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Context

The World Bank’s global initiative Thirsty Energy assists countries with tackling water and
energy planning challenges in an integrated manner. A primary aim of Thirsty Energy is
to demonstrate the importance of combined planning approaches to tackle the water-
energy nexus by developing methods and evidence-based operational tools to analyze
potential tradeoffs. This report documents the second of two case studies undertaken by
the initiative. The first study was recently completed for South Africa (World Bank 2016).

China is increasingly aware of the complex interdependencies between water and
energy. China’s rapid economic development has been accompanied by a similar rapid
increase in energy supply and demand, which is dominated by coal, resulting in signifi-
cant air pollution and carbon dioxide (CO,) emissions. In addition, the coal energy sup-
ply chain is water-intensive—from mining and washing the coal to cooling power
plants. The water-energy nexus challenge is further complicated by the fact that the
majority of the planned new energy projects are located in the four northern energy
bases of China (see box 1.1). Although these energy bases have significant energy
resources, they are among the most water-stressed areas of the country.

To mitigate its water issues, the government of China enacted several policies with
targets on water use, water efficiency for industry (including energy) and agriculture,
and water quality improvements on a national and regional scale for 2015, 2020, and
2030.These policies are known as the 3 Red Lines water policies. Although all of these
policies affect the energy sector, the government further added a “water allocation plan

2 Thirsty Energy
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Box 1.1 Energy Bases in China

The four northern energy bases are located in Eastern Inner Mongolia, Shanxi, Ordos
(including Shaanxi, Ningxia, and Gansu), and Xinjiang provinces and account for signifi-
cant shares of domestic coal (more than half), oil, and natural gas reserves. The southern
energy base (Yungui) and other regions that are not associated with the northern energy
bases are shown as the Other region in map B1.1. Throughout this report, the term Energy
Bases (when capitalized) is used to refer to the four northern energy bases: Eastern Inner
Mongolia, Shanxi, Ordos, and Xinjiang.

Map B1.1 Energy Bases in China
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Source: IWHR with data from National Energy Administration 2012.

for the development of coal bases” to reduce water usage, improve water efficiency,
and reduce wastewater discharges in the coal sector. This part of the policy also requires
future large-scale coal projects in water-scarce regions to be developed in partnership
with local water authorities and requires mostly all new coal-fired power plants built in
the northern China region to use dry cooling systems and encourages other regions to

Chapter 1 Thirsty Energy 3
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do so. At the same time existing smaller and less efficient coal-fired plants are to be
upgraded or phased out in favor of larger and more efficient facilities.

To better assess the water-energy nexus challenge in China, the Thirsty Energy initia-
tive engaged the China Institute for Water Resources (IWHR) and Hydropower Research
under the auspices of the Ministry of Water Resources and the Institute of Energy,
Environment, and Economy of Tsinghua University (TU) to establish a new multire-
gional, water-smart energy system planning model: TIMES-ChinaW (described in
chapter 6). Chapter 2 of this report provides an overview of the water-energy nexus in
China, and the current water and energy picture in China are described in chapters 3
and 4. Chapter 5 describes the methodology and approach for preparing the water sup-
ply cost curves and integrating that information into the TIMES-ChinaW model.

Chapter 7 explores China’s future water-energy nexus using the abovementioned model
and summarizes the main findings for specific water, energy, economic, and environ-
mental impacts that resulted from the examined energy and environmental policies.
Chapter 8 explains the limitation of the methodology and the analysis and Chapter 9
draws conclusions on main findings in China and mentions next steps for consideration
to continue advancing this increasingly critical aspect of sustainable planning.

Approach

The approach to create a water-smart energy sector planning tool can be described
through the following steps:

1. Identify a detailed energy systems planning model that can be modified to include
various water constraints, supply regions, and needs. The energy systems optimiza-
tion model, called TIMES-China, from Tsinghua University, was the starting point.

2. Use the latest hydrological models developed by Institute for Water Resources and
Hydropower Research to determine likely water supplies to each region.Then collect
local data on the water supply infrastructure needed to meet growing demand from
all sectors (agriculture, municipalities, other industry, and energy) to determine the
water available for the energy sector. The Institute for Water Resources and
Hydropower Research prepared this information from their existing models and in
discussion with their regional agencies.

3. Incorporate this water supply information for each region into the energy systems
model (TIMES-ChinaW) in the form of an aggregated water supply cost curves
(WSCC).This was a coordinated activity between the Institute for Water Resources and
Hydropower Research and Tsinghua University, in consultation with the World Bank.

4. TheTIMES-ChinaW model closely follows current changing trends in the energy sec-
tor, as reflected in the 13th Five-Year Plan (2016-20), including a slowdown in

4 Thirsty Energy
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demand because of slower economic growth (as reflected by more modest gross
domestic product [GDP] projection) and the rapid shift away from coal-fired genera-
tion to Non-fossil alternatives.

5. Analyze a variety of policy scenarios in accordance with different aspects of the 13th
Five-Year Plan to investigate the effect of including the cost and availability of water
when analyzing these policies and to identify these policies’ effects on the energy
sector’s water requirements, as well as how climate change may influence future
energy-water tradeoffs.

Methodological Observations

The study results in terms of the process and modeling include these key observations:

e A national-level energy systems optimization model was regionalized regarding energy
resource supply and power plant locations. The regional costs and limitations for water
supply were incorporated to create a water-smart energy sector planning tool.

e A combination of primary data collection on water availability and demand, and
basin-level water system planning models was used to provide data on the costs
and availability of specific future bulk water supply and infrastructure options.
However, when aggregated to the energy base level, local aspects of the delivery
of water may not be captured, for example, when a power plant is not located near
the water source and thus requires additional pumping to deliver the water needed.

¢ In the first case study underThirsty Energy conducted in South Africa, the invest-
ment cost and timing of the specific water supply options were input into the
TIMES energy system model directly. For the case study in China, the water supply
cost curves are introduced into the energy model and payback requirements are
not captured (because of data unavailability).

e Only energy sector’s water demands (rather than the total water demand including
non-energy use) were considered in the water supply cost curves levels, which give
an incomplete picture of China’s total water demand. However, there are provisions
(water supply cost curve steps) that allow the purchase of water rights from the
agriculture sector by the energy sector if warranted and cost-effective.

The main finding of this study is that current government policies in the energy sector
result in reduced water use and that most of the policies being pursued to mitigate

Chapter 1 Thirsty Energy 5
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climate change impacts reduce both CO, emissions and water needs by the energy
sector—with only modest increase in energy system cost.

The study highlights the following findings regarding the water-energy nexus in China."

Properly including the cost of water supply, along with current policies aimed at
requiring dry cooling for new coal plants in the Energy Bases, plans to close older
smaller less efficient coal plants, the push to promote renewables and the commit-
ment to achieve the goals stated in China’s Nationally Determined Contribution
(NDC), all embodied in the Reference scenario, combine to directly help the energy
sector comply with important aspects of the water 3 Red Lines policies including
the following:

Water withdrawal by the energy sector is lowered by 30 percent, from 29.83
billion cubic meters (m?) in 2015 to 20.96 billion m?® in 2030, contributing to meet-
ing the target of the Red Line for total withdrawal control before 2030, with with-
drawals dropping further to 17.18 billion m? in 2050 (42 percent) as a result of the
adoption of non-fossil such as solar photovoltaics (PV), wind and nuclear in the
power sector and due to the coal chemical industry being cut back in upstream
processes.

For similar reasons, wastewater releases drop from 21.59 billion m? in 2015 to
11.26 billion m?in 2030 (48 percent), dropping further to 9.34 billion m?2 in 2050
(57 percent) helping to address the water quality red line.

Water consumption by the energy sector first increases slightly from 8.24 billion
m?in 2015 to 9.7 billion m? (18 percent) in 2030 because of the substitution of
once-through cooling coal power plants by new ones using recirculating
cooling—which withdrawal much less water but have slightly higher consump-
tion factors. However, water consumption by the energy sector later decreases to
7.84 billion m? (5 percent) in 2050 because of the substitution of coal power plant
by Non-fossil generation that uses less or no water and the decrease of coal-to-
gas and coal-to-liquids in the upstream sector.

The intensity of water withdrawal for energy per unit of GDP moves from 8.42 m3
per thousand US dollars to 2.31 m? per thousand US dollars, which is a relative
index in line with the second red line of controlling the water withdrawal per unit
of industrial added value.

Including regional water supply costs has a significant effect on the electricity gen-
eration cooling technology choice, confirming the economic rationale of the exist-
ing policies in the power sector that require dry and/or recirculating cooling by
thermoelectric power plants in the northwest region.

" This study is conducted primarily to demonstrate the insights that can be derived from a more integrated
water-energy planning tool. It is not intended as a detailed policy study for China.

6 Thirsty Energy
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The potential effects of climate change on water supply were estimated according to
a medium- to long-term climatic model. It shows the Energy Bases (main energy-
producing regions in the north of China) will become somewhat less water con-
strained, whereas the Other (wet) region is likely to experience less rainfall—although
not enough to dramatically affect the energy sector. Therefore, climate change effects
on water availability to the energy system in China appear not to be so significant.
However, effects that result from localized droughts and floods could have a negative
impact on energy facilities that the model cannot predict. Moreover, this analysis has
not assessed the effects on hydropower, which is mostly located in the Other region,
which could be impacted by climate change.

The analysis investigated 29 scenarios starting with a Base scenario, reflecting the
anticipated evolution of China’s energy system in the absence of new policies.

A Reference scenario shows that China’s nationally determined contribution (NDC)
CO, mitigation target® is achievable with an acceptable 2.6 percent increase in the
total cost of the energy system, when imposed on top of the aforementioned 13th
Five-Year Plan policies. Additional scenarios were investigated to examine the
long-term effects of the 13th Five-Year Plan policies, and policies for consideration
beyond the 2020 horizon of the 13th Five-Year Plan along with possible climate
change implications for the energy system.

The Reference scenario with CO, mitigation policies in place shows the following:

e More than 100 billion m? less water is needed for the energy sector over the plan-
ning horizon compared with the Base scenario with no CO, constraint because of the
power generation shift from traditional coal power plants to Non-fossil sources that
require less amount of fresh water (for example, nuclear along the coast using sea-
water for cooling, and large amounts of solar and wind added in the Energy Bases).

e Starting from now, once-through power plant cooling types will be gradually
replaced by air-cooling in the north as required by the government, and they will
be completed phased out by 2035. Furthermore, when including the cost of water,
once-through plants follow a similar fate in the Other region being replaced by air
cooling or recirculating cooling.

e By 2050, about 15 petajoules (PJ) per annum of coal and oil are displaced from the
final energy mix and replaced by 8 PJ per annum increased use of natural gas and
electricity from nuclear and renewables, with associated demand-side energy effi-
ciency improvements.

e CO, emissions are reduced by 125 billion metric tons over the planning horizon.

A Coal Peak policy scenario was developed to be stricter than the Reference scenario
(CO, constraint). It increases the total system cost by 0.6 percent because it forces

2 Limiting 2020/2030 energy sector emissions to 9.5/11.0 Billion Mt 6.1/15.4% below the Baseline.
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earlier investments into constructing nuclear and renewable power plants, and retiring
coal power plants that are kept operating longer in the Reference scenario. This scenario
results in a 49 percent drop in water withdrawal from 2015 levels in 2030 compared with
only a 30 percent reduction in the Reference scenario. However, both scenarios have
nearly the same water needs in 2050 (around 42 percent less than 2015 levels).

e The All-policies scenario encompassing each of the polices examined from the 13th
Five-Year Plan reduces water withdrawals for energy use because of the earlier
investments into building nuclear and renewable power plants driven by the Coal
Peak policy. System cost increases by 1.3 percent, and CO, emissions are reduced
by an additional 12.6 billion tons cumulatively through 2050 compared with the
Reference scenario because of the actions generated by the Coal Peak policy for
faster retirement of existing coal plants. Due to the Coal Peak policy there is also a
49 percent drop in water withdrawal from 2015 levels in 2030, with slightly less
water needed in 2050 (around 44 percent less than 2015 levels). The increased
investment in nuclear and renewable plants increases the price of electricity,
which then drives some of the energy sector’s final demands away from electricity
to natural gas, partly offsetting the sector’s emission reductions.

Figure 1.1 provides metrics for the three key scenarios: Reference, Coal Peak, and All-
policies, which all include a limit on CO, emissions.The metrics are the changes in the
cumulative amount of water consumption (or use, the net amount of water consumed
by the power plants, as opposed to the total amount of water withdrawn from the vari-
ous water supply sources), CO, emission reductions, and energy system cost, from the
Base scenario.The figure illustrates that reductions in CO, emissions and water con-
sumption for energy are strongly aligned and significant. Note that achieving the NDC
reduction of CO, emissions has an associated marginal cost of $75/t CO, in 2020 and
$578/t CO, in 2050, so deeper cuts may prove to be quite challenging and costly.

Figure 1.1 Summary Metrics: Cumulative Change from the Base
Scenario, 2010-50
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@ Cum Water Consumption, Bcm 0 -
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Note: $/t = dollars per ton; bem = billion cubic meters; Gt = gigaton.
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Water and energy are crucial for life and are entwined; the use of one resource
depends on the availability of the other. The sustainable supply of services from these
two resources therefore effectively operates as a set of integrated challenges com-
monly referred to as the water-energy nexus. Recognizing these challenges, the

World Bank’s global initiative, Thirsty Energy, assists countries with tackling water and
energy management challenges in an integrated manner, rather than through the tradi-
tional decoupled silo approach to assessing future infrastructure needs. In addition, the
uncertainty that accompanies climate change further exacerbates this difficult situation,
especially given the long-term nature of the planning process and lifetimes of water
and energy infrastructure investments. A primary aim of Thirsty Energy is to demon-
strate the importance of combined energy and water management approaches and
develop methods and evidence-based operational tools to implement in practice to
prepare for any potential tradeoffs.

Over the past three decades, China’s economy has experienced rapid development,
with annual growth rates of approximately 10 percent. Gross domestic product (GDP)
per capita reached US$8,069 in 2015, with an annual growth rate of around 7 percent.
Primary energy consumption increased to 4.3 billion tons of coal equivalent in 2015,
recording an average annual growth rate of 5.8 percent in the past 30 years

10 Thirsty Energy
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(ChinaStatistical Yearbook 2016, China Energy Statistical Yearbook 2016). At around
70 percent of the total, coal has dominated the energy supply, resulting in significant
air pollution and CO, emissions that reached 9.1 billion tons in 2015. To meet its
growing energy demand, (see the “Assumptions” section in appendix B), China has a
very ambitious strategy to increase fossil fuel and non—fossil fuel power capacity and
upstream production (including coal, gas, and oil) along with aggressively promoting
renewables sources such as wind and solar. Most of these energy generation pro-
cesses require large amounts of water. For example, the coal life cycle is very water-
intensive—from coal mining and washing to cooling of power plants. Several factors
further complicate the water-energy challenge. First, water resources are unevenly
distributed in the country, with many developed regions such as those in northern
China already undergoing water scarcity. Second, the majority of energy resources
are in already water-stressed areas that face competition for the resource from other
sectors and municipalities.

China is increasingly aware of the complex interdependencies between energy and
the environment, energy security, and sustainable economic growth; and there is
growing awareness of the water-energy nexus. TheThirsty Energy initiative engaged
the Institute for Water and Hydropower Resources, which reports to the Ministry of
Water Resources and to the Institute of Energy, Environment, and Economy of Tsinghua
University, to establish a new advanced multiregional water-smart energy system plan-
ning model called TIMES-ChinaW. This energy-water planning study assesses the effect
of critical energy policy options as identified by China’s National Energy Agency in the
13th Five-Year Plan and the implications of including the cost of water in the
assessment of these options. This report provides an overview of the water-energy
nexus in China, describes the methodology and approach to integrating the cost and
supply of water into the TIMES-ChinaW model, and summarizes the main findings of
specific energy, economic, and environmental effects resulting from the
examined policies.
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Water Resources in China

China’s total annual average water resources is 2.77 trillion m® and its per-capita water
resources quantity is 2,000 m? per year, which is about one-quarter of the world’s aver-
age." The influence of the East Asian monsoon and China’s complicated regional
topography, lead to significant variations in the spatial distribution and seasonal char-
acteristics of precipitation, resulting in very uneven distribution of water resources in
the country. In general, there is more water in the south than in the north, more along
the coast than inland, and more in mountainous areas than in the plains.

