b
O @AW 70 7). Ministry of Housing and UrbaRural Development.

2016.13th National Fie-Five Plan for Wind Energy Development 2@@20) ( & fW
22710 7). National Energy Board.

2019. 2018 wind power installations and production by province. Available online:

https://chinaenergyportal.org/2028ind-powerinstallationsand-productiortby-province/

(accessed on 12 March 201@9hina Energy Portal.

2015. China 2050 High Renewable Energy Penetration Scenarion and Roadmap Study

Energy Research Institute of National Development and Reform Commission.

2016.China Energy Statistic€hina Statistics Press.

China Qil Consumption (1968017) Available online:
https://www.ceicdata.com/en/indicator/chinafoiinsumption (accessed on 21 March 2018).
2017. China Renewable Energy Data BooKlet (P Y).

2017. China Renewable Energy Outlook 201China Research Institute of Academy of
Macroeconomic Research/NDRC, China National Renewable Energy Center.

2018. China Renewable Energyu@ook 2018 China Research Institute of Academy of
Macroeconomic Research/NDRC, China National Renewable Energy Center.

2016.China Statistical Year BooRational Bureau of Statistics of China.

2016.China Transportation Yearbookhina Trangortation Publication.

China Transportation Yearbook 202014.

2017.Clean Heating Plan for Northern China (202D21) ( w7 ] 78

© 20172021 7). National Development and Reform Commission.

Forecast for provincial installed capacity of wind and solar of 2020. Available online:
https://www.china5e.com/news/net@35276-1.html (accessed on 25 June 2019).
2017.Geographic Information System (GIS) Basic Data of Chivetional Geomatics Center
of China.

Geothermal PotentialChinese Renewable Energy Industries Association (CREIA).
Guidance for Renewabtenergy Development during 13th Fyear Plan period (201-2020)
("e" P 0 fAwrgo 7% ). National Energy Administration.
2017. Investigations of sea water pump storage potentials in Chhiational Energy
Administration.

2013. More investms for efficiency improvement in building sector.

Multi-resolution Emission Inventory for China v.1MEIC Database.



[191]

[192]

[193]

[194]
[195]
[196]

[197]
[198]

[199]

[200]

On going program of carbon trading in 5 municipalities and 2 provinces ( ¥
) Available online: https://www.china5egdsubject/show_750.html (accessed on 1
November 2018).

2014. Pathways to Deep Decarbonization: 2014 Report. Institute for Sustainable Development
and International Relations, Sustainable Development Solutions Network.
2017.Policy Report for Ectric Vehicles Charging Infrastructure Market during 13th Five
year Pl an pesarigofgd (7201%) (n o [ ~ 2017

.
2013.Potentials of pump hydro storage in Chirzhina Society for Hydropower Engineering.
2011. Regional Policy in Chinand the EU: A Comparative Perspective. European Union.
2016. Research Report for Energy Consumption in Buildings of China (2016). Energy
Foundation and China Association for Building Efficiency.
2016.Statistics of Power Industry DevelopmehChina China Electric Power Press.
2017.The CSP development targets in eight provinces will reach 9.31 GW by 2020/ (
AE? 700 O 7% 9.31GW) Solar Thermal Expo.
2018. The situation of wind power operation of 2017 in China. National Energy
Administration.
2019. An overview of China ©al imports in Dec. Available online:
http://chinacoalindex.com/news/info?id=4586473 (accessed on 31 March 2019). China Coal
Index.

128



Appendix A

Appendix A Current Energy System Situation and Energy Related

Emissions in Study Regions and China
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Appendix C

Appendix C Input Data of Costs and Efficiency Assumptions, Final Energy Demand of CPS in Regional Energy System
Model of Two Study Regions

Table C1 Input data of costs for regioneiner gy system model of #wo study regions (Unit: G4 2015)

Attribute Sector Technology Substance Unit 2015 2020 2025 2030 2035 2040 2045 2050
Specific CQ cost CHP Plants CHP Coal Co, al/ t 0 19 42 66 89 113 136 160
Specific CQ cost CHP Plants CHP Gas CO, alt 0 19 42 66 89 113 136 160
Specific CQ cost CHP Plants CHP Lignite CGo, al/ t 0 19 42 66 89 113 136 160
Specific CQ cost CHP Plants CHP Oil CO, alt 0 19 42 66 89 113 136 160
Specific CQ cost Industry CHP CHP Coal CO, alt 0 19 42 66 89 113 136 160
Specific CQ cost Industry CHP CHP Gas CO, alt 0 19 42 66 89 113 136 160
Specific CQ cost Industry CHP CHP Lignite Co, al/ t 0 19 42 66 89 113 136 160
Specific CQ cost Industry CHP CHP Oil CO, alt 0 19 42 66 89 113 136 160
Specific CQ cost Residential EIP CHP Coal CO, alt 0 11 21 31 41 50 60 70
Specific CQ cost Residential CHP CHP Gas CO, alt 0 11 21 31 41 50 60 70
Specific CQ cost Residential CHP CHP Lignite CGO, alt 0 11 21 31 41 50 60 70
Specific CQ cost Residential CHP CHP Oil CO, alt 0 11 21 31 41 50 60 70
Specific CQ cost Oth.Sect. CHP CHP Coal Co, alt 0 11 21 31 41 50 60 70
Specific CQ cost Oth.Sect. CHP CHP Gas CO, alt 0 11 21 31 41 50 60 70
Specific CQ cost Oth.Sect. CHP CHP Lignite CGO, alt 0 11 21 31 41 50 60 70
Specific CQ cost Oth.Sect. CHP CHP Ol Co, alt 0 11 21 31 41 50 60 70
Specific CQ cost Power plants Coal power plant CO, alt 0 19 42 66 89 113 136 160
Specific CQ cost Power plants Diesel generator CGO, alt 0 19 42 66 89 113 136 160
Specific CQ cost Power plants Gas poweplant CO, alt 0 19 42 66 89 113 136 160
Specific CQ cost Power plants Lignite power plant CGO, alt 0 19 42 66 89 113 136 160

11 Note: Oth.Sect. refers theservices and commerce sector, the same below.
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Specific CQ cost Power plants Oil power plant CO, alt 0 19 42 66 89 113 136 160

Specific fixed O&M cost CHP Plants CHP Biomas and waste Electricity a/l k Wi/ 63 63 62 61 61 61 61 61

Specific fixed O&M cost CHP Plants CHP Coal Electricity al k w/ 34 34 34 34 34 34 34 34

Specific fixed O&M cost CHP Plants CHP Gas Electricity al k w/ 23 23 23 23 23 23 23 23

Specific fixed O&M cost CHP Plants CHP Geothermal Electricity al k w/ 232 197 177 157 144 131 123 114

Specific fixed O&M cost CHP Plants CHP Lignite Electricity al k w/ 34 34 34 34 34 34 34 34

Specific fixed O&M cost CHP Plants CHP Oil Electricity al k w/ 35 35 34 33 33 32 31 31

Specific fixed O&M cost  Hydrogen production  Electrolysis Hydrogen al k w/ 25 22 19 17 14 13 11 10

Specific fixed O&M cost  Industry CHP CHP Biomass and waste Lﬁ“ssl}gp‘ii'gﬁt”c'ty A/ kW 63 63 62 61 61 61 61 61

Specific fixed O&M cost  Industry CHP CHP Coal Industry e_Iectr|C|ty al/l k w/ 34 34 34 34 34 34 34 34
consumption

Specific fixed O&M cost  Industry CHP CHP Fuel cell Industry electricity G/ kW 135 135 101 68 68 68 43 30
consumption

I Industry electiity .