In 2014, China'’s total water resources were 2.73 trillion m?, and annual precipitation
was 622.3 millimeters (mm), almost equivalent to its historical average level. The
annual water resources per capita were 2,006 m3. At a regional level, China’s northern
region (including the Songhua River, Liaohe River, Haihe River, Yellow River, and the

" Unless otherwise specified, the water resources and water withdrawal data used in this study are all from

the China Water Resources Bulletin (Ministry of Water Resources 2012) and the National Comprehensive Water
Resources Planning 2010). Note that water withdrawal is defined as the amount of water taken from a water
source (for example, lake, river, ocean, aquifer). Consumption refers to water that is lost from the total water
withdrawn. Discharge is the amount of water that is returned to the water source (sometimes in a different state).
Therefore, the water consumed is equal to the water withdrawn minus the water discharged to the environment.
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Table 3.1

Major Energy Bases and Locations

Modeling region
[Energy Base]

Eastern Inner Mongolia

Ordos

Shanxi
Xinjiang
Other

[Yungui and plants not in
integrated energy bases]

Coal Mine Bases Provinces

Eastern Inner Mongolia Eastern part of Inner Mongolia
Shendong, Eastern Ningxia, Northern Shaanxi, Western part of Inner Mongolia, Ningxia,
and Huanglong Shaanxi, and Gansu

Northern Shanxi, Middle Shanxi, and Shanxi

Eastern Shanxi

Xinjiang Xinjiang

Lianghuai, Western Shandong Anhui, Shandong, Hebei, and Henan

Middle Hebei, and Henan

Yungui Yunnan, Guizhou, Sichuan, and Chongging

Huaihe River areas) averages 316.9 mm of precipitation, and water resources totaled
465.85 billion m3, accounting for 17.1 percent of the national total. The annual water
resources per capita of the northern region were 750 m3, which is far less than half of
the national average. For China’s southern region (including the Yangtze River area, riv-
ers in the southeast, the Pearl River area, and rivers in the southwest), its average pre-
cipitation was 1,205.3 mm and water resources totaled 2.26 trillion m3, accounting for
82.9 percent of China’s total. The annual water resources per capita of this region were
3,061 m3. Consequently, the Thirsty Energy initiative aims to explore more closely the
water-energy nexus in the water-constrained northern Energy Bases, where the major-
ity of energy production occurs (see map B.1.1 and table 3.1).

Water Supply in China

According to China’s national conditions and considering water’s fluid nature and mul-
tifunctional characteristics, China has adopted a unified management system that dif-
ferent governmental departments implement. The Ministry of Water Resources ensures
sustainable development and use of water resources and implementation of a unified
supervision and management scheme. According to the natural drainage system and
ecological environment, China is divided into 10 major rivers basins (see map 3.1).

To strengthen and unify the management of water resources in important river basins,
the Ministry of Water Resources established seven local committees according to the
jurisdictional scope of the river and lake basins: the Yangtze River Water Resources
Commission, the Yellow River Water Conservancy Commission, the Haihe River Water
Conservancy Commission, the Huaihe Water Conservancy Commission, the Pearl River
Water Resources Commission, the Songliao Water Resources Commission, and the
Taihu Basin Authority. Directly affiliated with the Ministry of Water Resources, these
committees manage and supervise water resources in their river basins.

Chapter 3 Thirsty Energy 15
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Map 3.1

Water Resources Regions in China

ShionghuadRiverRegions

Eastermifiner. = Wy
Wlongolia b,
Energy Base

Sea of
Japan

"\ Husihe—5,
2 Region % |
b, :»——qué;,’ Y /-“ A

PRt /O T

S F N

- East
Southeast  China
Rivers Sea

‘_‘ s _k. .‘.. Py
" Pearl'RiverRegion’ |
A D

*JIBRD 43500 | FEBRUARY 2018

This map was produced by the Cartography Unit of the World
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the World Bank Group, any judgment on the legal status of any
territory, or any endorsement or acceptance of such boundaries.

Source: IWHR with watershed data from the Ministry of Water Resources.

The local water authority, governed by the local government above the county level
(municipal or provincial), is in charge of unified management and supervision of water
resources in their respective administrative regions in accordance with their jurisdic-
tional limits. Other relevant governmental departments above the county level are
responsible for the development and use of water resources in their respective adminis-
trative regions according to the division of their duties, such as water resources develop-
ment, use, conservation, and protection. The provincial water resources department or
municipal water bureau is responsible for supervising local water resources manage-
ment according to the division of duties between their respective levels of governments.

China’s total water supply (water used for agricultural, industrial, household,
environmental, or other activities) was 609.5 billion m?in 2014, including 492.1 billion m3
of surface water, which accounted for 80.8 percent of the total, and 92.1 billion m? of
groundwater water, which made up 18.3 percent of the total. Other water sources,
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Figure 3.1

Figure 3.2

Composition of Total Water Supply, 2014

Others, 0.9%

Groundwater,
18.3%

Surface water,
80.8%

including recycled sewage, harvested rainwater, and desalinated water, excluding seawa-
ter in direct use (for example, for cooling nuclear power plants), was 5.7 billion m® and
accounted for 0.9 percent of the total water supply (see figure 3.1).

Water Demand in China

In 2014, China's total water demand was 609.5 billion m?, matching the supply men-
tioned in the previous section. Of that 609.5 billion m?, 76.7 billion m® was for domestic
use accounting for 12.6 percent, 135.6 billion m® was for industrial use (including
energy) accounting for 22.2 percent, 386.9 billion m® was for agricultural use account-
ing for 63.5 percent, and 10.3 billion m? of water was for ecological replenishment
accounting for 1.7 percent of the total (see figure 3.2).

Composition of Total Water Demand, 2014

Ecological water,
1.7%

Domestic water,
12.6%

Industrial water,
Agricultural 22.2%
water,

63.5%
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Figure 3.3

According to regional water resources statistics, water demand in the southern area
was 331.47 billion m?, which amounted to 54.4 percent of the total demand in China. In
terms of water usage in the south, 50.77 billion m?® of water was used for domestic pur-
poses, 102.92 billion m® for industrial purposes, 174.11 billion m? for agricultural use,
and 3.61 billion m? for ecological use.

Water demand in the northern area is 278.02 billion m?, which amounted to 45.6 per-
cent of the total water demand of China (see figure 3.3). The North’s relative share of total
water demand amounted to 33.8 percent for domestic purposes, 24.1 percent for indus-
trial purposes, 55.0 percent for agricultural use, and 65.0 percent for ecological use.

Comparison of Water Demand between Southern and
Northern China, 2014
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Water for the Energy Bases

China is rich in coal, poor in oil, and deficient in gas. In 2015 coal accounted for about
63.7 percent of the total primary energy consumption in China (National Bureau of
Statistics 2016). To sufficiently satisfy the energy demands for economic development,
China’s National Energy Agency proposed five national integrated energy bases during
the period of the 12th Five-Year Plan (2010-15), including the Eastern Inner Mongolia,
Ordos, Shanxi, Xinjiang, and Yungui energy bases.These bases have been reempha-
sized in the 13th Five-Year National Electric Power Development Plan (2016-20),

which also deals with other energy policy issues such as Coal Peak, coal chemicals, and
shale gas discussed in this case study (National Development and Reform Commission
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Map 3.2

and National Energy Administration 2016). Table 3.1 lists these bases and identifies
their provincial locations and major coal bases.

Map 3.2 shows that, except for theYungui Energy Base, all other energy bases are
located in arid or semiarid regions that are deficient in water.These regions are endowed
with about 71 percent of China’s national coal reserves and only 13 percent of total water
resources. Therefore, severe water resource limitations are foreseen as a challenge to
China’s energy development strategies if coal keeps having a dominant role.

Chapter 5 presents an overview of the methodology for modeling future water sup-
plies, and chapter 6 describes the representation of the water-energy nexus in the
TIMES-ChinaW energy systems model. Appendix A provides a detailed description of

the water modeling framework.
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Xie et al. 2007,
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Water Withdrawal for the Energy Industry

China’s energy reserve structure and water endowment pattern do not match very well.
China’s coal reserves identified by the end of 2010 amounted to 1.34 trillion tons, about
300 billion tons more than that in 2005. Ninety percent of the incremental amount was
in the arid western region, and the national strategy for coal development indicates a
gradual movement westward.

The total water withdrawal for the thermal power sector is 46 billion m3, including
37.3 billion m? for once-through power plants (fossil fuelled and nuclear power plants).
Nuclear power plants are all located in the Other region and use seawater for cooling.?
Because these nuclear plants are all located in the Other region, their water needs are
not explicitly tracked in TIMES-ChinaW.

Current water withdrawal in China’s major Energy Bases amounts to 0.343 billion m?®
in the Eastern Inner Mongolia Energy Base, which is 52.7 percent of the all indus-
trial water withdrawal (that is, power and other industrial uses) is used for energy;
1.30 billion m? in the Ordos Energy Base, which is 81.0 percent of the industrial
water withdrawal; 0.78 billion m3 in the Shanxi Energy Base, which is 53.4 percent
of the industrial water withdrawal, and 0.27 billion m? in the Xinjiang Energy
Base, which is 24.5 percent of the industrial water withdrawal. Water withdrawal in
these Energy Bases comprises a high ratio of total industrial water withdrawal in
those regions.

Continued development of coal production, coal-fired power plants, and coal
chemical industries is expected to reach 4.1 billion tons by 2020 (according to the
13th Five-Year Plan), with an anticipated associated increase water demand for the
energy sector.

Water Withdrawal for Power Generation

The coal sector is one of the major water users in China. In 2015, water consumption
for the thermal power industry for electricity generation was 5.92 billion m® (excluding
once-through cooling) with an average water consumption factor of 1.4 m3/MWh (cubic
meter per megawatt-hour). The average wastewater discharge was 0.07 m¥/MWh
(China Electricity Council 2016).

Despite a sharp rise in the efficiency of water use for thermal power generation in
China during recent years, water withdrawals continue to grow steadily because of

2TIMES-ChinaW includes coefficients for water withdrawal (amount taken from the various water sources) and
water consumption (withdrawal minus discharged water), but the data used for calibration are only for water
withdrawal, so these values are subsequently presented.
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Figure 3.4 Water Withdrawals for Coal-Fired Power Plants in the Major
Energy Bases (Recirculating and Air Cooling)
Billion cubic meters

2000 2002 2004 2006 2008 2010

Source: China Electricity Council 2011b.

rapid increases in the demand for electricity. Recent trends in China’s water withdraw-
als for coal-fired power plants can be seen in figure 3.4.

Given the uneven distribution of water resources in China, with more in the south
and east and less in the north and west, the government promotes appropriate thermal
power plant cooling methods according to the natural availability of water resources.
In northern China, where water is scarce, air-cooling units have been mostly adopted in
recent years and are now required by the government. For the relatively water abun-
dant South, wet cooling units are adopted, namely once-through cooling or recirculat-
ing cooling systems; they tend to be more efficient and less expensive. However, with
the improvement of environmental protection measures, the cooling water discharge
temperature is restricted in southern China, so most of the thermal power generation
adopts recirculating cooling systems.
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Table 3.1 lists the five regions used to characterize the TIMES-ChinaW model, which are
also depicted in map B.1.1. These regions include the four main northern Energy Bases
in the country: Eastern Inner Mongolia, Shanxi, Ordos (including Shaanxi, Ningxia, and
Gansu), and Xinjiang.Together, the Energy Bases account for significant shares of
domestic coal (more than half), oil, and natural gas resources, but they comprise only
5.8 percent of the water resources in China (China Water Resources Bulletin 2015). The
fifth (Other) region includes the southern energy base (Yungui) and other regions and
resources that are not associated with the main Energy Bases.

Regional Resources

The uneven distribution of energy resources is a significant challenge for future devel-
opment. According to the China Statistical Yearbook (2016), national proven reserves
of coal are 5,104 exajoules (EJ) (10" joules [J]), with the four northern Energy Bases
making up 73 percent of the total. National technically recoverable reserves of oil are
146 EJ, and the portion in the four northern Energy Bases is 38 percent. National
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Figure 4.1

Major Energy Resource Potential, by Region
(Coal, Oil, Gas, and Wind)
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technically recoverable reserves of gas are 202 EJ, with the four northern Energy
Bases comprising 52 percent of the total. These Energy Bases also comprise 56 per-
cent of the 2,600 gigawatts (GW) of wind technical capacity. Figure 4.1 shows the
share of these fuel reserves and wind potential for each energy base. According to the
China’s Wind and Solar Energy Resources Bulletin of China’s Meteorology
Administration, the solar resources are distributed more in the west than in the east
and more in the north than in the south, as map 4.1 shows. Therefore, the Energy
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Map 4.1

Solar Resource Potential, by Region
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Bases face the same transmission infrastructure and losses issues inherent in trans-
mitting electricity to the demand centers whether the generation comes from coal-
fired plants or from renewable energy plants.

Regional Resource Supply

Figure 4.2 shows the regional breakdown of fossil fuel extraction in 2010, by energy
base. Coal was produced in all bases, and the Energy Bases accounted for 59.5 percent
of national production. Oil was produced primarily in the Other region, and the Energy
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Figure 4.2

Total Domestic Resource Extraction, 2010
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Bases accounted for 29.4 percent of the total. Natural gas was produced largely in Ordos,
with the Energy Bases producing 89.4 percent of the national total. Coal can be extracted
in the Energy Bases and shipped to the Other region for use with once-through or recir-
culating cooling, but the cost of transportation and the CO, limit policy makes this
unattractive.

Power Plants

Table 4.1 presents the regional power plant capacity, by type, in 2010, according to
China’s compiled power industry statistics and shows that around 81 percent of the
current generation is located in the Other region (China Electricity Council 2011a,
2011b). However, much of the future capacity is expected to be located in the four
Energy Bases.

Given that coal is the key power source and renewable energy is increasingly impor-
tant, figure 4.3 provides a breakdown of the installed capacity in 2010 of coal plant types,
by region, and figure 4.4 shows the breakdown of hydropower, wind, and nuclear, by
region. Figure 4.5 shows the share of solar and wind capacity updated for the significant
changes between 2010 and 2015. In 2015, solar PV systems and onshore wind in the
Energy Bases made up 46 percent and 63 percent of their national total, respectively.
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Table 4.1 Regional Power Plant Capacity, 2010
Gigawatts

Region
Type
Eastern Inner Ordos Other Shanxi Xinjiang
Mongolia
Hydropower
Large hydropower 0.19 4.36 126.85 1.54 1.26
Small hydropower 0.01 5.03 74.80 0.28 173
Thermal
Ultra-super critical 2.00 9.95 81.61 4.23 0.21
Super critical 3.13 15.02 83.33 6.85 0.67
Subcritical 2.29 12.39 61.79 5.29 0.91
Super high pressure 3.49 11.75 73.28 755 3.92
High pressure 0.38 4.54 74.07 5.20 0.80
Wind 2.75 8.88 16.20 0.37 1.36
Nuclear 0.00 0.00 10.82 0.00 0.00
Solar 0.00 0.09 0.19 0.00 0.00
Total 14.24 72.01 602.94 31.31 10.86
Source: China Electricity Council 2011a, 2011b.
Figure 4.3 Coal Power Plant Capacity, 2010
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Figure 4.4

Figure 4.5

Hydro, Wind and Nuclear Power Plant Capacity, 2010
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Wind Nuclear

Capacity of Solar Photovoltaic and Wind, 2015
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b. Capacity of onshore wind
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Table 4.2

The capacity of nuclear, concentrating solar power, and offshore wind are 26.40 GW,
0.01 GW, and 0.75 GW, respectively and are mostly in the Other region.The changing
nature of the power plant mix, with decreasing coal and rapidly expanding Non-fossil
generation, is clearly seen in the discussion of the Reference scenario (for example,
see figure 7.10).

Coal Chemical

The coal chemical industry converts coal to liquid or gaseous energy carriers. In
previous years, China had considered an aggressive program to promote the coal
chemical industry to enhance its energy security. However, as table 4.2 shows, only
modest levels of coal chemical industry materialized, primarily because of environ-
mental concerns and economic reasons (see the “Coal Chemical Industry” section in
appendix C).

Coal Chemical Industry Capacity, 2010 and 2015

Facility Type

Coal to liquid directly
Coal to liquid indirectly

Coal to gas

Unit 2010 2015 Location

Thousand tons per annum 1,080 1,080 Ordos

Thousand tons per annum 16 116 Ordos

Billion cubic meters per annum 16 16 Shanxi
0 1.33 Eastern Inner Mongolia
0 1.375 Xinjiang
0 0.4 Ordos
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Methodology

The coal sector is one of the major water users in China, from mining and washing
coal to cooling power plants. To sustainably develop the coal industry, water resources
supply security is necessary. Because the majority of coal resources are located in the
already water-stressed parts of northern China, the development of the northern
Energy Base could face water resources constraints.

Considering the scale of water conservancy projects, water supply distances, and
regional policies, energy security depends not only on water quantity but also on the
cost of water supply. Moreover, the impact of climate change on regional water
resources, could affect the development and management of the energy sector.

A water-smart energy system model requires matching the energy options with
their respective available water supply.

In this study, the water demands and water supply costs from different water
sources are analyzed based on the existing comprehensive water resources plans in the
four northern Energy Bases. The analytical method for water supply is described in
appendix A. As discussed in appendix A, water for the energy sector in the future is
determined by apportioning a share of the total projected available water in each region
consistent with the current distribution. In addition, the energy sector has the option to
purchase limited amounts of water rights from the non-energy (agriculture) sector.The
price of the water is determined based on the assumption that there will be full cost
recovery for each new water supply scheme, which is also presented in appendix A.3.

This chapter describes how the water demands forecast for the 2020-50 time frame
were developed and shows the approach used to develop the unit water supply cost
(UWSC) and the water supply cost curve (WSCC) for each region. In each region, the
approach is based on detailed knowledge of the total current water use and water
structure of different industries in the Energy Bases, the water resources conditions,
the status of the water supply infrastructure, and the potential effects on future water
supply and cost, as figure 5.1 shows. Because the Other region is not considered
water constrained, a simplified approach was used, where a low base cost for water is
specified without a limit on supply.

The water supply in each region can be expanded by building new surface water
supply and water diversion projects, exchanging water rights, recycling wastewater
and using drainage water, among other means. Additional water supply to the energy
sector depends on the specific projects planned for that region to meet the full water
demand, including the other sectors.

Water supply costs are calculated based on the Regulation for Economic Evaluation
of Water Conservancy Construction Projects released by the Ministry of Water
Resources of the People’s Republic of China in 2013 (Ministry of Water Resources,
2013). In appendix A, the water supply cost method is described.

The UWSC represents the incremental cost of water supply along with each addi-
tional water infrastructure scheme (project) that needs to be undertaken to deliver the
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Figure 5.1

Simplified Research Routing for Water Modeling

additional water. The UWSC is used to create the WSCC that is provided as input to
TIMES-ChinaW by including the timing (year) in which each scheme could be introduced.
TIMES-ChinaW then determines the marginal cost of water by climbing the WSCC to the
level necessary to deliver that amount of water needed for energy, as an incremental
amount above the assumed fixed non-energy demand for water. Different steps for sup-
plying water (with upper limits and associated cost based on UWSC) are set up inTIMES-
ChinaW.The water representation in TIMES-ChinaW is discussed with more detail in the
“Water Representation in the TIMES-ChinaW Model” section in chapter 6. It is important
to note that the water supply for hydropower plants in the Other region is not included

in the WSCC.
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Regional Water Resources

In terms of water, China’s Energy Bases vary significantly in their regional locations
and river basins. Because the Energy Bases have differing water distribution features,
each is analyzed independently.

Table 3.1 describes China’s main Energy Bases and their locations. The water
aspects of each are discussed in the sections that follow. In addition to the main
bases, an Other region represents the rest (the water-rich part) of the country,
where the water resources conflict is not prominent in the process of energy devel-
opment. Therefore, water use is not constrained in modeling the water-rich region,
although the model does apply a unit cost for the water needed for energy there.
The UWSC for the water-rich region is assumed to be 0.85 yuan/m?3, with no
upper bound.

Water in the Eastern Inner Mongolia
Energy Base

The Eastern Inner Mongolia Energy Base encompasses mainly five large municipali-
ties: Chifeng, Hulun Buir, Tongliao, Xilin Gol League, and Xingang, with a total area of
664.9 thousand square kilometers. The Eastern Inner Mongolia Energy Base is located
in the northeast region of Inner Mongolia. Adjacent to the southeast area of the energy
base are Hebei, Heilongjiang, Jilin, and Liaoning provinces and to the north are the
Russian Federation and Mongolia.

The Eastern Inner Mongolia region has a cool and temperate continental monsoon
climate, and its regional precipitation comes mainly from humid air from the Pacific
summer winds. Because the region is located inland and isolated by the Da Hinggan
Mountains, it infrequently experiences warm currents. Insufficient water vapor
sources result in little annual precipitation that ranges from 265 to 442 mm, which
decreases from the southeast to the northwest. Long hours of sunshine and signifi-
cant winds in the region result in a very high evaporation rate. The geographic distri-
bution of water surface evaporation, on the contrary, decreases from the northwest
to the southeast.

Total water resources in the Eastern Inner Mongolia Energy Base are 48.53 billion m?3.
The current total water supply is 8.24 billion m?3, including 2.59 billion m? of surface
water supply, 5.63 billion m?® of groundwater water supply, and 29 million m? of others
(see figure 5.2). In terms of usage, 5.10 billion m® are used for agricultural irrigation;
1.17 billion m3 for industrial purposes (including 0.62 billion m® for the energy sector);
1.08 billion m2 for urban water; and 893 million m?® for forest, fishery, and husbandry
(see figure 5.3).
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Figure 5.2

Figure 5.3
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Figure 5.4

Water in the Ordos Energy Base

The Ordos Energy Base includes mainly four regions: Ordos, Ningdong, Shanbei, and
Huanglong. It also includes four Ordos municipalities: Wuhai, Huhhot, Baotou, and
Erdos; Yulin,Yan'an, Tongchuan, and Xianyang in Shaanxi Province;Yinchuan and
Wuzhong in the Ningxia Hui Autonomous Region; and Pingliang and Qingyang in
Gansu Province.

The Ordos Energy Base is located in the temperate drought continental climate
zone, whose winter and summer precipitation varies greatly. Regional precipitation
also differs as it decreases gradually from east to west. For example, annual precipi-
tation in Xianyang and Tongchuan of Shanxi Province in the east ranges from 650 to
700 mm, whereas inYinchuan and Wuzhong in the Ningxia Hui Autonomous Region
in the west experience only 200 mm. With uneven seasonal distribution, precipita-
tion is concentrated mostly in July, August, and September, accounting for
70 percent of total annual precipitation. Because of its uneven temporal-spatial
precipitation distribution and significant evaporation, the Ordos Energy Base is a
water-scarce area.

Total water resources in the Ordos Energy Base are 11.79 billion m3. The total current
water supply of 9.94 billion m?, including 6.54 billion m? of surface water, 3.18 billion m?®
of groundwater, and 225 million m® of other water sources (see figure 5.4). In terms of
usage, 7.10 billion m? of water are used for agricultural irrigation, 1.61 billion m? for
industrial purposes (including 1.30 billion m? for the energy sector), and 628 million m?
for domestic purposes (see figure 5.5).
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Figure 5.5 Composition of Total Water Use in the Ordos Energy Base, 2012
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Water in the Shanxi Energy Base

The Shanxi Energy Base is located on the Loess Plateau on the western North China
Plain and on the eastern bank in the middle reaches of the Yellow River, including
mainly 11 cities in Shanxi Province.

Shanxi Province is located in mid-latitude inland on the eastern part of the continent.
Bounded by the eastern mountains, its temperate continental monsoon climate is less
affected by the sea. Its winters are long, dry, and cold. Summers are affected by mari-
time warm currents and the southeast monsoon, leading to concentrated precipitation.
Precipitation increases from the northwest to the southeast with annual average precip-
itation ranging from 400 to 600 mm, and greater than 700 mm in parts of the mountain-
ous areas.

Total water resources in the Shanxi Energy Base are 12.38 billion m?, with a total
current water supply of 7.34 billion m3, including 3.18 billion m? of surface water,
3.64 billion m?® of groundwater, and 514 million m? of other water sources (see
figure 5.6). In terms of usage, 3.99 billion m® of water are used for agricultural irriga-
tion, 1.55 billion m? for industrial purposes (including 0.78 billion m? for the energy
sector), and 923 million m® for domestic use (see figure 5.7).

Chapter 5 Thirsty Energy 37
Water Modeling



Figure 5.6

Figure 5.7
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Water in the Xinjiang Energy Base

The Xinjiang Energy Base includes the Xinjiang Uygur Autonomous Region. Its annual
average precipitation is 254.40 billion m?, equivalent to water resources with a

154.8 mm depth, 23.8 percent of average precipitation depth across China.The general
trend is that more precipitation occurs in the north than in the south, and more precipi-
tation occurs in the west than in the east. Also, the evaporation capacity in mountains
ranges from 800 to 1,200 mm and from 1,600 to 2,200 mm in the plains and basin.

The total water resources is 78.85 billion m® in Xinjiang, with a total current water
supply of 53.51 billion m?, including 43.92 billion m? of surface water, 9.52 billion m?® of
groundwater, and 70 million m? of other water sources (see figure 5.8). In terms of usage,
48.46 billion m? of water are used for agricultural irrigation, and 2.65 billion m? for ecologi-
cal and environmental purposes, 1.28 billion m?® for domestic purposes and 1.12 billion m?
for industrial purposes (including 0.27 billion m?® for the energy sector) (see figure 5.9).
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Figure 5.8

Figure 5.9
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WSCC for the Energy Bases

According to integrated water resources planning and practical investigation in various
areas, possible water supply capacity in the energy sector, and the corresponding
water supply, costs are analyzed for the 2020-50 period. The water supply levels men-
tioned in the sections that follow refer only to those for the energy sector. The UWSC
data associated with each of the Energy Bases are reported in tables 5.1 through 5.4,
for the business-as-usual (no climate change impacts) and representative concentra-
tion pathway (RCP) scenarios, this data becomes the WSCC once the project timing is
imposed. These WSCCs reflect the water supply needs only for energy purposes based
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on the current allocation of water to the various water consuming sectors, assuming
this proportion remains similar over the planning horizon. There are two types of sup-
ply options: projects that add infrastructure (reservoir construction and water transfer
projects) and conservation measures in the non-energy sectors that result in additional
recycled water for energy production purposes.

The water transfer projects allow some flexibility for the model to indicate that con-
sideration should be given to reallocation of water rights (for example, from agricul-
ture to energy) should those options become available. A fuller representation of the
non-energy water demands where water rights transfers and conservation possibilities
compete with other supply options to meet both energy and non-energy water needs
endogenously is a more robust way to handle this aspect of the nexus, which is dis-
cussed in the conclusions chapter.

The water supply capacity for energy in the Eastern Inner Mongolia Energy Base in the
base year (2014) was 1.37 billion m?, which is expected to increase by 0.24 billion m? by the
year 2020.The energy sector depends mainly on surface water and reclaimed water supply
projects. According to the Report of Integrated Water Resources Planning in Inner
Mongolia (Inner Mongolia Water Resources Department 2012), a total of 83 million m? of
water supply capacity is expected to be added to the Eastern Inner Mongolia Energy Base
through surface water project in the medium term and water reclamation projects in the
long term.The total regional water supply capacity for the energy industry in 2050 is able
to reach 2.43 billion m?3.

Water supply costs are calculated based on Regulation for Economic Evaluation of Water
Conservancy Construction Projects released by the Ministry of Water Resources of the
People’s Republic of China in 2013.The water supply cost method is provided in appendix A.

The UWSC data for the Eastern Inner Mongolia Energy Base is shown in figure 5.10
and summarized in table 5.1 for the BAU and RCPs scenarios. Figure 5.10 shows the
incremental cost for each additional water infrastructure scheme (project) to deliver the
additional water.

Water supply capacity for energy in the Ordos Energy Base in the base year was

5.01 billion m3.The water supply capacity is expected to be increased by 0.63 billion m?
by the year 2020. Developing new projects for surface water supply and water diver-
sion will enable new water supply, with a projected 591 million m® of water supply
capacity to be added through medium- and long-term water recycling projects after
2020. Regional total water supply capacity to the energy sector in 2050 is able to reach
11.55 billion m3. The basic UWSC data for the Ordos Energy Base is shown in figure 5.11
and summarized inn table 5.2 for the BAU and RCPs scenarios.
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Figure 5.10 Unit Water Supply Cost Curve of the
Eastern Inner Mongolia Energy Base
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Table 5.1 Water Supply Options for the Eastern Inner Mongolia Energy Base,
BAU, and RCPs

Volume Price
(billion m?) (yuan/m?)
Starting

No. Source year BAU RCP2.6 RCP45 RCP85 BAU RCP2.6 RCP45 RCP85
1 Existing reservoirs 2010 0.70 0.70 0.70 0.70 2.2 2.2 2.2 2.2
9 Recycled water 2010 0.08 0.08 0.08 0.08 2.7 2.7 2.7 2.7

(industry/urban)
3 New reservoirs 2010 0.59 0.59 0.59 0.59 3.1 3.1 3.1 3.1
4 Recent reservoir

construction project 2015 0.08 0.06 0.06 0.05 &3 4.1 4.5 5.0
5 Mid-term recycled

water 2020 0.16 0.16 0.16 0.16 3.8 3.8 3.8 3.8
6 Mid-term water

diversion project 2020 0.43 0.30 0.38 0.33 3.9 4.6 4.4 4.7
7 Long-term recycled

water 2040 0.40 0.40 0.40 0.40 4.8 4.8 4.8 4.8

Note. BAU = business as usual (no climate change impacts); m® = cubic meter; RCP = representative concentration
pathway.
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Figure 5.11

Unit Water Supply Cost Curve of the
Ordos Base
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Table 5.2 Water Supply Options for the Ordos Energy Base, BAU, and RCPs

No.

Source

Existing reservoirs

Recycled water
(industry/urban)

New reservoirs

Recent reservoir
construction project

Water diversion
project

Mid-term water
diversion project

Starting
year

2010

2010

2010

2010

2015

2020

BAU

0.90

0.10

3.86

0.15

0.07

0.56

Volume (billion m3)

RCP2.6

0.90

0.10

3.86

0.15

0.06

1.21

RCP4.5

0.90

0.10

3.86

0.15

0.10

1.25

RCP8.5

0.90

0.10

3.86

0.15

0.05

1.42

BAU

25

229)

3.3

3.66

3.7

3.8

Price
(yuan/m?3)

RCP2.6 RCP4.5 RCP8.5
25 25 25
2.9 2.9 2.9
3.3 3.3 3.3
3.6 3.6 3.6
4.2 5.1 5.5
3.8 3.8 3.8

(continued)
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Table 5.2 Water Supply Options for the Ordos Energy Base, BAU, and RCPs

(continued)
Price
Volume (billion m?) (yuan/m?3)
Starting
No. Source year BAU RCP2.6 RCP45 RCP85 BAU RCP26 RCP45 RCP85
7 Mid-term recycled
water 2025 0.32 0.32 0.32 0.32 4.0 4.0 4.0 4.0
8 Long-term recycled
water 2030 0.72 0.72 0.72 0.72 4.8 4.8 4.8 4.8
9 Long-term water
diversion project 2030 4.88 4.62 4.70 4.73 5.0 5.3 5.3 5.0

Note. BAU = business as usual (no climate change impacts); m? = cubic meter; RCP = representative concentration

pathway.