Specific fixed O&M cost  Industry CHP CHP Gas consumption a/ k wi/ 23 23 23 23 23 23 23 23

Specific fixed O&M cost  Industry CHP CHP Geothermal Lr;‘:]iﬂgpigsgtr'c'ty G/ KW/ 232 197 177 157 144 131 123 114

Specific fixed O&M cost  Industry CHP CHP Lignite Industry electricity al kw34 34 34 34 34 34 34 34
consumption

Specific fixed O&M cost  Industry CHP CHP Oil Industry electricity G/ kW 68 66 65 64 62 61 59 58
consumption

Specific fixed O&M cost  Residential CHP CHP Biomass and waste 55;;%?&?!}?9(””“)/ a/l k w/ 126 126 125 124 123 121 119 117

e ) . Residential electricity .

Specific fixed O&M cost  Residential CHP CHP Coal consumption a/ k wi/ 34 34 34 34 34 34 34 34

Specific fixed O&M cost  Residential CHP CHP Fuel cell ReS|dent|§| electricity a/l k w/ 135 135 101 68 68 68 43 30
consumption

Specific fixed O&M cost  Residential CHP CHP Gas Residential electricity 5 )y 23 23 23 23 23 23 23 23
consumption

Specific fixed O&M cost  Residential CHP CHP Geothermal S;féﬂer;‘;'t?gr‘f'ec”'c'ty a/ kW 232 197 177 157 144 131 123 114

Specific fixed O&M cost Residential CHP CHP Lignite Residential electricity /v 34 34 34 34 34 34 34 34
consumption

Specific fixed O&M cost  Residential CHP CHP Oil Residential electricity 5/ ;4 66 65 64 62 61 59 58
consumption
Other sectors

Specific fixed O&Mcost  Oth.Sect. CHP CHP Biomass and waste electricity a/ k Wi/ 126 126 125 124 123 121 119 117
consumption
Other sectors

Specific fixed O&M cost  Oth.Sect. CHP CHP Coal electricity a/ k Wi/ 34 34 34 34 34 34 34 34
consumption

Specific fixed O&M ost ~ Oth.Sect. CHP CHP Fuel cell Other sectors G/ kw135 135 101 68 68 68 43 30

electricity
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consumption

Other sectors

Specific fixed O&M cost  Oth.Sect. CHP CHP Gas electricity al k w/ 23 23 23 23 23 23 23 23
consumption
Other sectors

Specific fixed O&M cost  Oth.Sect. EGIP CHP Geothermal electricity al k w/ 232 197 177 157 144 131 123 114
consumption
Other sectors

Specific fixed O&M cost  Oth.Sect. CHP CHP Lignite electricity al k w/ 34 34 34 34 34 34 34 34
consumption
Other sectors

Specific fixed O&M cost  Oth.Sect. CHP CHP QOil electricity_ al k w/ 68 66 65 64 62 61 59 58
consumption
Specific fixed O&M cost  Power plants Biomass and waste power plai Electricity al k w/ 50 50 50 50 49 48 47 47
Specific fixed O&M cost  Power plants Coal power plant Electricity U Mia 27 27 27 27 27 27 27 27
Specific fixed O&M cost  Power plants Diesel generator Electricity al k w/ 99 99 99 99 99 99 99 99
Specific fixed O&M cost  Power plants Gas power plant Electricity a/l k w/ 21 18 18 18 18 18 23 34
Specific fixed O&M cost  Power pants Geothermal power plant Electricity al k w/ 217 41 39 38 37 37 37 36
Specific fixed O&M cost  Power plants Hydro large Electricity al k w/ 35 36 37 37 38 38 39 39
Specific fixed O&M cost  Power plants Hydro small Electricity a/ k wi/ 36 36 37 38 38 39 39 39
Specific fixed O&M cost  Power plants Lignite power plant Electricity a/l k w/ 30 30 30 30 30 30 30 30
Specific fixed O&M cost  Power plants Nuclear power plant Electricity a/ k wi/ 77 108 107 106 101 96 96 96
Specific fixed O&M cost  Power plants Ocean engy power plant Electricity a/l k w/ 178 171 141 112 96 79 67 57
Specific fixed O&M cost  Power plants Oil power plant Electricity a/ k wi/ 49 48 47 46 45 44 43 42
Specific fixed O&M cost  Power plants PV power plant Electricity a/l k w/ 15 11 10 8 7 6 6 5
Specfic fixed O&M cost  Power plants Solar thermal power plant Electricity a/ k wi/ 176 153 132 112 103 94 88 85
Specific fixed O&M cost  Power plants Wind turbine offshore Electricity a/l k w/ 135 122 107 93 87 82 76 72
Specific fixed O&M cost  Power plants Wind turbine onshore Electricity a/ k Wi/ 28 27 27 27 26 26 26 26
Specific investment cost CHP Plants CHP Biomass and waste Electricity al/ kw 1665 1665 1643 1620 1620 1620 1620 1620
Specific investment cost CHP Plants CHP Coal Electricity a/ kW 788 788 788 788 788 788 788 788
Specific investment cost CHP Plants CHP Gas Electricity al/ kw 495 495 495 495 495 495 495 495
Specific investment cost CHP Plants CHP Geothermal Electricity a/ kw 11879 10071 9038 8005 7360 6714 6262 5810
Specific investment cost CHP Plants CHP Lignite Electricity al/ kw 788 788 788 788 788 788 788 788
Specific investment cost CHP Plants CHP Qil Electricity a/ kW 1183 1158 1135 1112 1088 1064 1041 1017

141



Specific investment cost

Specific investment cost
Specific investment cost
Specific investment cost
Specific investment cost
Specific investment cost
Specific investment cost
Specific investment cost
Specific investment cost
Specific investment cost
Specific investment cost
Specific investment cost
Specific investment cost
Specific investment cost

Specific investment cost

Specific investment cost

Specific investment cost

Specific investment cost

Specific investment cost

Specific investment cost

Specific investment cost

Specific investment cost

Hydrogen production
Industry CHP

Industry CHP
Industry CHP
Industry CHP
Industry CHP
Industry CHP
Industry CHP
Residential CHP
Residential CHP
Residential CHP
Residential CHP
Residential CHP
Residential CHP

Residential CHP

Oth.Sect. CHP

Oth.Sect. CHP

Oth.Sect. CHP

Oth.Sect. CHP

Oth.Sect. CHP

Oth.Sect. CHP

Oth.Sect. CHP

Electrolysis

CHP Biomass and waste
CHP Coal

CHP Fuel cell

CHP Gas

CHP Geothermal

CHP Lignite

CHP Qi

CHP Biomass and waste
CHP Coal

CHP Fuel cell

CHP Gas

CHP Geothermal

CHP Lignite

CHP Qill

CHP Biomass and waste

CHP Coal

CHP Fuel cell

CHP Gas

CHP Geothermal

CHP Lignite

CHP Qill

Hydrogen

Industry electricity
consumption
Industry electricity
consumption
Industry electricity
consumption
Industry electricity
consumption
Industry electricity
consumption
Industry electricity
consumption
Industry electricity
consumption
Residential electricity
consumption
Residential electricity
consumption
Residential electricity
consumption
Residential electricity
consumption
Residential electricity
consumption
Residential electricity
consumption
Residential electricity
consumption

Other sectors
electricity
consumption

Other sectors
electricity
consumption

Other sectors
electricity
consumption

Other sectors
electricity
consumption

Other sectors
electricity
consumption

Other sectors
electricity
consumption

Other sectors

a/

a/

a/

a/

a/

a/

a/

al/

al/

a/

al/

al/

a/

a/

al

a/

a/

a/

a/

a/

a/

a/

k W
k W

k W

k W

k W

k W

k W

k W

k W

k W

k W

k W

k W

k W

k W

k W

k W

k W

k W

k W

k W

k W

1238
1665

788

4500

495

11879

788

1183

3330

788

4500

495

11879

788

1182

3330

788

4500

495

11879

788

1182

1102
1665

788

4500

495

10071

788

1158

3330

788

4500

495

10071

788

1158

3330

788

4500

495

10071

788

1158

966
1643

788

3375

495

9038

788

1135

3308

788

3375

495

9038

788

1135

3308

788

3375

495

9038

788

1135

829
1620

788

2250

495

8005

788

1112

3285

788

2250

495

8005

788

1112

3285

788

2250

495

8005

788

1112

693
1620

788

2250

495

7360

788

1088

3240

788

2250

495

7360

788

1088

3240

788

2250

495

7360

788

1088

632
1620

788

2250

495

6714

788

1064

3195

788

2250

495

6714

788

1064

3195

788

2250

495

6714

788

1064

571
1620

788

1421

495

6262

788

1041

3150

788

1421

495

6262

788

1041

3150

788

1421

495

6262

788

1041

510
1620

788
1007
495
5810
788
1017
3105
788
1007
495
5810
788

1017

3105

788

1007

495

5810

788

1017
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Specific investment cost
Specific investment cost
Specific investment cost
Specific investment cost
Specific investment cost
Specific inveginent cost

Specific investment cost
Specific investment cost
Specific investment cost
Specific investment cost
Specific investment cost
Specific investment cost
Specific invement cost

Specific investment cost

Specific investment cost

Specific investment cost
Specific investment cost
Specific investment cost
Specific investmentast

Specific investment cost
Specific investment cost
Specific investment cost
Specific investment cost
Specific investment cost
Specific investment cost

Specific investment cost
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Power plants
Power plants
Power plants
Power plants
Power plants
Power plants
Power plants
Power plants
Power plants
Power plants
Power plants
Power plants
Power plants
Power plants

Powerplants

Industry heat plants
Industy heat plants
Industry heat plants
Industry heat plants
Residential heat plants
Residential heat plants
Residential heat plants
Residential heat plants
Oth.Sect. heat plants
Oth.Sect. heat plants

Oth.Sect. heat plants

Biomass and waste powedapt

Coal power plant

Diesel generator

Gas power plant
Geothermal power plant
Hydro large

Hydro small

Lignite power plat
Nuclear power plant
Ocean energy power plant
Oil power plant

PV power plant

Solar thermal power plant
Wind turbine offshore

Wind turbine onshore

Electric heat pump
Solar heat plant

Geothermal heat plant

Biomass and waste heat plant

Electric heat pump
Solar heat plant

Geothermal heat plant

Biomass and waste heat plant

Electric heat pump
Solar heat plant

Geothermal hegilant

electricity
consumption

Electricity
Electricity
Electricity
Electricity
Electricity
Electricity
Electricity
Electricity
Electricity
Electricity
Electricity
Electricity
Electricity
Electricity

Electricity

Industry heat
consumption
Industry heat
consumption
Industry heat
consumption
Industry heat
consumption
Residential heat
consumption
Residential heat
consumption
Residential heat
consumption
Residential heat
consumption
Other sectors hea
consumption
Other sectors heat
consumption
Other sectors heat
consumption

a/

a/

a/

a/

a/

a/

a/

a/

a/

a/

k W
k W
k W
k W
k W
k W
k W
k W
k W
k W
k W
k W
k W
k W
k W

k W

k W

k W

k W

k W

k W

k W

k W

k W

k W

k W

1440
630
810
375

11104

1440
1800
693
1800
5940
853
1170
4410
3641
1125

1500

714

2000

500

1500

107

2000

100

1500

107

2000

1440
630
810
315

2070

1485

1800
693

2520

5715
837
880

3825

3285

1080

1455

684

1900

485

1455

107

1900

100

1455

107

1900

1440
630
810
315

2003

1508

1845
693

2498

4725
820
770

3308

2903

1071

1411

628

1800

470

1411

107

1800

100

1411

107

1800

1440
630
810
315

1935

1530

1890
693

2475

3735
803
660

2790

2520

1062

1369

612

1700

456

1369

107

1700

100

1369

107

1700

1418
630
810
315

1913

1553

1913
693

2363

3195
786
580

2565

2363

1053

1328
583

1603
443

1328
107

1603
100

1328
107

1603

1395
630
810
315

1890

1575

1935
693

2250

2655
770
500

2340

2205

1044

1288

540

1508

429

1288

107

1508

100

1288

107

1508
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1375
630
810
410

1872

1595

1955
693

2250

2223
753
460

2205

2063

1036

1249

499

1417

416

1249

107

1417

100

1249

107

1417

1357
630
810
600

1859

1613

1973
693

2250

1921
736
420

2124

1936

1029

1212

460

1328

404

1212

107

1328

100

1212

107

1328



Other sectors heat

Specific investment cost Oth.Sect. heat plants  Biomass and waste heat plant consumption ual kw 100 100 100 100 100 100 100 100
Specific investment cost Hea plants Solar heat plant District heat ual kw 814 780 715 698 664 616 569 524
Specific investment cost Heat plants Geothermal heat plant District heat al/ kw 2000 1900 1800 1700 1603 1508 1417 1328
Specific investment cost Heat plants Biomass and waste hgaant District heat ual kw 500 485 470 456 443 429 416 404
Energy carrier cost Biomass and waste al GJ 5 6 8 10 10 10 10 10
Energy carrier cost Crude oil al GJ 8 11 14 19 17 22 27 32
Energy carrier cost Electricity import a/ k Wh 0.05 0.05 0.052 0.054 0.055 0.056 0.055 0.055
Energy carrier cost Geothermal energy al GJ 0 0 0 0 0 0 0 0
Energy carrier cost Hard coal al GJ 3 3 3 4 4 4 4 5
Energy carrier cost Hydro power al GJ 0 0 0 0 0 0 0 0
Energy carrier cost Lignite al GJ 3 3 3 4 4 4 4 5
Energycarrier cost Natural gas al GJ 8 9 9 9 9 9 10 10
Energy carrier cost Nuclear energy al GJ 1 1 1 1 1 2 2 2
Energy carrier cost Ocean energy al GJ 0 0 0 0 0 0 0 0
Energy carrier cost Solar radiation al GJ 0 0 0 0 0 0 0 0
Energy carrier cost Wind energy al GJ 0 0 0 0 0 0 0 0
Energy carrier cost Synfuel_import al GJ 0 0 0 0 0 0 0 0
Energy carrier cost Residential Gas al GJ 8 9 9 9 9 9 10 10
Energy carrier cost Residential District heat al GJ 0 0 0 0 0 0 0 0
Energy carrier cost Residential Lignite al GJ 3 3 3 4 4 4 4 5
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Table C2 Input data of efficiency for regional energy system model of BTH refgion