WSCC for the Shanxi Energy Base

Water supply capacity for energy in the Shanxi Energy Base in the base year was

1.42 billion m3. The water supply capacity is expected to increase by 0.30 billion m? by
the year 2020, with another 0.59 billion m?® of water supply capacity to be added by
building water diversion projects, reservoir projects, and reclaimed water projects after
2020. Regional total water supply capacity for the energy sector in 2050 is projected to
reach 2.31 billion m3.The UWSC data for the Shanxi Energy Base is shown in

figure 5.12 and summarized inTable 5.3 for the BAU and RCPs scenarios.

WSCC for the Xinjiang Energy Base

Water supply capacity in the Xinjiang Energy Base in the base year was 1.15 billion m?2.
Additional water supply is expected to be achieved by building new projects, with

1.42 billion m? of water supply capacity to be added through water diversion projects,
reservoir projects, and reclaimed water projects after 2020. Backbone water diversion
projects are built to divert water from theYili River and the Eerqisi River to ensure that
the regional energy base receives the water it needs. The total water supply for the
energy sector in 2050 is expected to be 2.68 billion m3.The UWSC for the Xinjiang Energy
Base is shown in figure 5.13 and summarized in table 5.4 for the BAU and RCPs scenarios.
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Figure 5.12 Unit Water Supply Cost Curve of the
Shanxi Base
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Table 5.3 Water Supply Options for the Shanxi Energy Base, BAU, and RCPs
Volume Price
(billion m3) (yuan/m?)
Starting
No. Source year BAU RCP26 RCP45 RCP85 BAU RCP2.6 RCP45 RCP85
1 Existing reservoirs 2010 0.65 0.65 0.65 0.65 2.8 2.8 2.8 2.8
2 Recycled water
(industry/urban) 2010 0.02 0.02 0.02 0.02 2.9 2.9 2.9 2.9
3 New reservoirs 2010 0.04 0.04 0.04 0.04 3.0 3.0 3.0 3.0
4 Recent reservoir
construction project 2010 0.30 0.30 0.30 0.30 3.3 33 853 a3
5 Water diversion
project 2010 0.41 0.41 0.41 0.41 3.8 3.8 3.8 3.8
6 Mid-term recycled
water 2020 0.30 0.30 0.30 0.30 4.2 4.2 4.2 4.2

(continued)
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Table 5.3

Water Supply Options for the Shanxi Energy Base, BAU, and RCPs

(continued)
Volume Price
(billion m3) (yuan/m?)
Starting
No. Source year BAU RCP26 RCP45 RCP85 BAU RCP26 RCP45 RCP85
7 Mid-term water
diversion project 2025 0.18 0.19 0.13 0.18 5.0 4.3 4.8 4.8
Mid- and long-term
8 reservoir
construction project 2030 0.02 0.03 0.02 0.02 5.23 4.6 5.0 5.0
9 Long-term recycled
water 2030 0.1 0.1 0.1 0.1 5.5 5.5 5.5 5.5
10 Long-term water
diversion project 2035 0.28 0.28 0.27 0.27 5.7 5.8 5.6 5.6
Note. BAU = business as usual (no climate change impacts); m® = cubic meter; RCP = representative concentration
pathway.
Figure 5.13 Unit Water Supply Cost Curve of the

Xinjiang Base
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Table 5.4 Water Supply Options for the Xinjiang Energy Base, BAU, and RCPs
Volume Price
(billion m3) (yuan/m?3)
Starting

No. Source year BAU RCP2.6 RCP45 RCP85 BAU RCP2.6 RCP45 RCP85
1 Existing reservoirs 2010 0.73 0.73 0.73 0.73 25 25 2.5 25
9 Recycled water

(industry/urban) 2010 0.04 0.04 0.04 0.04 2.8 2.8 2.8 2.8
3 New reservoirs 2010 0.38 0.38 0.38 0.38 3.0 3.0 3.0 3.0
4 Recent reservoir

construction project 2015 0.15 0.14 0.15 0.13 34 3.6 34 3.6
5 Mid-term recycled

water 2040 1.1 1.32 1.65 1.51 3.8 3.8 3.8 3.8
6 Mid-term water

diversion project 2045 0.04 0.04 0.04 0.04 4.0 4.0 4.0 4.0
7 Long-term recycled

water 2045 0.27 0.27 0.27 0.27 5.1 5.1 5.1 5.1

Note. BAU = business as usual (no climate change impacts); m® = cubic meter; RCP = representative concentration

pathway.

Water Supply Cost Curves under
Climate Change

Human activity increasingly affects the climate, particularly as the level of social and
economic development improves. Studies show that fossil fuel burning in industry,
transport, and buildings is a main reason for the increase of CO, and other greenhouse
gases in the atmosphere, which contribute to climate change and may increase the fre-
quency and intensity of extreme disasters such as floods and droughts, as well as
directly affect levels of rainfall, evaporation, runoff, and soil moisture (Mauser and
Bach 2009). Recent statistics indicate that climate change has already affected the

water cycle characteristics in China (Zhang and others 2008).

The Climate Land Surface and Hydrology Model System (CLHMS), a model mainly
used to conduct research on watershed level water resource changes, has been used to

calculate the future water resources in order to analyze changes in water supply

against the backdrop of climate change. The choice of Global Climate Model (GCM)
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used for this case study is based on the model simulation abilities, temporal/spatial
resolution and data availability. In consideration of the global climate models’ simula-
tion ability, the temperature and precipitation simulation capabilities of 14 global cli-
mate models in China during the twentieth century (1962-2005) were firs examined.
CNRM-CM5', HadCM3?, and IPSL-CM5A-LR® showed a better simulation capability in
China.The spatial resolution of CNRM-CM5 (256x128) is higher than that of HadCM3
(96x73) and IPSL-CM5A-LR (96x96); as a result, the CNRM-CM5 was chosen as the GCM
for the case study. All data required for the Climate Land Surface and Hydrology Model
System and data available in CNRM-CM5 are provided in the appendix a, in table A.1.

This study adopts the IPCC-ARb prediction experiment results for the twenty-first cen-
tury driven by RCPs (Taylor, Stouffer, and Meehl 2012). According to China’s medium-
and long-term development plans and the world’s developing level, three greenhouse
gas emission scenarios were selected: RCP2.6 (low), RCP4.5 (mid), and RCP8.5 (high).

The IPCC-AR5 RCPs are named according to their 2100 radiative forcing level. The
RCP 2.6 pathway represents a low greenhouse gas concentration scenario, and its radi-
ative forcing level first reaches a value around 3.1 watts per square meter around 2050,
then returns to 2.6 watts per square meter by the end of the twenty-first century (Van
Vuuren and others 2011).The RCP 4.5 is a stabilization scenario where total radiative
forcing is stabilized at 4.5 watts per square meter before 2100 (Thomson and others
2011). The RCP 8.5 is a high greenhouse gas concentration scenario, which is character-
ized by increasing greenhouse gas emission, the radiation forcing increases continu-
ously to 8.5 watts per square meter in 2100 (Riahi and others 2011).

Although the Energy Bases, which belong to different river basins, are only part of
the water consumption picture in each basin, it is important to understand the link
between them and future water needs. Future water resource changes in the Yellow
River Basin, the Haihe River Basin, and the Song-Liao River Basin are analyzed by sim-
ulations based on the Energy Bases in the river basin under different climate scenario
settings. Details of the analytical method are described in appendix A.

Climate change affects precipitation, which affects regional water resources quantity
and can thereby affect the project water supply capacity. Therefore, climate change can
produce an indirect impact on the project cost of water supply. Figures from 5.14 to
5.17 show the WSCC for each of the Energy Bases under the BAU scenario and three
climate change variants (RCP2.6/4.5/8.5). Tables 5.1 through 5.4 show the BAU and
RCPs UWSC data. Note that the water delivery levels for the RCPs are the average for

"Voldoire A., E. Sanchez-Gomez, D. Salas y Mélia, B. Decharme, C. Cassou, S. Sénési, S. Valcke, |. Beau, A. Alias,
M. Chevallier, M. Déqué, J. Deshayes, H. Douville, E. Fernandez, G. Madec, E. Maisonnave, M.-P Moine,

S. Planton, D. Saint-Martin, S. Szopa, S.Tyteca, R. Alkama, S. Belamari, A. Braun, L. Coquart, FE Chauvin. 2013.
The cnrm-cmb.1 global climate model: description and basic evaluation. Climate Dynamics 40 (9-10): 2091-121.
2 Gordon, C., C. Cooper, C. A. Senior, H. Banks, J. M. Gregory, T. C. Johns, J. F B. Mitchell, R. A. Wood. 2000. The
simulation of sst, sea ice extents and ocean heat transports in a version of the hadley centre coupled model
without flux adjustments. Climate Dynamics 16 (2-3): 147-68.

3 Persechino, A., J. Mignot, D. Swingedouw, S. Labetoulle, and E. Guilyardi. 2013. Decadal predictability of the
atlantic meridional overturning circulation and climate in the ipsl-cmba-Ir model. Climate Dynamics 40 (9-10):
2359-80.
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Figure 5.14
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Figure 5.14
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Figure 5.15
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Figure 5.15
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Figure 5.16 Shanxi Energy Base Water Supply Options
(Energy Sector Only)
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Figure 5.16
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Figure 5.17
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Figure 5.17
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each project over the planning horizon because there are minor fluctuations over time.
The impact of climate on different types of water supply schemes is not necessarily the
same. Therefore, the WSCC is shown as a price and quantity supply step curve with
5-year intervals to 2050. These modified WSCC are used in the TIMES-ChinaW model to
examine the water-energy nexus under climate change in China, as presented in
chapter 7. Compared with the BAU scenario, the climate change scenarios show an
increased variability of water resources. Consequently, the available water supply
quantity for the Energy Bases also reflects the increases variability of water resources.

In the RCP2.6 scenario, local water resources in the Shanxi Energy Base will
decrease slightly after 2020 from 0.29 to 0.27 billion m3, and the reservoir water cost
will increase from 3.3 to 3.6 yuan/m? around 2030. However, available water from water
diversion projects will increase to 0.31 billion m?® after 2035. In 2050, the total water
supply capacity will reach 2.69 billion m3. In the RCP4.5 scenario, the amount of local
water resources fluctuates because of the construction of a recent reservoir project,
where the amount of water diversion gradually decreases after 2035. The water supply
capacity is 2.29 billion m® by 2050. Compared with BAU scenario, the amount of local
water resources and diversion water projects all gradually decrease after 2020 in
RCP8.5 scenario. The water supply cost for a new reservoir increases from 3 to
3.2 yuan/m? around 2025, and the cost of existing reservoirs increases from 2.8 to
3 yuan/m?® around 2040. The total water supply capacity in 2050 is 2.28 billion m?3.

In the RCP2.6 scenario for the Ordos Energy Base, local water resources gradually
increase after 2020, and the amount of diversion water projects will also increase
around 2030. In 2050, the water supply capacity is 14.57 billion m3. In the RCP4.5 sce-
nario, the total water supply capacity declines in 2040 because of the fluctuation of
regional water resources. The water supply capacity is 1.09 billion m? less than that in
the BAU scenario. In the RCP8.5 scenario, compared with the BAU scenario, the local
water resources gradually increases around 2020. However, the amount available from
water diversion projects decreases. In 2050, the total water supply capacity will reach
13.37 billion mé.

In the RCP2.6 scenario for the Eastern Inner Mongolia Energy Base, the regional
water resources remain stable from 2020 to 2045; after 2045, local water resources
show an increasing trend. The water supply capacity in 2050 is 0.08 billion m? less
than that in the BAU scenario. In the RCP4.5 scenario, the amount of local water
resources and diversion water change very little after 2025, and water cost also
remains stable after 2025. The water supply capacity is 2.06 billion m?®in 2050. In the
RCP8.5 scenario, the local water resources decrease in 2020-45; after 2045, the local
water resource amount gradually increases. The water supply capacity around 2050 is
2.17 billion m3.

Water resources in the Xinjiang region show almost the same trend in all three cli-
mate change scenarios. Therefore, the WSCC for the Xinjiang Energy Base under the
RCP2.6, RCP4.5, and RCP8.5 scenarios have the following similarities: the water sup-
ply capacity remains stable from 2020 to 2035, after which water resources fluctuate.
The available water from reservoirs show a decrease around 2045. The water supply
capacity in the RCP2.6, 4.5, and 8.5 scenarios are 3.24, 3.78, and 3.62 billion m3,
respectively.
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To examine evolving energy issues in China, Tsinghua University had previously
assembled a national MARKAL/TIMES model (for a general description, see the
“Model Description” section in appendix B). Under the Thirsty Energy initiative,
water supply and water demand by the energy sector are introduced into the exist-
ing energy system framework to create a water-smart energy model, the TIMES-
ChinaW model. TIMES determines least-cost development pathways for the energy
system under various conditions; and reports energy production and consumption,
technology choices, investment in new energy production facilities and energy
consuming devices, along with the associated air pollution and greenhouse gas
emissions. To effectively use aTIMES model for policy analysis and planning pur-
poses, two benchmark scenarios were established (one without China’s climate
change policy [Base] and one with the climate change policies [Reference]). These
two benchmark scenarios were used as the comparison point against which various
alternative futures are evaluated.

Regional Consideration

The model is divided into five regions: the four Energy Bases and the Other region

(as described in chapter 3). This study focuses on the resource extraction, electricity
generation from power plants, and the coal chemicals industries, as well as the trans-
portation of coal, gas, and electricity to meet national energy service demands.

Figure 6.1 presents a simplified Reference Energy System forTIMES-ChinaW that
depicts the flow of coal and electricity as well as where water is needed for energy
through a series of transformation processes to meet the demand for energy services.
Electricity also flows back to the mining and upstream processes; the flow of natural
gas and any other commodity is similar. In addition, coal, gas, and electricity may
move between the regions in the model.

Figure 6.2 presents the 2010 proportions of coal and natural gas transported and elec-
tricity transmitted from (or to) each region. Transportation refers to the net shipped in or
out of the region.The coal transported to the Other region are mainly from Ordos and
Shanxi, with a transportation cost imposed. Natural gas is transported from Ordos and
Xinjiang to the Other region, and electricity is transmitted out of all four Energy Bases into
the Other region.Table C.9 in the appendix C provides the transportation cost for each
commodity.
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Figure 6.1 Simplified TIMES-ChinaW Reference Energy System (RES)
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Water Representation in the
TIMES-ChinaW Model

The TIMES-ChinaW model tracks water withdrawal for extraction of coal, oil, and gas;
use by the coal chemical industry, and use by all types of power plants. The distinction
between water withdrawal and water consumption is important. Withdrawn water is
the water removed from surface or groundwater, at least temporarily, to produce or
process energy, or for some other purpose. Water withdrawals are typically classified
as either surface (from river, lakes, or impoundments) or groundwater. Water con-
sumption is the portion of withdrawn water that is not returned to the surface or
groundwater in the same drainage basin from which it was extracted. Consumed water
is evaporated, transpired, and incorporated into products or crops, or otherwise
removed from the water network. Because the data from the China Water Resource
Bulletin present withdrawals, this research also focuses on water withdrawals. The
principle of water use for energy can be explained by the following equations.

Water Withdrawal = Water Consumption + Water Discharge

such that

Water Discharge =Treated Wastewater + Cooling Water

and

Water Consumption = Wastewater (which cannot be treated) + Loss (evaporation).

On the other hand, water use includes any part of water withdrawal that is recircu-
lated for cooling, where water is continually reused being only topped off as needed to
cover losses. Therefore, over the long term, water use is much bigger than water with-
drawal, given the following:

Water Use = Water Withdrawal + Amount for Recirculating - (N-1),
where N is the recirculating number.

In 2010, water withdrawals in China totaled about 602 billion m? (China Water
Resources Bulletin), and the industry sector’s share was 24.0 percent of the total, about
145 billion m3, among which the thermal power sector occupied approximately
32 percent at around 46 billion m3. Furthermore, the water demand has been increas-
ing in the four Energy Bases in recent years. From 2005 to 2010, annual industrial water
consumption grew by 8 percent in Eastern Inner Mongolia, 5 percent in Xinjiang, and
2 percent in Ordos. As China’s energy demand continues to increase rapidly in water-
scarce areas, the energy sector will increasingly need to plan with full consideration of
water requirements, including an understanding of potential future constraints
because of other competing uses and possible climate change. The lack of integrated
planning could hamper China’s rapid economic growth.