Appendix C

Sector Technology Substance Attribute Unit Scenario 2005 2007 2009 2010 2012 2013 2015 2020 2025 2030 2035 2040 2045 2050
CHP Plants CHP Biomass  Biomass and Fuel PJPJ CPS 011 011 011 011 011 011 012 012 013 013 014 014 015 0.15
and waste waste*District heat  Efficiency
urict
CHP Plants CHP Coal Hard coal*District  Fuel PJPJ CPS 039 037 026 024 020 020 021 021 022 023 023 024 024 024
heat Efficiency
CHP Plants CHP Gas Gas*District heat Elfjr?giency PJPJ CPS 044 041 028 027 022 022 025 027 029 030 030 030 030 0.30
CHP Plants CHP Geothermal Fuel PJP] CPS 040 040 040 040 040 040 040 040 040 040 040 040 040 0.40
Geothermal energy*District heat Efficiency
CHP Plants CHP Lignite Lignite*District heat E‘f’ﬂec'iency PJPJ CPS 020 020 020 020 020 020 020 020 020 020 019 019 019 0.19
CHP Plants CHP Oil Fuel O*District Fuel PJPJ CPS 008 008 008 008 008 008 009 010 012 013 015 017 018 0.20
heat Efficiency
Industry CHP CHP Biomass  Biomass and Fuel PJPJ CPS 011 011 011 011 011 011 012 014 016 019 023 028 038 056
and waste waste*Heat Efficiency
Industry CHP CHP Coal Hard coal*Heat E‘f‘ﬂec'iency PJPJ CPS 045 043 031 029 025 026 021 023 024 026 027 029 030 031
Industry CHP CHP Fuel cell  Hydrogen*Heat E‘f’ﬁec'iency PJPJ CPS 066 066 066 066 066 066 066 066 066 0.66 066 0.66 0.66 0.66
Industry CHP CHP Gas Gas*Heat E‘fjffc'iency PJPJ CPS 041 037 027 025 022 021 026 029 031 033 035 037 038 0.40
CHP Geothermal Fuel
Industry CHP Geothermal energy*Heat Efficiency  F/PJ CPS 050 050 050 050 05 050 050 050 050 050 050 050 050 050
Industry CHP CHP Oil Fuel Oil*Heat E‘f’ﬁec'iency PJPJ CPS 008 008 008 008 008 008 010 013 017 021 026 033 042 054
Industry CHP CHP Lignite Lignite*Heat E‘fjffc'iency PJPJ CPS 020 020 020 020 020 020 021 023 025 028 031 036 043 053
Industry heat . Biomass and Fuel
production Biomass burner 2GR 2 Efficiency PYPJ CPS 075 075 075 075 075 075 075 076 077 078 080 081 083 084
Industry heat Coal burner Hard coal*Heat Fuel PJPJ CPS 081 081 08l 081 081 081 08L 082 082 083 083 084 084 085
production Efficiency
Industry heat District heat District heat*Heat ~ Fu€! PJPJ CPS 1.00 100 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
production Efficiency
Industry heat . Industry electricity  Fuel
production Electric heater 0 S otion*Heat  Efficiency  PY/PY CPS 100 100 100 100 100 100 100 100 100 100 100 100 100 1.00
Industry heat Gas burner Gas*Heat Fuel PJPJ CPS 082 082 082 082 082 08 084 085 087 089 091 092 094 095
production Efficiency
Gasoline/Diesel . .
Industry heat /Kerosene Gasoline/Diesel/  Fuel PJPJ CPS 080 080 080 080 080 080 08l 082 083 084 085 086 087 0.8
production burner Kerosene*Heat Efficiency

12 Note: It does not account for efficiency of the engine in transport sector aeffitiency forall other renewable energy power generation (except for geothermal) is set to 1 for both regions.
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Industry heat
production
Industry heat
production
Industry heat
production
Industry heat
production

Residential CHP
Residential CHP
Residential CHP
Residential CHP
Residential CHP
Residential CHP

Residential CHP

Residential heat
production
Residential heat
prodiction
Residential heat
production
Residential heat
production

Residential heat
production

Residential heat
production

Residential heat
production

Residential heat
production
Residential heat
production
Residential kat
production
Residential heat
production