Figure 6.3 shows that the water consuming processes in each region of TIMES-
ChinaW are organized according to extraction processes, power plants, and upstream
energy supply processes. Where carbon capture and storage is shown as an option,
said facilities may exist with or without carbon capture and storage.
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Figure 6.3

Water Representation for Each Region in the
TIMES-ChinaW Model
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Note: CCS = carbon capture and storage; CHP = combined heat and power; CSP = concentrating
solar power.

In this study, the energy sector configuration and the level of resource supply
activity, along with the associated water withdrawal needs are endogenously deter-
mined by the optimization results of the TIMES-ChinaW model. The water withdrawal in
the power sector is mainly affected by each technology’s activity level, fuel type, and
cooling type, as equation (1) shows. Data on water withdrawal factors for different elec-
tricity generation technologies were gathered from various sources. Several selected
technologies are shown in the “Water Factors for Other Energy-Related Activities” sec-
tion in appendix C. Nuclear power plants are assumed to be located on costal sites and
use seawater for cooling, so their water needs are not tracked in TIMES-ChinaW.

WW,,, =Y, Y (Elc,,, xwc,,) (1)
¢ &
where
WW,, ., = water withdrawal in power sector in year t (m?);
Elc = electricity production of technology ¢, using cooling type £ (MWh),

(XA
summed over all fuel types as well;
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wc,, = water withdrawal factor of power generation technology ¢, using cooling
type € (m3/MWh);

¢ = type of power generation technology;

€ = type of cooling method, such as recirculating cooling, once-through cooling,
and air cooling; and

t = time period.

The TIMES-ChinaW model optimizes the amount of electric generation from each
kind of technology. The water withdrawal factor is the water needed to produce one
unit of electricity. The water withdrawal factor is an external input and is kept constant
during the model period.

The upstream sector is another important water user in China, and the water
demand in this sector is also related to the activity level according to a water with-
drawal coefficient. TIMES-ChinaW considers the following energy upstream technolo-
gies: coal mining and washing, oil and gas extraction, uranium extraction, coal-to-gas
and coal-to-liquids processes, and oil refineries. Non-energy water uses and irrigation
water for energy crops are not included in the analysis. The “Water Factors for Other
Energy-Related Activities” section in appendix C gives the water withdrawal factors of
several upstream processes. The water requirement in upstream sector is estimated
according to equation (2).

WWps,, = Z’Dt,go XWCips t,pr (2)

®
where

WWUPSJ = the water requirement in upstream sector in year t (m3);
PW = the activity level of upstream technology ¢in year t;

WCips,, = the water withdrawal factor of upstream technology ¢in year t; and

) = the type of technology, such as the coal mining and washing.

The activity of each upstream process is optimized by the model, whereas the water
withdrawal factor is an external input and kept constant during the model period.
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The TIMES-ChinaW model determines least-cost development pathways for the
coupled water-energy system under various conditions. The model also reports energy
production and consumption; technology choices; investment in new energy produc-
tion facilities and energy-consuming devices; water infrastructure and operation
requirements; associated air pollution; and greenhouse gas emissions. To effectively
use aTIMES model for policy analysis and planning purposes, a viable comparison
scenario needs to be established and used as the benchmark against which to evaluate
various alternative future outcomes. The goal is to determine what set of policies or
practices can best meet China’s growing energy system needs.

For this analysis, two comparison scenarios were used: (1) the Base scenario, and
(2) the Reference scenario. Both scenarios with and without considering the water sup-
ply cost are examined. In this chapter, first these two scenarios are compared to under-
stand the impact of including water supply costs in an energy system.Then the
different policy scenarios are compared against the Reference scenario. The Base sce-
nario is also used to highlight more clearly the effect of individual policies independent
of those embodied in the Reference scenario.

Base and Reference Scenarios

InTIMES-ChinaW, the Base scenario reflects the current status and the anticipated evo-
lution of China’s energy system in the absence of new policies. The Reference scenario
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assumes that policies are implemented to meet the goals and commitments embodied
in the 13th Five-Year Plan, particularly regarding the near-term energy sector invest-
ments and China’s Nationally Determined Contribution submitted to the United
Nations Framework Convention on Climate Change with respect to its CO, mitigation
target. Both scenarios include the water supply cost for energy production. These then
serve as points of comparison for the various alternative policies explored in the case
study.

The key aspects of the energy system that serve as metrics to assess the broad
effects of such policies are subsequently defined and used in this chapter.The change
in these cumulative values provides a snapshot over the entire modeling horizon of the
effect of the various scenarios for this case study. They are presented in table 7.1 for the
Base and Reference scenarios in their aggregate for the entire 2010-50 planning hori-
zon. The difference between the Base and Reference scenarios (with and without
accounting for the cost of water) is discussed in the “Effect of Water Cost and Carbon
Dioxide Policy” section later in this chapter. The key aspects used to compare the differ-
ent scenarios are as follows:

e Total discounted system cost: the aggregated discounted costs including all invest-
ments in energy supply and generation technologies, investment and operating
costs for water supply infrastructure as imbedded in the water supply cost curves
(WSSC), purchases of demand devices in all sectors, operating and maintenance
costs, and fuel expenditures, including delivery charges.

e Primary energy: the total amount of domestic production and imports by type.

e Electricity generation: the generation of electricity from all sources presented often
by fuel and plant and cooling type.

e New power plant capacity: the addition of new power plants, with type and timing
details.

e Fuel expenditures:Total annual expenditures for fuel including extraction and import
and delivery costs.

e Emissions:Total CO, emissions from all sources, often broken out by fuel type or sector.
e Water withdrawal:The water withdrawal for the energy sector, often presented by
type or region.

All costs reported are based on using a discount rate of 8 percent. The total
discounted system cost and other cumulative 2010-50 metrics shown in table 7.1
provide the primary measure of the economic effect of potential policies in the Base
and Reference scenarios.
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Table 7.1 Base and Reference Scenario Cumulative Metrics, 2010-50

Scenario Unit Base Reference
System cost Million dollars 34,739,126 35,643,752
Primary energy petajoules 7,124,356 6,873,723
Electricity generation Gigawatt-hour 402,222 415,254
Total water withdrawal Billion cubic meters 333 320
Power plant new builds® Gigawatt 4,071 5,895
Power plant investment Million dollars 3,843,751 7827913
Fuel expenditures Million dollars 42,987,780 38,634,897
CO, emissions Million Metric tons 535,730 410,664

Note: CO, = carbon dioxide.
a. The term new builds means the construction of new power plants or capacity additions.

Examining the Effects of Alternative Policies
and Climate Change

To understand the implications of various future policy options including potential
climate change impacts on the energy and water systems of China, 29 scenarios and
individual measures in each scenario (see table 7.2) were developed. These scenarios
were organized into four main groups: Base scenarios (without the CO, limit), Reference
scenarios (with the CO, limit), Policy scenarios (with and without the CO, limit), and
Combination scenarios. All scenarios include the current energy policies as noted under
the Base in table 7.3. In each group, policies related to the cost of water supply, once-
through cooling technology, and CO, limits were further examined.

As table 7.3 shows, some of these scenarios were further categorized by the specific
policy issues that were addressed in the 13th Five-Year Plan: greenhouse gas mitiga-
tion (CO, limits), Non-fossil energy use, coal use, coal chemicals, and shale gas, which
are examined separately and in combination with the CO, policy in the Reference
scenario.

The results are presented according to the four clusters of scenarios and high-
light specific differences between various policy options. Table 7.4 identifies these
clusters and covers the most significant results including the effects of including
water supply, the implementation of policies in the 13th Five-Year Plan, and possible
interactions of climate change on the energy system evolution. However, not all of
the scenarios are presented in the report because, for example, the Base scenarios
without water costs did not show any variation from the Base scenarios with water
costs scenario.
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Table 7.2 Scenario Matrix
TIMES-ChinaW Case study Analysis Run Martrix

Case Name

BAS-0

BAS-01

BAS-C
BAS-C1
BAS-rcp2.6
BAS-rcp4.5
BAS-rcp8.5

REFC-0

REFC-C

REFC-rcp2.6
REFC-rcp4.5
REFC-rcp8.5

S_COPO

S_NFPLAND

S_NFPOLO

Description

Base (no cost
for water)

Base (no cost
for water)OT

Base

Base OT
Base RCP2.6
Base RCP4.5
Base RCP8.5

Reference (no
cost for water)

Reference

REF RCP2.6
REF RCP4.5
REF RCP8.5

Coal Peak - No
water cost No
(¢f0)

2

Non-fossil
plan - No water
cost No CO,

Non-fossil
policy - No
water cost No
CO.

2

Cost
or
Water

Yes

Yes

Yes

rcp2.6

Yes

Yes

Yes

Yes

Yes

Yes

rcp4.5 rcp85 CO,
control

Yes

Yes

Yes

Yes

Yes

Renewable Renewable Coal Once
policy plan control through
Yes
Yes
Yes
Yes
Yes

Coal
chemical
plan

Shale
gas
plan

(continued)
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Table 7.2

Scenario Matrix (continued)

Case Name

S_CCPO

S_COP

S_NFPLAN

S_NFPOL

S_CCpP

S_COPC

S_NFPOLNC

S_NFPOLC

S_CCPC

SALLC-0

SALLC-C
SALLC-rcp2.6
SALLC-rcp4.5

SALLC-rcp8.5

Description

Coal chemical-
No water cost
No CO,

Coal Peak -
No CO,

Non-fossil
plan - No CO,

Non-fossil
policy - No CO,

Coal
chemical -
No CO,

Coal
Peak - with CO,

Non-fossil
plan - with CO,

Non-fossil
policy -
with CO,

Coal
chemical -
with CO,

ALL (no cost
for water)

ALL
ALL RCP2.6
ALL RCP4.5

ALL RCP8.5

Note: CO, = carbon dioxide; OT = once through; RCP = representative concentration pathway.

Cost rcp2.6 rcp4d.5 rcp8.5
or
Water

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes
Yes
Yes

Yes

(¢l0)

2
control

Yes

Yes

Yes

Yes

Yes

Yes
Yes
Yes

Yes

Renewable Renewable Coal
policy plan

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

control

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Once
through

Coal
chemical
plan

Yes

Yes

Yes

Yes

Yes
Yes
Yes

Yes

Shale
gas
plan

Yes

Yes
Yes
Yes

Yes



Table 7.3

Policy Issues Examined

Policy issue

Current policies in 2015

Current policies in 2015, plus
greenhouse gas mitigation
(in line with China’s NDC)

Non-fossil energy

Coal use

Coal chemicals

Combined scenarios

Table 7.4

Scenario name/model run ID?

Base/BAS

Reference/REFC

Non-fossil plan/S_NFPLAN

Non-fossil policy/S_NFPOL

Coal (peak)/S_COP

Coal (chemical)/S_CCP

ALL/S_XALLCC

Note: CO, = carbon dioxide.

Description

Industrial restructuring; elimination of backward electric
generation capacity; improvement of energy efficiencies in
different industries; development of renewable and nuclear
energy

Limit total CO, emissions to 9.5 billion tons in 2020 and
11.0 billion tons in 2030

Implement government plans to 2020 for nuclear and
renewables extended until 2030

Implement government policy to achieve the goal, which is to
raise the proportion of Non-fossil energy in primary energy
consumption to about 20 percent by 2030

Limit coal production to 2.85 billion tons coal equivalent in
2020 and 1.5 billion tons coal equivalent in 2050

Coal-to-liquid capacity increases to 2,400 Thousand tons per
annum by 2020, and the coal-to-gas capacity grows to
3.1 billion m?® per year by 2030

Combining base, Non-fossil plan, CO, (peak), coal (peak), and
including shale gas, which is 4.5 billion m?® in 2015, and
projected to be 30 billion m® in 2020 and 60 billion m?® in 2030.

aSuffice appended to run name - 0 no water costs / C water costs / 1 test once-through policy

Scenario Clusters for Assessment

Analysis Cluster Model Runs
éciﬁsgﬁc"; water cost and BAS-0 BAS-C REFC-0 REFC-C
3. Basic policies with CO, REFC-C S_COPC S_NFPLANC S_CCPC
4. Effect of climate change REFC-0 REFC-rcp2.6 REFC-rcp4.5 REFC-rcp8.5
(continued)
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Table 7.4

Scenario Clusters for Assessment (continued)

Analysis Cluster

5. Reference versus all:
Effect of water cost

6. Basic policies with no
water cost or CO, policy

7. Basic policies with water
cost and no CO, policy

8. Non-fossil plan versus
Non-fossil policy: Effect of
climate change rcp4.5

9. Reference versus All
policies: Effect of climate
change rcp8.5

10. All policies: Effect of
climate change

Model Runs

REFC-0 REFC-C SALLC-0 SALLC-C
BAS-0 S_COPO S_NFPOLO S_CCPO
BAS-C S_COP S_NFPLAN SECER
REFC-C S_NFPLANC S_NFPOLC REF-CP4.5
REFC-C REFC-rcp8.5 SALLC-C SALLC-rcp8.5
SALLC-C SALLC-rcp2.6 SALLC-rcp4.5 SALLC-rcp8.5

Note: CO, = carbon dioxide.

Effect of Water Cost and Once-Through
Cooling Policy

As figure 7.1 shows, incorporating the cost of water significantly reduces power plant
water withdrawal. By 2050, the reduction in annual water withdrawals is approximately
40 billion m?.

Figure 7.2 shows that in the absence of water supply costs, the policy restricting the
use of once-through cooling systems has the effect of shifting about 60 gigawatts (GW)
of coal-fired power plants from once-through to recirculating cooling by 2050.
Including the cost of water supply results in a shift similar to imposing the policy,
reflecting the economic rationale for the policy, with both cases shifting over 70 GW
from once-through to air and recirculating cooling by 2050.
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Figure 7.1
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Billion cubic meters

60 -
50
40 -
30 -
20
10 -
0_
QONRNMONA O DO QOO0 O Qa0 OO Q0 a s\ 00
NN Q" DD 0 NN D7D 27 SN 7D DO 07 NN 0 " Do >0
S P PPFFFTTE SPETTTFTTE ST E P T T ST
Base (no cost Base (no cost Base Base OT
for water) OT for water)

Note: CCS = carbon capture and storage; CHP = combined heat and power; CSP = concentrating solar
power; OT = once through; PV = photovoltaic.

Adding the cost of water supply initially shifts a small portion of new power plant
constructions away from natural gas and toward new coal plants, but in the latter peri-
ods wind displaces coal generation (see figure 7.3).

Figure 7.4, shows that introducing the cost and availability of water leads to a signif-
icant reduction in water use for electricity generation, as well as a significant reduction
in water for upstream processes as the coal chemical industry is cut back. Figure 7.4
also shows that regionally, adding the cost of water shifts generation out of Shanxi,
Ordos, and Xinjiang and to the Other region and to Eastern Inner Mongolia. These
changes constitute only a few percentage points but demonstrate the importance of
incorporating the role of water when modeling the energy sector in support of policy
planning.

Chapter 7
Exploration of China’s Future Water-Energy Nexus

Thirsty Energy 71



Figure 7.2 Coal Power Plant Capacity, by Cooling Type: Effect of Water
Supply Cost Cluster
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Figure 7.3 Electricity Generation, by Type: Effect of Water Supply
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Note: CCS = carbon capture and storage; CHP = combined heat and power; CSP = concentrating solar
power; OT = Once-Through; PV = photovoltaic.
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Figure 74 Water Withdrawal by the Energy Sector, by Type and by
Region: Effect of Water Supply Cost Cluster

Billion cubic meters
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Figure 7.4 Water Withdrawal by the Energy Sector, by Type and by
Region: Effect of Water Supply Cost Cluster (continued)
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Figure 7.5
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Effect of Water Cost and Carbon
Dioxide Policy

The Reference scenario adds several policies to cut CO, emissions to the Base scenario,
including a limit on CO, emissions and implementation of energy efficiency measures.
Figure 7.5 shows that including the cost of water supply increases the total energy sys-
tem cost by 0.31 percent in the Base scenario and 0.30 percent in the Reference
scenario. Also, in both cases, the CO, policy (Reference) increases the total system

cost by about 2.8 percent.