Oth.Sect. CHP
Oth.Sect. CHP

Geothermal
Qil burner
Solar collector

Lignite burner

CHP Biomass
and waste

CHP Coal
CHP Fuel cell

CHP Gas

CHP
Geothermal

CHP Ol

CHP Lignite
Biomass burner
Charcoal burner
Coal burner

District heat
Electric heater

Gas burner

Gasoline/Diesel
/Kerosene
burner

Geothermal
Qil burner
Solar collector

Lignite burner
CHP Biomass
and waste
CHP Coal

Geothermal
energy*Heat

Fuel Qil*Heat

Solar radiation*Heat

Lignite*Heat

Biomass and
waste*Heat

Hard coal*Heat
Hydrogen*Heat

Gas*Heat

Geothermal
energy*Heat

Fuel Qil*Heat

Lignite*Heat

Biomass and
waste*Heat

Charcoal*Heat
Hard coal*Heat

District heat*Heat

Residential
electricity
consumption*Heat

Gas*Heat
Gasoline/Diesel/
Kerosene*Heat

Geothermal
energy*Heat

Fuel Oil*Heat

Solar radiation*Heat

Lignite*Heat

Biomass and
waste*Heat
Hard coal*Heat

Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency

Fuel
Efficiency

Fuel
Efficiency

Fuel
Efficiency

Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency
Fuel

PJ/PJ

PJ/PJ

PJ/IPJ

PJ/PJ

PJ/PJ

PJ/IPJ

PJ/IPJ

PJ/IPJ

PJ/IPJ

PJ/IPJ

PJ/IPJ

PJ/IPJ

PJ/PJ

PJ/PJ

PJ/IPJ
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PJ/PJ

PJ/PJ

PJ/IPJ

PJ/IPJ

PJ/IPJ

PJ/IPJ

PJ/IPJ
PJ/IPJ

CPS

CPS

CPS

CPS

CPS

CPS

CPS

CPS

CPS

CPS

CPS

CPS

CPS

CPS

CPS

CPS

CPS

CPS

CPS

CPS

CPS

CPS

CPS
CPS

1.00

0.80

1.00

0.81

0.15

0.16

0.21

0.33

0.20

0.20

0.25

0.75

0.75

0.85

1.00

1.00

0.86

0.85

1.00

0.85

1.00

0.85

0.15
0.16

1.00

0.80

1.00

0.81

0.15

0.16

0.21

0.33

0.20

0.20

0.25

0.75

0.75

0.85

1.00

1.00

0.86

0.85

1.00

0.85

1.00

0.85

0.15
0.16

1.00

0.80

1.00

0.81

0.15

0.16

0.21

0.33

0.20

0.20

0.25

0.75

0.75

0.85

1.00

1.00

0.86

0.85

1.00

0.85

1.00

0.85

0.15
0.16

1.00

0.80

1.00

0.81

0.15

0.16

0.21

0.33

0.20

0.20

0.25

0.75

0.75

0.85

1.00

1.00

0.86

0.85

1.00

0.85

1.00

0.85

0.15
0.16

1.00

0.80

1.00

0.81

0.15

0.16

0.21

0.33

0.20
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0.75

0.85

1.00

1.00

0.86

0.85

1.00

0.85

1.00

0.85

0.15
0.16

1.00

0.80

1.00

0.81

0.15

0.16

0.21

0.33

0.20

0.20

0.25

0.75

0.75

0.85

1.00

1.00

0.86

0.85

1.00

0.85

1.00

0.85

0.15
0.16

1.00

0.81

1.00

0.81

0.16

0.18

0.23

0.34

0.22

0.22

0.27

0.75

0.75

0.85

1.00

1.00

0.86

0.85

1.00

0.85

1.00

0.85

0.16
0.18

1.00

0.81

1.00

0.82

0.18

0.20

0.25

0.35

0.24

0.24

0.28

0.76

0.76

0.85

1.00

1.00

0.88

0.86

1.00

0.85

1.00

0.85

0.18
0.20

1.00

0.82

1.00

0.82

0.20

0.22

0.28

0.36

0.26

0.27

0.30

0.78

0.78

0.85

1.00

1.00

0.89

0.86

1.00

0.85

1.00

0.85

0.20
0.22

1.00

0.83

1.00

0.83

0.22

0.25

0.32

0.37

0.29

0.30

0.32

0.79

0.79

0.85

1.00

1.00

0.90

0.86

1.00

0.85

1.00

0.85

0.22
0.25

1.00

0.83

1.00

0.83

0.26

0.29

0.36

0.38

0.32

0.34

0.35

0.80

0.81

0.85

1.00

1.00

0.91

0.87

1.00

0.85

1.00

0.85

0.26
0.29

1.00

0.84

1.00

0.84

0.31

0.35

0.43

0.39

0.36

0.39

0.39

0.81

0.82

0.85

1.00

1.00

0.93

0.87

1.00

0.85

1.00

0.85

0.31
0.35

1.00

0.84

1.00

0.84

0.40

0.42

0.52

0.40

0.42

0.45

0.45

0.83

0.84

0.85

1.00

1.00

0.94

0.88

1.00

0.85

1.00

0.85

0.40
0.42

1.00
0.85
1.00
0.85
0.56
0.55
0.66
0.42
0.50
0.54
0.53
0.84
0.85
0.85

1.00
1.00
0.95
0.88

1.00
0.85
1.00
0.85
0.56

0.55
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Oth.Sect. CHP
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production
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Appendix C

consumption*
Electric appliances
Residential
Residential electric  Electric electricity Fuel TWh " eps 100 100 1.00 1.00 1.00 100 1.00 100 1.00 100 1.00 1.00 1.00 1.00
appliances appliance consumption* Efficiency TWh
Electric appliances
Power plants Geohermal Geothermal Efficiency  PJPJ CPS 010 010 010 010 010 0.10 011 0.3 015 0.16 0.17 018 019 0.0
power plant energy*Electricity
Power plants Solar thermal — Solar . Efficiency  PJPJ CPS 040 040 040 040 040 040 040 040 040 040 040 040 040 0.40
power plant radiation*Electricity
Refineries Biofuel Biofuel/Syniuel Efficiency ~ PJPJ CPS 100 100 100 1.00 100 100 064 064 065 065 065 065 068 0.72
production Biomass and waste
Refineries Charcoal Biomass and Efficiency ~ PJPJ  CPS  1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
production waste*Chagoal
. ) Residential
Residential electricit TWh/
electricity Consumgﬂon* Efficiency CPS 100 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
transmission Electricity
- Electricity*Other
Oth.Sect. electricity Sectors electricity  Efficiency W cps 100 1.00 100 1.00 100 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
transmission ; TWh
Consumptlon
Hydrogen Electrolysis Electricity” Efficiency " cps 065 065 065 065 065 065 067 068 068 071 071 073 073 075
production Hydrogen TWh
Heat*Residential
Residential CHP CHP Fuel cell electricity Efficiency PJ/PJ CPS 1.00 1.00 1.00 100 100 100 100 1.00 1.00 1.00 1.00 1.00 1.00 1.00
consumption
Residential Recdenta TWh/
electricity oloctrity Efficiency CPS 100 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
transmission consumption
Erisd'ﬂgt’i‘gﬁ' heat  pistrict heat Heat*District heat  Efficiency ~ PJ/PJ  CPS  1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Residential heat g aqs pumer  HEAUBIOMassand oo pypy  cPs 075 075 075 075 075 075 075 076 078 079 080 081 083 084
production waste
;%Z'Sgggg' Bat Solar collector  Solar radiation*Heat Efficiency ~ PJ/PJ  CPS  1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
;‘gﬂﬂg’i‘gﬁ' heat ool bumer Hard coal*Heat Efficiency PJPJ CPS 085 085 085 085 085 085 085 085 085 085 085 085 085 0.85
Residential heat  Electricheat  Heat Efficiency ~ PJPJ CPS 100 1.00 1.00 1.00 1.00 1.00 100 100 1.00 1.00 1.00 1.00 1.00 1.00
production pump Geothermal energy
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Table C3 Input data of effiiency for regional energy system model of YRD region.

Sector Technology Substance Attribute Unit Scenario 2005 2007 2009 2010 2012 2013 2015 2020 2025 2030 2035 2040 2045 2050
CHP Plants CHP Biomass  Biomass and Fuel PJPJ CPS 011 011 011 011 011 011 012 012 013 013 014 014 015 0.5
and waste waste*District heat  Efficiency
CHP Plants CHP Coal Hard coal*District  Fuel PJ/PJ CPS 039 037 026 024 020 020 021 021 022 023 023 024 024 024
heat Efficiency
CHP Plants CHP Gas Gas*Distrid heat Elfjr?cliency PJ/PJ CPS 044 041 028 027 022 022 025 027 029 030 030 030 030 030
CHP Plants cHP Geothermal Fuel PJPJ CPS 040 040 040 040 040 040 040 040 040 040 040 040 040 0.40
Geothermal energy*District heat Efficiency
CHP Plants CHP Lignite Lignite*District heat E‘f‘ﬁec'iency PJ/PJ CPS 020 020 020 020 020 020 020 020 020 020 019 019 0.19 0.19
CHP Plants CHP Oil Fuel OilDistrict Fuel PJ/PJ CPS 008 008 008 008 008 008 009 010 012 013 015 0.17 018 020
heat Efficiency
Industry CHP CHP Biomass  Biomass and Fuel PJPJ CPS 011 011 011 011 011 011 012 014 016 019 023 028 038 056
and waste waste*Heat Efficiency
Industry CHP CHP Coal Hard coal*Heat E‘f’ﬁec'iency PJ/PJ CPS 046 044 036 032 026 028 021 023 024 026 027 029 030 031
Industry CHP CHP Fuel cell  Hydrogen*Heat E‘f‘ﬁec'iency PJ/PJ CPS 066 066 066 066 066 066 066 066 066 066 066 066 0.66 0.66
Industry CHP CHP Gas Gas*Heat E‘fjffc'iency PJ/PJ CPS 015 010 009 012 012 010 026 029 031 033 035 037 0.38 040
CHP Geothermal Fuel
Industry CHP Geothermal energy*Heat Efficiency PJ/IPJ CPS 050 050 050 050 050 050 050 050 050 050 050 050 050 0.50
Industry CHP CHP Oil Fuel Oil*Heat E‘f‘f?éiency PJ/PJ CPS 008 008 008 008 008 008 010 013 017 021 026 033 042 054
Industry CHP CHP Lignite Lignite*Heat E‘:ffc'iency PJ/PJ CPS 020 020 020 020 020 020 021 023 025 028 031 036 043 053
Industry heat . Biomass and Fuel
production Biomass bumer - 0E 2 Efficiency PJ/IPJ CPS 075 075 075 075 075 075 075 076 077 078 080 081 083 084
Industry heat Coal burner Hard coal*Heat Fuel PJP] CPS 081 081 08L 08L 08L 08l 08L 08 08& 083 083 084 084 085
production Efficiency
Industry heat District heat District heat*Heat ~ ~Y€! PJ/PJ CPS 100 1.00 100 1.00 1.00 1.00 100 1.00 1.00 1.00 100 1.00 1.00 1.00
production Efficiency
Industry heat . Industry electricity Fuel
production Electric heater 0 ptionHeat  Efficiency PJ/IPJ CPS  1.00 1.00 100 100 1.00 1.00 100 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Industry heat Gas burner Gas*Heat Fuel PJ/PJ CPS 082 082 082 082 082 082 084 085 087 089 091 092 094 095
production Efficiency
Industry hat Gasoline/Diesell - Gasoline/Diesel/  Fuel PJPJ CPS 080 080 080 080 080 080 081 082 083 084 085 086 087 088
production Kerosene burner Kerosene*Heat Efficiency
Industry heat Geothermal Fuel
production Geothermal eneray*Heat Efficiency PJ/IPJ CPS  1.00 1.00 100 1.00 1.00 1.00 100 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Industry heat Oil burner Fuel Oil*Heat Fuel PJPJ CPS 080 080 080 080 080 080 081 081 082 083 083 084 084 085
production Efficiency
Industry heat Solar colbctor  Solar radiation*Heat ~Y€! PJ/PJ CPS  1.00 1.00 100 100 1.00 1.00 100 1.00 1.00 1.00 1.00 1.00 1.00 1.00
production Efficiency
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Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency

Fuel
Efficiency

Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency

PJ/PJ

PJ/PJ

PJ/IPJ

PJ/PJ

PJ/PJ

PJ/IPJ

PJ/IPJ

PJ/IPJ

PJ/IPJ

PJ/IPJ

PJ/IPJ

PJ/IPJ

PJ/IPJ

PJ/PJ

PJ/PJ

PJ/IPJ

PJ/PJ

PJ/PJ

PJ/IPJ

PJ/IPJ

PJ/IPJ

PJ/IPJ

PJ/IPJ

PJ/IPJ

CPS

CPS

CPS

CPS

CPs

CPS

CPS

CPS

CPS

CPS

CPS

CPS

CPS

CPS

CPS

CPS

CPS

CPS

CPS

CPS

CPS

CPS

CPS

CPS

0.81

0.15

0.16

0.21

0.33

0.20

0.20

0.25

0.75
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0.85
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1.00
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0.85

1.00

1.00

0.86
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0.15

0.16

0.21

0.33

0.13

0.81

0.15

0.16

0.21

0.33

0.20

0.20

0.25

0.75

0.75

0.85

1.00

1.00

0.86

0.85

1.00

0.85

1.00

0.85

0.15

0.16

0.21

0.33

0.13

0.81

0.15

0.16

0.21

0.33

0.20

0.20

0.25

0.75

0.75

0.85

1.00

1.00

0.86

0.85

1.00

0.85

1.00

0.85

0.15

0.16

0.21

0.33

0.13

0.81

0.15

0.16

0.21

0.33

0.20

0.20

0.25

0.75

0.75

0.85

1.00

1.00

0.86

0.85

1.00

0.85

1.00

0.85

0.15

0.16

0.21

0.33

0.13

0.81

0.15

0.16

0.21

0.33

0.20

0.20

0.25

0.75

0.75

0.85

1.00

1.00

0.86

0.85

1.00

0.85

1.00

0.85

0.15

0.16

0.21

0.33

0.13

0.81

0.16

0.18

0.23

0.34

0.22

0.22

0.27

0.75

0.75

0.85

1.00

1.00

0.86

0.85

1.00

0.85

1.00

0.85

0.16

0.18

0.23

0.34

0.14

0.82

0.18

0.20

0.25

0.35

0.24

0.24

0.28

0.76

0.76

0.85

1.00

1.00

0.88

0.86

1.00

0.85

1.00

0.85

0.18

0.20

0.25

0.35

0.16

0.82

0.20

0.22

0.28

0.36

0.26

0.27

0.30

0.78

0.78

0.85

1.00

1.00

0.89

0.86

1.00

0.85

1.00

0.85

0.20

0.22

0.28

0.36

0.18

0.83

0.23

0.25

0.32

0.37

0.29

0.30

0.32

0.79

0.79

0.85

1.00

1.00

0.90

0.86

1.00

0.85

1.00

0.85

0.22

0.25

0.32

0.37

0.20

0.83

0.27

0.29

0.36

0.38

0.32

0.34

0.35

0.80

0.81

0.85

1.00

1.00

0.91

0.87

1.00

0.85

1.00

0.85

0.26

0.29

0.36

0.38

0.24

Appendix C

0.84

0.32

0.35

0.43

0.39

0.36

0.39

0.39

0.81

0.82

0.85

1.00

1.00

0.93

0.87

1.00

0.85

1.00

0.85

0.31

0.35

0.43

0.39

0.29

0.84

0.41

0.42

0.52

0.40

0.42

0.45

0.45

0.83

0.84

0.85

1.00

1.00

0.94

0.88

1.00

0.85

1.00

0.85

0.40

0.42

0.52

0.40

0.37

0.85

0.58

0.55

0.66

0.42

0.50

0.54

0.53

0.84

0.85

0.85

1.00

1.00

0.95

0.88

1.00

0.85

1.00

0.85

0.56

0.55

0.66

0.42

0.50



Oth.Sect. CHP

Oth.Sect. CHP

Oth.Sect. heat
production
Oth.Sect. heat
production
Oth.Sect. heat
production
Oth.Sect. heat
production

Oth.Sect. heat
production

Oth.Sect. heat
production
Oth.Sect. heat
production
Oth.Sect. heat
production
Oth.Sect. heat
production
Oth.Sect. heat
production
Oth.Sect. heat
production