Figure 7.6 shows that the CO, policy (Reference) decreases both water withdrawal
and water consumption by the energy sector and causes changes in electricity gen-
eration and upstream processes (Reference vs. Base scenarios). When the water
supply cost is added in the Reference scenario, total water consumption by the
energy sector decreases, mainly due to the decrease of upstream processes such as
coal to liquids and coal to gas.The CO, policies have also a significant effect on
technology choices. Figure 7.7 shows that water withdrawals for electricity genera-
tion shifts from traditional coal-fired power to Non-fossil technologies, mainly con-
centrated solar power (CSP) and coal with carbon capture and storage (CCS).
Moreover, water withdrawals also decrease, due to the shift from coal to Non-fossil
technologies that require no water such as wind, solar PV and nuclear (the model
assumes that nuclear will be located along the coast using sea water for cooling) in
response to the CO, constraint.

Total Cumulative System Cost (2010-2050): Water Cost and
CO, Policy

Million dollars

a. System cost b. Difference from Base (no cost for water)

Base (no cost
for water)

Base Reference (no  Reference Base Reference Reference
cost for water) (no cost for water)
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Figure 7.6

Energy Sector Water Withdrawals and Consumption, by Type:
Water Cost and CO, Policy

Billion cubic meters
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Figure 7.7

® Wind
@ Solar PV
@ Solar CSP

@ Coal with
CCs

@ Coal CHP
® cCoal

Power Sector Water Withdrawals, by PlantType: Water Cost and
CO, Policy

Billion cubic meters

60
50
40
30 1
20 A
10 A
0_
QRO N OO OO OO QOO ODO O RO 0
NNV S D NN DD >0 NN D NN >0
D SG NIG IO SO R S S S NG IO NG S I S S OGN S R S NSO IG SO R N
Base (no cost Base Reference (no cost Reference
for water) for water)

Note: CCS = carbon capture and storage; CHP = combined heat and power; CSP = concentrating solar
power; PV = photovoltaic.

Figure 7.8 shows that in the Base scenario, the Non-fossil energy share will con-
tinue to increase. In 2015, the ratio is as high as 48 percent. However, later it slows
down slightly with a ratio constantly higher than 20 percent. In the Reference scenario
under the emission constraint, the share of Non-fossil energy power plants in the
newly built power plant is always higher than 45 percent and can achieve 80 percent
in 2050.

Figure 7.9 shows that the coal power plant cooling types change under the
Reference scenario, phasing out once-through and recirculating cooling and being
replaced by air-cooling. In addition, the air cooled coal capacity is also reduced
compared to the Base scenario because, as figure 7.10 shows, overall electricity
generation capacity in the Reference scenario shifts substantially from coal to
nuclear, solar, and wind.

Figure 7.11 shows that the Reference scenario has significantly more clean electricity
generation than the base Scenario by 2050. Nuclear, solar, and wind comprise 32 percent,
16.1 percent, 15.0 percent of total generation, respectively, in the Reference scenario but
only 1.2 percent, 0.5 percent, 6.5 percent, respectively, in the Base scenario.This is pri-
marily because of the CO, emissions limit.
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Figure 7.8 Share of Non-Fossil Energy in the Newly Built Power
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Figure 7.9 Coal Power Plant Capacity, by Cooling Type: Water Cost and
CO, Policy
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Figure 7.10 Power Plant capacity and Change: Water Cost and CO, Policy
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Figure 7.12 shows very rapid increases in new wind, solar, and nuclear power plants
starting in 2025 along with the retirement of coal plants in the Reference Scenario.
These build rates are consistent with the government’s current plan and with the
impressive expansion plans recently implemented for these power plant types.
Because of the intermittent nature of wind and solar plants (and thereby lower use fac-
tors), total installed capacity increases by 400 GW in 2050 in the Reference scenario.

Figure 7.13 shows that in the Reference scenario generating capacity shifts from
Shanxi (a coal-rich region) to all the other regions because of the reduction in new
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Figure 7.11 Electricity Generation Structure of Base and Reference: Water
Cost and CO, Policy, 2050

a. Base 2050 b. Reference 2050
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coal-fired generation. Figure 7.14 shows that under the Reference scenario (CO, policy),
regional net electricity trade decreases from the Energy Bases, particularly Shanxi and
Eastern Inner Mongolia, whereas trade from Xinjiang increases. The overall trade from
the Energy Bases declines under this policy as more nuclear plants are built in the
Other region.

Figure 7.15 shows that the Reference scenario increases the society’s reliance on
electricity in the later years because the increased use of electricity from nuclear
and renewables pushes out direct use of fossil fuels in the demand sectors. Coal
and oil are displaced from the final energy mix and are partially replaced by
increased natural gas use (domestic and imports) and energy efficiency improve-
ments on the demand side. The CO, constraint decreases final energy use by around
5 percent, most of which comes from the transportation and buildings sectors (see
figure 7.16).

Figure 7.17 shows that the Reference scenario reduces CO, emissions primarily from
the power sector, with a contribution from demand devices through fuel switching and
efficiency improvements, as just noted, as well as reduced coal mining (material pro-
cesses). Figure 7.18 shows that, in 2050, the Reference scenario will reduce emissions
mostly from power plants.
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Figure 7.12 Electric Power Plant New Builds and Change, by Type: Water
Cost and CO, Policy
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Figure 713

Generating Capacity and Difference, by Region: Water Cost
and CO, Policy
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Figure 7.14

Regional Electricity Trade: Water Cost and CO, Policy
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Figure 7.15

Note: CO, = carbon dioxide.

Final Energy and Change, by Fuel: Water Cost and CO,, Policy
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Figure 7.15 Final Energy and Change, by Fuel: Water Cost and CO2 Policy

(continued)
@ Oil b. Difference from Base (no cost for water)
@ Natural gas 15,000 -
@ Heat 10,000
@ Electricity !
@ Coal 5,000 | .
Biomass 04 - —— - — = == N R e & -
i -5,000 I I
-10,000
~15,000 |
—-20,000 |
_25,000 T T T T T T T | T T T T T T T | T T T T T T T
O 0 O AN 0 O O 0 O 0 MO 5 O O O O M0 H O O O
NP IV OO P HFRONIIT IO NP OO >0
P E T T ES ST E T T E S S S S
Base | Reference (no cost for water) | Reference
Note: CO, = carbon dioxide.
Figure 7.16 Final Energy and Change, by Sector: Water Cost and CO, Policy
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Figure 7.16
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Figure 7.17 CO, Emissions and Change: Water Cost and CO, Policy

(continued)
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Figure 7.18 CO, Emissions: Water Cost and CO,, Policy, 2050
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Figure 7.19

Power Sector Emissions, by PollutantType: Water Cost and
CO, Policy

Million metric tons

® S0, 35,000 -
® PM2.5
® PM10 80,000 1
©NO, 25,000 -
®CO,
20,000 +
15,000
10,000
5,000 A
O-Q‘OQ‘OQ‘OQ‘OQ Q00O 0 QOO O " Qa2 DnO s O 0O
NN TV DD NNV D DD NN T DD NN 7D D0
S FPPTTITTS S PPFTTT T S SrSrF T S P ndid
Base Base Reference Reference
(no cost for water) (no cost for water)

Note: CO, = carbon dioxide; NO, = nitrogen oxides; PM10 = particulate matter 10; PM2.5 = particulate
matter 2.5; SO, = sulphur dioxide.

Figure 7.19 shows that co-benefits from the CO, policy (Reference scenario) include
substantive reduction in local air pollutants. Besides CO, emissions decreasing nearly
50 percent, the policy also causes reductions of 37 percent of nitrogen oxides (NO ),
36 percent of particulate matter (PM) 10, 36 percent of PM 2.5 and 39 percent of
sulphur dioxide (SO,) occur from 2010 to 2050.

Coal Reduction Policies

In addition to the CO, limit, which is incorporated into the Reference scenario, three
additional government policies were examined: the Coal Peak policy (limit coal produc-
tion starting in 2020), the Non-fossil plan (raise the share of Non-fossil energy by 2030),
and the coal chemicals policy (increased coal-to-liquid production starting in 2020).
The Coal Peak policy is the most expensive, at more than 0.7 percent increase over the
Reference scenario in total system cost or $250 billion over the 40-year planning
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Figure 7.20
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horizon.The Reference scenario (CO, policy) is 2.4 percent above the Base scenario
with water supply costs (see the “Effect of Water Cost and Carbon Dioxide Policy” sec-
tion), indicating that the combined effect of the two policies is slightly more than an
increase of 3 percent in total system cost. Figure 7.20 shows the change of the total sys-
tem cost compared with the Reference scenario.

Figure 7.21 shows the actual effect of the individual policies (without the effect of the
CO, constraint but including the cost of water supply), where the Coal Peak policy is
clearly the most restrictive and thereby the costliest of the policies, increasing the sys-
tem cost by $1.2 trillion over the Base scenario.

Figure 7.22 shows that, compared with the Reference case, the Coal Peak policy sce-
nario reduces overall water use, but the big decrease in water use for electricity gener-
ation is offset partially by the increases in water use for upstream processes related to
increased natural gas production.The Non-fossil plan scenario does not change water
use much compared with the Reference case, which already chooses many of the
Non-fossil options that appear in the Non-fossil plan scenario. However, the Coal
chemical policy scenario increases water use for the coal-to-liquid and coal-to-gas
processes that this scenario promotes.

Figure 7.23 shows that the Coal Peak policy scenario promotes shifting electricity
generation from coal to a mix of gas, nuclear, and renewables, more quickly and
strongly than the CO, policy (Reference) itself. However, the other policies have only

Chapter 7 Thirsty Energy 89
Exploration of China’s Future Water-Energy Nexus



Figure 7.21 Total Cumulative System Cost (2010-2050) and Difference of
Core Policies without CO,
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Figure 7.22 Energy Sector Water Withdrawal and Difference, by Type:
Core Policies with CO, (continued)
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Figure 7.23
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minor effects on the generation mix because the CO, policy (Reference) already forces
a shift away from coal.

Figure 7.24 shows that, compared with the Reference scenario, these policies tend to
shift a small amount of generation (2-3 percent) into Ordos and away from the other
Energy Bases.The Coal Peak policy also shows an initial increase in the Other region,
whereas the Coal chemical policy shows a small increase in Xinjiang.

Figure 7.25 shows the effect of these policies on new power plant constructions and
highlights the faster upgrade of nuclear and natural gas power plants in the Coal Peak
scenario. The Non-fossil plan and the Coal chemical policy have a smaller effect on
power plant builds given that most changes arising from these scenarios also occur in
the Reference scenario, driven by the CO, constraint.

Figure 7.26 shows that the Coal Peak scenario leads to earlier reductions in CO,
emissions, primarily from coal and coal CHP plant, but, by 2040, overall emission lev-
els are the same as the Reference scenario, which raises the question of whether the
timing for the Coal Peak is optimal. Note the tradeoff after 2040 where emissions from
the demand sectors increase as a result of fuel switching away from electricity as the
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Figure 7.24 Change in Electricity Generation, by Region: Core Policies
with CO,
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Figure 7.25
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Figure 7.26
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Figure 7.27

higher share of nuclear, natural gas, and renewables in the generation mix increases
electricity prices in the later years.

As figure 7.27 shows, the Coal Peak policy results in a much steeper drop of CO,
emissions starting in 2025, whereas in the Reference and other two policy scenarios
CO, emission reductions are greatest after 2035 with a very steep trajectory. The Coal
Peak scenario reduces CO, emissions from the power sector by about 1.7 billion tons
in 2050 and results in a cumulative reduction of CO, emissions of more than 128 bil-
lion tons over what is achieved with only the CO, policy. These additional reductions
are the result of the Coal Peak policy more strongly shifting electricity generation
from coal to a mix of gas, nuclear, and renewables, and starting this transition a
decade earlier. The same pattern of emission reductions can be seen for other air
pollutants.

Power Sector Emissions, by PollutantType: Core Policies
with CO,

Million metric tons

a. Power Sector Emissions, by pollutant type

® SO, 25,000
® PM2.5
® PM10
.NOX 20,000'
® CO,
15,000
10,000 -
5,000 -
|
0 » 5 N} ) » ) ) ) » ) N} ) » ) o \2)
Q Q QO S Q O Q Q Q QS O Q \) N QS O Q \) Q Q
NN D D NN DL O 0D NN WK NN DD D
P PFFET T S PP T T T P P PP F T T S PSS
Reference Coal Peak - Non-fossil plan - Coal chemical -
with CO, with CO, with CO,
(continued)
96 Thirsty Energy Chapter 7

Exploration of China’s Future Water-Energy Nexus



Figure 7.27
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Note: COZ = carbon dioxide; NOX = nitrogen oxides; PM10 = particulate matter 10; PM2.5 = particulate
matter 2.5; SO, = sulphur dioxide.

Effect of Climate Change on Water Supply
and Thereby the Energy System

Climate change accompanies concerns about the uncertainty of water availability in
the future. However, the modeling work done by the Institute for Water and Hydro
Resources, shows that the Energy Bases in China are expected to benefit from more—
not less—rainfall, although with greater variability. As a result, the energy system
could be less water constrained in the Energy Bases, whereas the Other (wet) region
will likely experience less rainfall—although not enough to dramatically affect the
energy sector.

As figure 7.28 shows, the three representative concentration pathway (RCP) scenar-
ios, varying from 2.6 to 8.5, show a nonsignificant (less than 0.025 percent) effect on
overall energy system cost, with little variation between the RCP levels. Figure 7.29
shows that regional shifts in total water use for energy are small, with most reductions
in Eastern Inner Mongolia and most additions in the Other region.
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Figure 7.28 Total Cumulative System Cost (2010-50) and Difference for
the RCP Scenarios
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Figure 7.29 Energy Sector Water Withdrawal and Difference, by Region:
Climate Change Cluster
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Figure 7.29
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Reference versus All Policies: Effect of Water
Supply Cost

The All-policies scenario combines the Coal Peak policy, the Non-fossil plan, the Coal
chemical policy, and the Shale gas policy with the CO, limit (Reference scenario). As
figure 7.30 shows, the inclusion of water supply costs to the All-policies scenario
increases total system cost 0.36 percent compared with 0.33 percent for the Reference
scenario, indicating that the effect of including the cost of water supply is modest in
both cases.

The All-policies scenario increases the system costs by 1.27 percent (US$450 billion)
compared with the Reference case, driven primarily by the Coal Peak policy (given that
the CO, policy is already in the Reference scenario), indicating the additional cost to
the energy system to attain all the current policies under consideration at this time.
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Figure 7.30
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Comparing the All-policies scenario to the combined Coal Peak policy + CO, policy
shows that the other components of the All-policies scenario add 0.2 percent more cost
than the more stringent Coal Peak policy and the CO, policy.

Core Policies: Effect of Water Supply Cost and
Carbon Dioxide Policy

To better understand the effect of individual core policies, they are examined

in figure 7.31 against the Base scenario without considering water supply costs and
without imposing the CO, policy (Reference scenario). A comparison of figure 7.31
with figure 7.21 shows that whether the cost of water supply is included, the relative
effect of the policies on the total energy system cost is basically the same; simply an
increase by the $200 billion of the supply cost for water.

As figure 7.32 shows, the Coal Peak scenario is effective in reducing water withdraw-
als in the power sector, shifting from coal to nuclear and renewables, regardless of
whether water supply cost is considered. The Non-fossil plan scenario is also quite effec-
tive, given that renewables and nuclear are promoted and thus coal is phased out.The
Coal chemical policy scenario has a more modest effect on water use, showing only
minor reductions in the last period. This result indicates that the Coal Peak policy and the
Non-fossil plan policy both reduce the water needs by the power sector and accomplish

100 Thirsty Energy

Chapter 7
Exploration of China’s Future Water-Energy Nexus



Figure 7.31 Total Cumulative System Cost (2010-50) and Difference of
Core Policy Cases without the Cost of Water

a. System cost (million dollars) b. Difference from Base
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Figure 7.32 Energy Sector Water Withdrawal, by Type: Core Policy Cases
without the Cost of Water
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Figure 7.32 Energy Sector Water Withdrawal, by Type: Core Policy Cases
without the Cost of Water (continued)
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Table 75 Costs and Savings of Core Policies
Scenario Water Savings Carbon Dioxide Reductions System Cost Change
(billion cubic meters) (metric tons) (million dollars)
Base (no cost for water) 0 0 0
Coal Peak: no water cost, no 195 130,486 1.172,988
Co,
Non-fossil plan: no water 161 60,963 430,520
cost, no CO,
Coal chemical: no water 95 1.201 260,394
cost, no CO,
Note: CO, = carbon dioxide.
significant CO, reductions.Table 75 provides details on the water use savings, CO, emis-
sion reductions, and energy system cost increases of these policies, highlighting the fact
that water savings and CO, reductions can go hand in hand. Note that achieving the
NDC reduction of CO, emissions as required in the Reference and other scenarios, has
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Figure 7.33
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an associated marginal cost of $75/t CO, in 2020 and $578/t CO, in 2050, so deeper cuts
may prove to be quite challenging and costly.

When the cost of water supply is included, water use in all scenarios is greatly
reduced, as shown in figure 7.33.

Power Sector Water Withdrawal, by PlantType: Core Policy
Cases with the Cost of Water

Billion cubic meters

a. Water withdrawal, by type
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Note: CCS = carbon capture and storage; CHP = combined heat and power; CO, = carbon dioxide;
CSP = concentrating solar power; PV = photovoltaic; RCP = representative concentration pathway.
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Figure 7.34

Figure 7.34 shows that even without water supply costs and the CO, policy, the Coal
Peak scenario forces the greatest shift in electricity generation from coal to nuclear,
solar, and wind. Compared with figure 7.23, this shows that this result is the same as
when the CO, policy is included. The Non-fossil policy shows increases in nuclear and
renewables, but not as much change as the CO, policy in the Reference scenario
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Figure 7.35 Electricity Generation, by Type: Core Policy Cases without the
Cost of Water, 2050

a. Reference b. Non-fossil plan: No water cost, no CO,
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Note: CCS = carbon capture and storage; CO, = carbon dioxide.

implements shown in figure 7.35. The Coal chemical policy has the same mix of power
plants as the Base scenario. When the cost of water supply is included, there is no
change in the electricity generation results shown in figure 7.34.

Figures 7.36 and 7.37 show the effects of these scenarios on the final energy con-
sumption. The Coal Peak policy scenario replaces a large amount of coal with natural
gas for direct use, whereas the Non-fossil plan scenario replaces some direct use of
gas with electricity from renewables and nuclear.The Coal Peak policy scenario
leads to significant efficiency improvements in the building, transportation, and
industry sectors; the Non-fossil plan scenario affects buildings and industry, but
much later. Meanwhile, the Coal chemical policy scenario has a mixed effect on
building energy use.

Figure 7.38 shows that the Coal Peak scenario is the most effective at reducing
CO, emissions, even without the CO, policy in place. The Non-fossil plan scenario is
also effective, but the Coal chemical policy scenario is not because it has little effect
on the power sector, which produces most of the emissions. These CO, emission
results show no differences when the cost of water supply is added to the policy
scenarios.
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Figure 7.36 Final Energy and Change, by Fuel: Core Policy Cases without
the Cost of Water
Petajoules
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Figure 7.37 Final Energy, by Sector: Core Policy Cases without
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Figure 7.38
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Coal Peak versus Carbon Dioxide Policy

The two most stringent policies are the Coal Peak and CO, limit, and this section exam-
ines each in more detail to understand how each affects the system and how they inter-
play with each other. As figure 7.39 shows, the Coal Peak scenario is the more costly of
the two, but the combined Coal Peak policy and CO, policy is the most costly of all.

The Coal Peak scenario has higher costs because it forces earlier investments into
nuclear and renewable power plant builds, retiring coal power plants that are kept
operating longer in the Reference scenario. The change in new power plant builds in
figure 7.40 shows that the Coal Peak scenario without the CO, policy requires greater
investments in nuclear, gas, solar and wind capacities through 2030, but after that the
Reference scenario has greater investment needs. However, the discounting of future
costs means that the effect of later investments on the systems cost is less significant
than the earlier ones. The combined Coal Peak and CO, scenario has the same coal
plant retirements as the Coal Peak scenario and the same level of nuclear, gas, and
renewable capacity additions as the CO, policy (Reference scenario) alone. Note that
much of the additional Non-fossil capacity in the Coal Peak scenario comes from bio-
mass as well as solar and wind.

Figure 7.41 shows the difference in CO, emissions by energy process type compared
with the Base scenario. It clearly shows that the Coal Peak scenario alone results in
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Figure 7.39 Total Cumulative System Cost (2010-50) and Difference:
Coal Peak versus CO, Policy Cluster

a. System cost (million dollars) b. Difference from Base (percent)
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Figure 740 Change in New Power Plant Builds: Coal Peak versus CO,
Policy Cluster
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Note: CCS = carbon capture and storage; CO, = carbon dioxide.
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Figure 741
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Table 7.6 Relative Change in Carbon Dioxide Emissions: Coal Peak

versus Carbon Dioxide Policy Cluster
Percent

Scenario Growth from 2010 Drop in 2050 Level Cumulative Reduction versus Base

Base 92.5 0.0 0.0

Reference (CO, policy) 4.8 -45.5 -24.0

Coal Peak: no CO, policy 15.5 -40.0 -25.3

Coal Peak: with CO, policy 4.8 -45.5 -26.6

Note: CO, = carbon dioxide.

larger reductions early, though with lower levels in the last decade. The combined case
has both the greater early reductions as well as the higher reductions in the last decade.

Table 7.6 shows the relative change in CO, emissions for the CO, policy (Reference
scenario) versus Coal Peak and Combined scenarios. The Coal Peak policy alone
achieves a 5.5 percent decrease in cumulative CO, reductions compared with the CO,
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Figure 742
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35,640 -
35,635 -

only policy (Reference) but with an incrementally higher cost. The combined policy
decreases the cumulative CO, emissions by almost 11 percent.

Non-Fossil Plan versus Non-Fossil Policy

The Non-fossil plan requires a specified series of capacity additions of nuclear and
renewable technologies according to the government’s official plan, both with respect
to the timing and the amount of new capacity. In contrast, the Non-fossil policy
achieves the same percentage of electricity generation from Non-fossil technologies
(nuclear and renewables) but does so by allowing the model to determine the mix and
timing of these new capacity investments. As seen in figure 7.42, the Non-fossil policy
results in a 0.7 percent lower system cost than in the Non-fossil plan.

The main difference between the two scenarios is that the in the Non-fossil policy
scenario, the choice and timing of the new capacity additions is determined by TIMES-
ChinaW. When the Non-fossil plan or Non-fossil policy are combined with the CO,
constraint, the Non-fossil plan will lead to the earlier introduction of wind and solar
CSP power plant, as shown in figure 743, which does impose a small increase in sys-
tem cost but adds a greater variety of renewables in the Energy Bases compared with
the Non-fossil policy, which selects mostly CSP in the Other regions because it is the
lowest cost renewables option. Because the Non-fossil plan builds more renewable
energy capacity in the Energy Bases, it increases water withdrawals and consumption,
but by less than 1 percent (see figure 7.44).

Total Cumulative System Cost (2010-50) and Difference:
Non-Fossil Plan versus Non-Fossil Policy

a. System cost (million dollars) b. Difference from Reference (percent)
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Note: CO, = carbon dioxide; RCP = representative concentration pathway.
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Figure 743

Change in Electricity Capacity: Non-Fossil Plan versus Non-
Fossil Policy Cluster
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Figure 744 Energy Sector Water Withdrawal and Consumption, by Type:
Non-Fossil Plan versus Non-Fossil Policy Cluster
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(continued)
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Figure 7.44
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Energy Sector Water Withdrawal and Consumption, by Type:
Non-Fossil Plan versus Non-Fossil Policy Cluster (continued)
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Note: CO, = carbon dioxide; RCP = representative concentration pathway.

When combined with the CO, constraint, the effects of the Non-fossil plan and the
Non-fossil policy are overshadowed by the effects of the CO, constraint, which means
that to realize the CO, constraint, the Non-fossil plan or Non-fossil policy can be
achieved at the same time.

Comparison of the Non-fossil plan and Non-fossil policy with the Base scenario can
tell the effect of these two scenarios separated from the CO, constraint. Figure 7.45
shows that the water consumption of the Non-fossil plan is less than that of the
Non-fossil policy, given that the Non-fossil plan replaces more coal power generation
by wind and solar (see figure 7.46).

The impacts of climate change are represented in this analysis by the three RCP
levels used by Institute for Water and Hydro Resources to develop alternative water
supply cost curves. This section focuses on the changes between the Reference and
the All-policies scenarios, with the BAU and the RCP8.5 water supply cost curve.
Figure 7.47 shows that the all-policies scenario increase total system costs by almost
1 percent for both the water supply cost curves.

As Figure 7.48 shows, the All-policies scenario reduces water withdrawals for electric-
ity generation and upstream processes. It also shows that the RCP8.5 scenario has little
effect on water withdrawal —in either the reference or the all-policies scenario. Figure 7.49
shows the changes in electricity generation for the all-policies scenario with the increased
generation from nuclear, gas and renewables, and the reductions in all types of coal use.
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Figure 745
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Electricity Generation, by Fuel: Non-Fossil Plan versus
Non-Fossil Policy Cluster
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Note: CCS = carbon capture and storage; CO, = carbon dioxide; RCP = representative concentration
pathway.
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Figure 7.47

Total Cumulative System Cost (2010-50) and Difference: All
versus Reference Impact of Climate Change Cluster

a. System cost (million dollars) b. Difference from Reference (percent)
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Figure 748

Note: RCP = representative concentration pathway.

Energy Sector Water Withdrawal and Difference, by Type:
All versus Reference Climate Change Cluster
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Figure 748
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Figure 749

Energy Sector Water Withdrawal and Difference, by Type:
All versus Reference Climate Change Cluster (continued)

b. Difference from Reference
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Note: RCP = representative concentration pathway.

Electricity Generation and Difference, by Type: All versus
Reference Climate Change Cluster
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Figure 749
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Electricity Generation and Difference, by Type: All versus
Reference Climate Change Cluster (continued)
Terawatt-hours

b. Difference from Reference

Note: CCS = carbon capture and storage; RCP = representative concentration pathway.

The effect in terms of the energy sector meeting the water 3 Red Lines policies aris-

ing from the All-policies scenario include the following:

Water withdrawal by the energy sector is lowered by 49 percent in 2030, from

29.83 billion m®in 2015 to 15.25 billion m?, contributing to meeting the target of the
red line for total withdrawal control before 2030, with withdrawals remaining low at
16.59 billion m?® in 2050 (44 percent) because of the adoption Non-fossil generation
that require no or less water such as wind and solar photofoltaic (PV) and the reduc-
tion of coal to liquids in upstream.

For similar reasons, waste water releases drop from 21.59 billion m?in 2015 to 6.6 billion
m? in 2030 (69 percent), although then raising slightly to 9.15 billion m?in 2050 (still a
reduction of 58 percent from current levels) helping to address the water quality red line.

Water consumption by the energy sector increases from 8.24 billion m®in 2015 to
8.65 billion m?® (5 percent) in 2030 because of the substitution of backward coal once-
through power plants by new ones using recirculating cooling, later decreasing to
7.41 billion m® (10 percent) in 2050 because of the substitution of coal power plant
by Non-fossil generation that require less or no water.

Chapter 7 Thirsty Energy 117
Exploration of China’s Future Water-Energy Nexus



Figure 7.50
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¢ The intensity of water withdrawal for energy per unit of GDP moves from 8.42 m?

per thousand US dollars to 2.31 m? per thousand US dollars, which is a relative
index in line with the red line for controlling the water withdrawal per unit of
industrial added value.

Figure 7.50 shows that the All-policies scenarios reduces CO, emissions from the
power sector compared with the Reference scenario. It also highlights the tradeoff
between demand device emissions and power sector emissions that occurs in the
All-policies cases, reflecting the increased electricity price and resulting fuel switch-
ing due to the faster retirement of existing coal plants and the increased investment
in nuclear, gas and renewable plants.

Figure 7.51 shows the resulting changes in primary energy use for the All-policies
scenario compared with the Reference scenario, and it highlights the reduction in coal
use and the increase in nuclear and renewables. Figure 7.52 shows additional reduction
in domestic production of coal in the All-policies scenario. Domestic gas production
decreases slightly, and oil demand is met through increased imports rather than

CO, Emissions and Change: All versus Reference Climate
Change Cluster

Million metric tons

a. CO, emissions

Reference Reference RCP 8.5 All RCP 8.5

(continued)
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Figure 7.50 CO2 Emissions and Change: All versus Reference Climate
Change Cluster (continued)
Million metric tons
b. Difference from Reference
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Figure 7.51 Primary Energy Supply and Change: All versus Reference
Climate Change Cluster (continued)
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Figure 7.52 Change in Imports and Domestic Production: All versus
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Figure 753

domestic refinery products. Figure 7.563 shows that under the all-policies scenarios, the
final energy consumption in transportation and building sector will shift from electric-
ity to natural gas. Meanwhile, the system will import more oil instead of operating the
oil refinery or coal chemical conversion plants.

As seen in figure 7.54, the All-policies scenario increases power plant investments
between now and 2030 because of the faster action required by the Coal Peak sce-
nario, which forces down coal use in 2020, resulting in the introduction of more
nuclear, biomass, wind, and solar. Figure 7.565 shows the change in the regional pat-
terns of electricity generation between the All-policies and the reference scenario.

In the years before 2035, the increase in nuclear and biomass generation will take
place in the Other region, and in later periods solar and natural gas generation will be
increased in Ordos.

Change in Final Energy Consumption, by Sector: All versus
Reference Climate Change Cluster
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Figure 7.54
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Figure 7.56 Total Cumulative System Cost (2010-50) and Difference:
All Policies Climate Change Cluster

a. System cost (million dollars) b. Difference from All (percent)
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Note: RCP = representative concentration pathway.

All Policies: Effect of Climate Change

The Institute for Water and Hydro Resources’ water model shows that the potential impacts
of climate change on these Energy Bases results in them receiving more rainfall (although
with greater variation) as estimated by the climate model used, whereas the water-rich
Other region will see marginally less rainfall but not enough to influence the supply.