Power plants
Power plants

Power plants
Power plants
Power plants
Power plants

Power plants
Heating plants

Heating plants

Heating plants

CHP Ol

CHP Lignite
Biomass burner
Charcoal burner
Coal burner

District heat
Electric heater

Gas burner

Gasoline/Diesel/
Kerosene burner

Geothermal
Oil burner
Solar collector

Lignite burner

Coal power
plant
Biomass and
waste power
plant

Oil power plant

Lignite power
plant
Nuclear powe
plant

Gas power plant

Diesel generator

Solar thermal
district heating

Coal heating
plant
Biomass and
waste heating

Fuel Oil*Heat

Lignite*Heat

Biomass and
waste*Heat

Charcoal*Heat

Hard coal*Heat

District heat*Heat

Other Sectors
electricity

consumption*Heat

Gas*Heat

Gasoline/Diesel/

Kerosene*Heat
Geothermal
energy*Heat

Fuel Oil*Heat

Solar radiation*Heat

Lignite*Heat

Hard
coal*Electricity

Biomass and

waste*Electricity
Fuel Oil*Electricity

Lignite*Electricity

Nuclear

energy*Electricity

Gas*Electricity

Gasoline/Diesel/Ker
osene*Electricity

Solar

radiation*District

hed

Hard coal*District

heat
Biomass and

waste*District heat

Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency

Fuel
Efficiency

Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency

Fuel
Efficiency

Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency
Fuel
Efficiency

Fuel
Efficiency

Fuel
Efficiency
Fuel
Efficiency

PJ/PJ

PJ/PJ

PJ/IPJ

PJ/PJ

PJ/PJ

PJ/IPJ

PJ/IPJ

PJ/IPJ

PJ/IPJ

PJ/IPJ

PJ/IPJ

PJ/PJ

PJ/IPJ

PJ/PJ

PJ/PJ

PJ/PJ

PJ/IPJ

PJ/IPJ

PJ/IPJ

PJ/IPJ

PJ/IPJ

PJ/IPJ

PJ/IPJ

CPS

CPS

CPS

CPS

CPS

CPS

CPS

CPS

CPS

CPS

CPS

CPS

CPS

CPS

CPS

CPS

CPS

CPS

CPS

CPS

CPS

CPS

CPS

0.20

0.25

0.75

0.75

0.85

1.00

1.00

0.86

0.85

1.00

0.85

1.00

0.85

0.37

0.25

0.31

0.33

0.33

0.32

0.15

1.00

0.88

0.98

0.20

0.25

0.75

0.75

0.85

1.00

1.00

0.86

0.85

1.00

0.85

1.00

0.85

0.38

0.25

0.47

0.33

0.33

032

0.15

1.00

0.88

0.98

0.20

0.25

0.75

0.75

0.85

1.00

1.00

0.86

0.85

1.00

0.85

1.00

0.85

0.45

0.25

0.15

0.33

0.33

033

0.15

1.00

0.88

0.98

0.20

0.25

0.75

0.75

0.85

1.00

1.00

0.86

0.85

1.00

0.85

1.00

0.85

0.41

0.25

0.27

0.33

0.33

033

0.15

1.00

0.88

0.98

0.20

0.25

0.75

0.75

0.85

1.00

1.00

0.86

0.85

1.00

0.85

1.00

0.85

0.41

0.25

0.22

0.33

0.33

034

0.15

1.00

0.88

0.98

0.20

0.25

0.75

0.75

0.85

1.00

1.00

0.86

0.85

1.00

0.85

1.00

0.85

0.44

0.25

0.21

0.33

0.33

034

0.15

1.00

0.88

0.98

0.22

0.27

0.75

0.75

0.85

1.00

1.00

0.86

0.85

1.00

0.85

1.00

0.85

043

0.27

0.16

0.33

0.33

0.35

0.15

1.00

0.88

0.98

024

0.28

0.76

0.76

0.85

1.00

1.00

0.88

0.86

1.00

0.85

1.00

0.85

044

0.28

0.18

0.34

0.33

0.40

0.15

1.00

0.88

0.98

0.27

0.30

0.78

0.78

0.85

1.00

1.00

0.89

0.86

1.00

0.85

1.00

0.85

045

0.29

0.27

0.35

0.33

0.43

0.15

1.00

0.88

0.98

0.30

0.32

0.79

0.79

0.85

1.00

1.00

0.90

0.86

1.00

0.85

1.00

0.85

046

0.30

0.42

0.36

0.33

0.46

0.15

1.00

0.88

0.98

0.34

0.35

0.80

0.81

0.85

1.00

1.00

0.91

0.87

1.00

0.85

1.00

0.85

047

0.30

0.42

0.37

0.33

0.47

0.15

1.00

0.88

0.98

0.39

0.39

0.81

0.82

0.85

1.00

1.00

0.93

0.87

1.00

0.85

1.00

0.85

047

0.30

0.42

0.37

0.33

0.48

0.15

1.00

0.88

0.98

0.45

0.45

0.83

0.84

0.85

1.00

1.00

0.94

0.88

1.00

0.85

1.00

0.85

048

0.32

0.42

0.38

0.33

0.51

0.15

1.00

0.88

0.98

0.54
0.53
0.84
0.85
0.85

1.00
1.00

0.95
0.88
1.00
0.85
1.00
0.85

049
0.34

0.42
0.39
0.33
0.52

0.15
1.00

0.88

0.98

152



Appendix C

plant
Heating plants Geothermal Geothermal Fuel PJPJ CPS 050 050 050 050 050 050 050 050 050 050 050 050 050 0.50
heating plant energy*District heat Efficiency
Heating plants Gas heating Gas*District heat ~ —u€! PJPJ CPS 090 090 090 090 090 090 0.90 090 090 090 090 0.90 0.0 0.90
plant Efficiency
Gasoline/Diesel/ Fuel
Heating plants Oil heating plant Kerosene*District Efficiency PJ/IPJ CPS 024 024 024 024 024 024 024 024 024 024 024 024 024 0.24
heat
Heating plants Lignite heating ;o nite*District heat  F4€! PJPJ CPS 080 080 080 080 08 080 080 080 080 080 080 080 080 0.80
plant Efficiency
Refineries Refinery fuel oil  Crude oil*Fuel Oil El:fie(!iency PJPJ CPS 080 089 073 081 08l 081 083 085 087 083 089 090 090 0.90
Refineries Refinery fJ:iIr’lfjgzsoline/Diesdl Fuel PJPJ CPS 080 089 073 081 08L 08l 083 085 087 088 089 090 090 0.90
gasoline diesel Efficiency ' ' ' ' ' ' ' ’ ’ ' ' ’ ’ '
Kerosene
L Coal Fuel
Refineries transformation Hard coal*Gas Efficiency ~FP/PJ CPS 076 093 093 066 054 054 054 054 054 054 054 054 054 054
Gas trasport Natural gas*Gas Elfff?cliency PJ/PJ CPS 015 0.05 012 022 034 087 087 093 095 096 096 096 096 0.96
- Industry electricity
Industry electricity consumption* Fuel TWh cps 100 100 100 100 1.00 1.00 100 100 1.00 1.00 100 100 1.00 1.00
transmission - Efficiency TWh
Electricity
. . Industry electricity
Industry electric  Electric consumption* Fuel TWh " cps 100 100 1.00 1.00 1.00 1.00 1.00 100 1.00 1.00 1.00 1.00 1.00 1.00
appliances appliance . . Efficiency TWh
Electric appliances
K|
Industryother Gas appliance ~ aSTOther Fuel PJPJ CPS 100 1.00 100 1.00 1.00 100 1.00 1.00 100 1.00 1.00 100 1.00 1.00
appliances appliances Efficiency
Industry other Gasol/Diesel/ Egrsocgg]neé*Dcﬁﬁglr/ Fuel PJPJ CPS 100 100 100 100 100 100 100 100 100 100 100 100 1.00 1.00
appliances Keros appliance . Efficiency ' ' ' ’ ’ ' ' ’ ’ ' ' ’ ’ '
appliances
Oth.Sect. other . Gas*Other Fuel
appliances Gas appliance L0 o Effciency ~ PYPJ CPS 100 100 100 100 100 100 100 100 100 100 100 100 100 1.0
. Gasoline/Diesel/
Oth.Se¢. other Gasol/Diesell o \conerother ~ FU€! PJPJ  CPS 100 100 100 1.00 100 100 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
appliances Keros appliance . Efficiency
appliances
Other Sectors
OthSec electric Electric electicity Fuel TWh/
appliances appliance consumption* Effciency  TWh CPS 100 100 1.00 1.00 1.00 1.00 100 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Electric appliances
Residential
Residential electric ~ Electric electricity Fuel TWh/
appliances appliance consumption* Efficiency  TWh CPS 100 100 1.00 1.00 1.00 1.00 100 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Electric appliances
Power plants Geothermal Geothermal Efficiency ~ PJPJ  CPS 010 010 010 010 010 010 011 013 015 016 017 0.18 019 0.20
power plant energy*Electricity
Solar thermal Solar -
Power fants bower plant adiation*Electriciy  EMciency  PJ/PJ CPS 040 040 040 040 040 040 040 040 040 040 040 040 040 040
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Refineries Biofuel Biofuel/Synfuel Efficiency ~ PJPJ  CPS  0.64 064 064 064 064 064 064 064 065 065 065 065 068 0.72
production Biomass and waste
Refineries Charcoal Biomass and Efficiency ~ PJPJ  CPS 100 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 100 1.00 1.00 1.00
production waste*Charcoal
. . Residential
Residential dectricit TWh
electricity Consumytion* Efficiency  Tuh CPS  1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
transmission mp
Electricity
- Electricity*Other
t?;';'ssrﬁfstéii'ﬁc"'c'ty Sectors electricity  Efficiency TTVV\’/T{ CPS 100 100 100 100 100 100 100 1.00 1.00 1.00 1.00 1.00 1.00 1.00
consumption
Hydrogen Electrolysis Electricity” Efficiency W' cps 065 065 065 065 065 065 067 068 068 071 071 073 073 075
production Hydrogen TWh
Heat*Residential
Residential CHP  CHP Fuel cell  electricity Efficiency ~ PJPJ  CPS  1.00 1.00 100 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
consumption
Eriﬂﬂgggg' heat District heat Heat*District heat ~ Efficiency ~ PJ/PJ  CPS  1.00 1.00 1.00 1.00 1.00 100 1.00 1.00 1.00 1.00 100 1.00 100 1.00
Er%iﬂgt’i‘gﬁ' heat  giomass burner \'I"Vz"s"tt;B'omassand Effciency ~ PJPJ  CPS 075 075 075 075 075 075 075 076 078 079 080 081 083 084
Residential heat Solar coll Solar radiation* ffici / CPS 00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
production olar collector olar radiation*Heat Efficiency PJ/PJ P 1. 1. 1. 1. 1. 1. 1. 1. 1. 1. 1. 1. 1. 1.
Eriﬂﬂgggﬁ' heat Coal burner Hard coal*Heat Effciency  PJPJ CPS 085 085 085 085 085 085 085 085 085 085 085 085 085 0.85
Residential heat  Electric hat Heat'Geothermal  goney  pypy CPS 100 1.00 1.00 1.00 1.00 100 1.00 1.00 100 1.00 100 1.00 1.00 1.00
production pump energy
Table C4 Final energy demand by sector from 2015 to 2050 of CPS in two study régimn$J)
Industry 8085 9227 11182 11763 10206
- Residential 1586 1868 2381 2886 3451
Transport 2268 2729 3563 3853 3750
Services & Commerce 1140 1386 1720 1981 2146
Industry 8976 9583 10237 10210 9349
YRD Residential 846 1042 1285 1509 1822
Services & Commerce 1405 1675 1963 2131 2145
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Appendix D

Appendix D Comparison of Reviewed National Energy Scenario Studies
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Appendix E Assumed Market Shares for Modes and Vehicle Types under the RIS Scenario

Table E1 Assumed market shares for modes and vehicle types under the RIS scenario.

Market shares transport (RIS) 2015 2020 2030 2040 2050
Aviation domestic 11% 11% 8% 7% 7%
Navigation 4% 4% 4% 4% 4%
Pipeline Transport 0% 0% 0% 0% 0%
Rail 4% 5% 7% 10% 15%
Electric train etc. 55% 70% 89% 96% 99%
Diesel train 45% 30% 11% 4% 1%
Road: total (PC +DV + HDV) 80% 80% 82% 79% 75%
PC + LDV (in total road) 82% 82% 81% 80% 80%
HDV (in total road) 18% 18% 19% 20% 20%
Road: PC + LDV
Biofuel/Synfuel vehicle, 0% 1% 4% 10% 7%
Electric vehicle 4% 4% 8% 27% 40%
Gas vehicle 3% 4% 4% 3% 1%
Gasoline/disel car + others 93% 90% 68% 23% 2%
Hybrid vehicle 0% 1% 12% 28% 31%
Hydrogen car| 0% 0% 3% 9% 18%
Road: HDV
Biofuel/Synfuel vehicle 0% 1% 5% 18% 31%
Electric vehicle 0% 0% 7% 21% 30%
Gas vehicle 2% 2% 3% 3% 1%
Gasoline/diesel car + othe 98% 97% 81% 43% 8%
Hybrid vehicle 0% 0% 1% 7% 16%
Hydrogen car| 0% 0% 3% 8% 15%
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Appendix F

Appendix F Typical Dispatch Characteristics in Study Regions
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Figure F1 Typical hourly generation by technologies, export and cha)gér(port & discharge (+) to meet power demand
in Beijing of April, August and November in 2030.
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—— Electricity Demand Biomass B Offshore Wind Import & Export
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Figure F2 Typical hourly generation by technologies, export and chajgar(port & discharge (+) to meet power demand
in Tianjin of April, August and November in 2030.
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—— Electricity Demand Biomass B Offshore Wind PV Curtailed
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Figure F3 Typical hourly generation by technologies, export and chajgar(port & discharge (+) to meet power demand
in Hebei of April, August and November in 2030.
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—— Electricity Demand Biomass I Pumped Hydro PV Curtailed
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Figure F4 Typical hourly generation by technologies, export and chajgar(port & discharge (+) to meet power demand
in Inner Mongolia of April, August and November in 2030.
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—— Electricity Demand W Biomass B Pumped Hydro Import & Export
EVs Additional Demand PV Lithium-ion Battery PV Curtailed
. Coal Onshore Wind B Local Electrolyzer B Onshore Curtailed
GT
40
30 A

Hourly Dispatch [GWh/h]

B g g g e S

-10 : : : - . : : : - - : : :
Fri Sat sun Mon Tue Wed Thu Fri Sat Sun Mon Tue Wed Thu Fri
01-Apr 02-Apr 03-Apr 04-Apr 05-Apr 06-Apr 07-Apr 08-Apr 09-Apr 10-Apr 11-Apr 12-Apr 13-Apr 14-Apr 15-Apr
Hours of the Year [h]

40

Hourly Dispatch [GWh/h]

Mon Tue Wed Thu Fri Sat Sun Mon Tue Wed Thu Fri Sat Sun  Mon
01-Aug 02-Aug 03-Aug 04-Aug 05-Aug 06-Aug 07-Aug 08-Aug 09-Aug 10-Aug 11-Aug 12-Aug 13-Aug 14-Aug 15-Aug
Hours of the Year [h]
40

301

Hourly Dispatch [GWh/h]

T S ks

=10 - - - . : : - - - - - . .
Tue Wed Thu Fri Sat Sun Mon Tue Wed Thu Fri Sat Sun Mon Tue
01-Nov 02-Nov 03-Nov 04-Nov 05-Mov 06-Nov 07-Nov 08-Nov 09-Nov 10-Nov 11-Nov 12-Nov 13-Nov 14-Nov 15-Nov

Hours of the Year [h]

Figure F5 Typical hourly generation by techlogies, export and chargé,(import & discharge (+) to meet power demand
in Beijing of April, August and November in 2050.
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Figure F6 Typical hourly generation by technologies, export and chajgér(port & discharge (+)o meet power demand
in Tianjin of April, August and November in 2050.
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