As a result, the changes in the All-policies scenario because of climate change
impacts (as represented by the RCP water supply cost curves) minimally affect
the results. As figure 7.56 shows, the effect on the total system cost is less than
0.1 percent. In addition, the changes are variable because of the varying nature of the
RCP water supply cost curves. Furthermore, as figures 7.57 through 7.60 show, the
water withdrawals, electricity generation (by type and by region), and the CO, emis-
sions for these RCP scenarios are essentially identical.
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Figure 7.57 Energy Sector Water Withdrawal and Change, by Type: All
Policies Climate Change Cluster
Billion cubic meters
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Figure 7.58 Electricity Generation, by Fuel Type: All-Policies Climate
Change Cluster
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Figure 7.59

Note: CCS = carbon capture and storage; CHP = combined heat and power; CSP = concentrating solar
power; PV = photovoltaic; RCP = representative concentration pathway.
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Figure 7.60
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Methodology
Observations
and

Limitations
of the Initial
Analysis




This analysis provides new information on and offers numerous important insights on
the water-energy nexus in China; however, there are some limitations. Although they
do not detract from the results obtained, the methodology could be improved as part
of future integrated water-energy planning, perhaps in support of the preparation of
the 14th Five-Year Plan.

e The approach used in the China case study is less robust than the approach used in
theThirsty Energy South Africa Case Study, where the water supply schemes were
entered into the TIMES energy system model directly and the timing of the specific
water supply options was determined within the water-energy framework rather
than coming from the water model endogenously (World Bank 2016). For the China
study, the energy model was given water supply cost curves for the energy sector,
which imbedded all investment decisions in water infrastructure into the supply
cost. As a result, the timing and payback requirement of the investment are not
captured because of data unavailability.

e The China water supply cost curves include only water for the energy sector, instead
of all-water demands, although they include the option for a limited amount of non-
energy water supplies to be used for energy purposes by means of the transfer of
agriculture water right.

e Given these last two points, future efforts to develop water-smart energy system
planning model should internally derive the water supply cost curves on the basis of
specific investment decisions on the regional demands of energy production,
include the other sectors in the water demand, and provide options for shifting
water allocations between various sectors.

e Basin-level water system planning models are used to provide data on the costs and
availability of specific future bulk water supply and infrastructure options. However,
this study is limited in that the aggregation to the energy base level may fail to cap-
ture local characteristics and complexities, especially regarding water delivery
issues.The lack of complete regionalization of the energy sector demand for energy
services limits the ability of the model to properly capture the complicated issues in
China related to moving energy carrier verses electricity around the country.

e Although only one climate model (CNRM-CM5) was used to generate the hydrologic
input to estimate water supply, the analysis includes climate change scenarios from
less severe (RCP2.6) to very severe (RCP8.5) to capture a wide range of hydrologic
responses in the Energy Bases to address the uncertainty in runoff and water supply
estimates that are used in the integrated water-energy modeling. The runoff estimates
produced by these simulations do not show a unidirectional trend. Runoff decreases
in some locations and increase in others, a result that is consistent with most studies
of climate change in China and in other parts of the world. However, uncertainty in
regional climate projections and their effect on uncertainties in water resources avail-
ability should be explored with a broader set of climate models and assumptions.
This is an active area of current research and one that definitely merits future work.
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e Representing each of the main water consuming groups (agriculture, industry,
urban, and energy) in the model, rather than tailoring the water supply cost curve to
the current share of water for energy instead and assuming that the share of water
for energy will remain about the same over time, would enable TIMES-ChinaW to
exploring the effect of reallocation schemes associated with the water “red lines” on
the energy sector. This would also enable the full water supply cost curve to be used
in the model. A better option would be moving the water infrastructure supply and
investment decisions inside the model (if the needed data can be developed).
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The study results demonstrate key objectives of the Thirsty Energy initiative through
the following important findings on the broader effects of modeling the water-energy
nexus. This case study shows how a national-level energy systems model can be read-
ily regionalized in its energy resource supply and power plant locations, and the
regional costs and limitations for water supply infrastructure can be incorporated to
create a water-smart planning tool.

Case Study Findings

This study also developed findings that are specific to the water-energy nexus in China.
Perhaps the most significant findings are as follows.

e Properly including the cost of water supply, along with current policies aimed at requir-
ing dry cooling for new coal plants in the Energy Bases, plans to close older smaller
less efficient coal plants, the push to promote renewables and the commitment to
achieves the goals stated in China’s Nationally Determined Contribution (NDC), all
embodied in the Reference scenario, combine to directly help the energy sector com-
ply with important aspects of the water 3 Red Lines policies including the following:

e Water withdrawal by the energy sector is lowered by 30 percent, from 29.83
billion m2in 2015 to 20.96 billion m® in 2030, contributing to meeting the target
of the red line for total withdrawal control before 2030, with withdrawals

132 Thirsty Energy

Chapter 9
Conclusion



dropping further to 17.18 billion m?in 2050 (42 percent) as a result of the adop-
tion of solar PV and wind in the power sector and due to the coal chemical indus-
try being cut back in upstream processes.

e For similar reasons, wastewater releases drop from 21.59 billion m® in 2015 to
11.26 billion m?in 2030 (48 percent), dropping further to 9.34 billion m?® in 2050
(57 percent) helping to address the water quality red line.

e Water consumption by the energy sector increases from 8.24 billion m®in 2015 to
9.7 billion m3 (18 percent) by 2030 because of the substitution of backward once-
through coal power plants by new ones using recirculating, later decreasing to
7.84 billion m2 (5 percent) in 2050 because of the substitution of coal power plant
by Non-fossil generation that use less or no water.

e The intensity of water withdrawal for energy per unit of GDP moves from 8.42 m?
per thousand US dollars to 2.31 m? per thousand US dollars, which is a relative
index in line with the second red line of controlling the water withdrawal per unit
of industrial added value.

* Moreover, this Reference scenario also shows a drop in CO, cumulative emissions
of 125 gigatonnes compared to the Baseline Scenario without the CO, target.

Incorporating the regional availability and costs of water supply infrastructure has a
significant impact on the electricity generation cooling technology choice. Including
the cost of water supply results in a shift similar to imposing the existing policy that
restrict once-through cooling technology in the northwest region, reflecting the
economic rationale for the policy.

The impacts of climate change on the energy-water system were evaluated accord-
ing to available medium- and long-term climate models results. These model results
indicate that the Energy Bases become less water constrained under climate
change, whereas the Other (wet) region will likely experience less rainfall—although
not enough to dramatically affect the energy sector. Therefore, the impacts of cli-
mate change on the energy-water system evaluated were found to be minimal at an
aggregated level. However, there might be localized impacts that are not captured in
this aggregated model. For example, localized floods and droughts (on place and
time) can affect the energy system.

In general, this study has shown that current government policy in the energy sector
is geared toward reducing water use, and that most of the policies being pursued to
combat climate change both reduce CO, emissions and water needs—with modest
increase in energy system cost.

These and the following results are primarily illustrative of some potential impacts

that can be derived from more integrated energy-water planning and are not intended
as a detailed policy study for China.

Incorporating the cost of water significantly reduces power plant water withdrawals
and provides an economic rationale for China’s recent policy to prohibit once-through
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cooling for power plants in the Energy Bases. Regionally, adding water cost into the
modeling causes generation shifts by cooling type (away from once-through cooling
systems) and by region (from the drier Energy Bases to the water-rich Other region).
Adding the cost of water to most policy scenarios does not result in technology
changes other than power plant cooling type.

The Reference (CO, policies) scenario reduce water withdrawal compared with the
Base scenario (no CO, constraint) because of the shift of power generation from tradi-
tional coal plants to Non-fossil sources that use less water. Electricity generation is
shifted from coal to nuclear in the coast (using sea water for cooling) and to solar and
wind in the Energy Bases. Once-through and recirculating power plant cooling types
are phased out in the Other region as well in favor of air cooling, because of the combi-
nation of the CO, limit, the cost to get coal to the region and including the cost of water
supply. Coal and oil are displaced from the final energy mix and are replaced by
increased natural gas use and use of electricity from nuclear and renewables, along
with energy efficiency improvements on the demand side.

The CO, policy reduces water use for energy, CO, emissions, as shown in table 7.5,
and local air pollutants, as seen in figure 7.19, although it increases the total system
cost. Note that the reduction of CO, emissions as required in the Reference and other
scenarios (as per China’s NDC), has an associated marginal cost of $75/t CO, in 2020
and $578/t CO, in 2050, so deeper cuts may prove to be quite challenging and costly.

The Coal Peak policy is stricter than the other scenarios, and when added to the
Reference scenario (CO, constraint), increases the total system cost by an additional
0.8 percent.The Coal Peak scenario has higher costs because it forces earlier invest-
ments into constructing nuclear and renewable power plants, and decommissioning
coal power plants that are kept operating longer in the Reference scenario.

The Non-fossil policy provides flexibilities in the timing and types of Non-fossil
plants that are built, and reduces the total system cost slightly (0.06 percent) compared
with the current plans. This plan accelerates the timing and provides greater regional
distribution to the Non-fossil power plant deployments.

The Coal chemical policy has only modest implications for the energy system
and minimally reduces greenhouse gas emissions. When combined with the CO,
policy (Reference scenario), there is little improvement given that most changes are
driven by the CO, policy in the Reference scenario. Including the cost of water
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Table 9.1

supply reduces water usage in the coal chemicals scenario given that the chemicals
industry is neither limited by the power sector’s restriction on once-through
cooling nor affected by the power sector changes that result from the CO, or Coal
Peak policies.

Regionally, these policies (except the Coal chemical policy) tend to shift power gen-
eration from Shanxi (because of the reduced coal use) to the Other region and Ordos.

The All-policies scenario reduces water withdrawals by the energy sector because
of the earlier investments into nuclear and renewable power plant builds (see

table 9.1). The increased electricity generation from nuclear, natural gas, and renew-
ables reduces CO, emissions by an additional 12.5 billion tons cumulatively
through 2050 compared with the Reference scenario because of the earlier actions
generated by the Coal Peak policy. However, the increased investment in nuclear,
gas and renewable plants increases the price of electricity in the latter periods
(after 2040), which then results in some fuel switching in the demand sectors away
from electricity to natural gas and offsets some of the emission reductions from the
power sector.

The impact in terms of the energy sector meeting the water 3 Red Lines policies
arising from the all-policies scenario include the following:

e Water withdrawal by the energy sector is lowered by 49 percent in 2030, from
29.83 billion m2in 2015 to 15.25 billion m3, contributing to meeting the target of the
red line for total withdrawal control before 2030, with withdrawals remaining low at
16.59 billion m?® in 2050 (44 percent) as a result of the adoption of solar PV and wind

Water Savings, Carbon Dioxide Reductions, and System
Cost Impacts

Scenario

Base
Reference

Coal Peak with CO,
All

Water savings CO, reductions System cost change
(billion m3) (metric tons) (million dollars)
0 0 0
108.3 124,777 828,230
166.8 137,881 1,088,544
200.2 137,845 1,233,201

Note: CO, = carbon dioxide.
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in the power sector and due to the coal chemical industry being cut back in
upstream processes.

e For similar reasons, waste water releases drop from 21.59 billion m? in 2015 to
6.6 billion m®in 2030 (69 percent), although then raising slightly to 9.15 billion m?
in 2050 (still a reduction of 58 percent from current levels) helping to address the
water quality red line.

e Water consumption by the energy sector increases from 8.24 billion m®in 2015 to
8.65 billion m? (5 percent) in 2030 because of the substitution of backward coal
once-through power plants by new ones using recirculating cooling, later decreas-
ing to 741 billion m® (10 percent) in 2050 because of the substitution of coal power
plant by Non-fossil generation that require less or no water.

e The intensity of water withdrawal for energy per unit of GDP moves from 8.42 m3 per
thousand US dollars to 2.31 m? per thousand US dollars, which is a relative index in line
with the red line for controlling the water withdrawal per unit of industrial added value.

The differences in water supply and cost between the representative concentration path-
ways (RCP) scenarios (RCP2.6, RCP4.5, and RCP8.5) are not enough to show any signifi-
cant effects to the energy system evolution.The climate models used to estimate the
impacts of climate change on water supply in China indicate that the water-thirsty Energy
Bases will actually receive more rainfall (although with greater variation), while the water-
rich Other region will experience marginally less water but not enough to influence the
results. The RCP scenarios have a negligible effect on system cost. Water use shifts are
small with most reductions in Eastern Inner Mongolia, and most additions in the Other
region. Compared with the effects of the key policies, the influence of climate change
impacts on the water supply curves causes only small changes in the energy system.

Next Steps

The development of the TIMES-ChinaW model, and thisThirsty Energy study providing
initial results, are an important step toward an integrated approach to water-energy plan-
ning in China. Several different policy regimes were examined, and some limited sensitiv-
ity analysis performed. Although this case study captures the primary uncertainties that
are considered sufficiently for a proof of concept, there are both institutional and technical
follow-on activities that have been identified to improve the quality of the tools for future
assessment and decision support of the water-energy nexus in China. In this regard, the
following technical areas for additional work were identified to improve various aspects of
the model and further expand the coverage and insights that can be obtained.
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Incorporating the investment costs, supply amounts, and potential timing of specific
regional water supply schemes into TIMES-ChinaW to allow the model to determine
the timing of the investments in water infrastructure and thereby a more representa-
tive marginal water supply cost in each region in accordance with the specific sce-
nario constraints.

Harmonizing growth assumptions driving non-energy water demands and energy
demands, which currently come from two different modeling frameworks (TIMES-
ChinaW and water use models) that are only broadly internally consistent.

Further disaggregating the depiction of the energy bases to move toward a more
accurate depiction of the energy supply picture for the country and developing a
clearer tie with the local water supply infrastructure challenges and options.

Taking a closer look at the water policy aspect of the water-energy nexus, and the
inherent tradeoffs that water allocation schemes need to address. It is highly desir-
able to incorporate a more detailed representation of non-energy water consump-
tion (and policies) into TIMES-ChinaW to examine water reallocation schemes,
demand elasticity to cost, and the effect of water-use efficiency and demand side
management (DSM) interventions.

Building on the previous point, developing water linkages to a variety of biofuel
feed stocks and other aspects of land use and food production in terms of both
water and energy.

Developing a linkage with an economic model to assess the impact of the water-
energy nexus tradeoffs on the economy as a whole including the effects on employ-
ment, GDP, and affordability.

Conducting more sensitivity analysis to address uncertainty concerns with respect
to water project costs and availability expectations, as well as non-energy water
demand, particularly under climate change; using more than one climate model.

Conducting more sensitivity analysis around key assumptions in TIMES-ChinaW as
it relates to the energy sector (for example, resource levels, technology costs/
potential, demand for energy services, aspects of the 13th Five-Year Plan goals) to
demonstrate the robustness of the model results.

Including the water needs for hydropower. In this study, the water needs for hydro-
power in the Other region were not explicitly modeled in TIMES-ChinaW (given that
their water needs were excluded in the Institute for Water and Hydro Resources
water supply cost curves).

Researching the localized impacts of plant location (that is, getting water from
sources to site needed), and intra-annual variations of the water-energy nexus, espe-
cially under climate change, such as floods and droughts, and how can they affect
the energy system in China.

Analyzing thermal pollution of once through cooling systems and its impact on the
ecosystem.
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e Ensuring that the study conclusions and main insights are included and used in
other World Bank initiatives in the country, such as the ongoing China Water
Governance study.

e Improving the cconclusions regarding climate change impacts on the energy sector.
This study was not intended to address in detail the issue of climate change in the
areas of study but rather illustrate the potential impact of climate change on the
water-energy nexus projections, particularly on water supply and availability. This
was done by exploring several climate change scenarios through a representative
climate model for China. Uncertainty in regional climate projections and their effect
on uncertainties in water resources availability should be explored with a broader
set of climate models and assumptions and using more detailed studies that focus
specifically on regional climate change effects in the region. This is an active area of
current research and one that definitely merits future work.

In addition to the technical issues mentioned above, effort is needed to develop
closer institutional ties with the key planning institutions in China concerned with
water (MWR), energy (NEA) and climate change (Department of Climate Change of the
National Development and Reform Commission). Moreover, unavailability of certain
data limited the ability to represent the water infrastructure and regionalize the energy
demand inTIMES-China would enable critical aspects of the method to be further
advanced. Further development of the model would position TIMES-ChinaW to contrib-
ute even most substantially to the critical analysis of water-energy nexus issues as part
of the next 5-Year Plan process—by providing a comprehensive platform to examine
policy, development, climate, and sustainability tradeoffs.

This study demonstrates that important insights can be gained by linking water and
energy planning models. This can help properly assess integrated water-energy strate-
gies and ensure that these critical long-term aspects of sustainable development are
intelligently planned in a least-cost manner.This is particularly important as countries
prepare to determine how to realize their nationally determined contribution commit-
ments in a way that contributes directly to achieving the Sustainable Development
Goals. This report aims to continue the process of informing decision makers that such
a comprehensive, integrated approach provides for better informed policy formulation
and planning processes and needs to become the norm.
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Model Description

The Coupled Land Surface and Hydrology Model System (CLHMS) is an advanced
framework for examining the nature of China’s future water supply picture (Yu, Pollard,
and Cheng 2006). It includes a large-scale land surface model and a fine grid distrib-
uted hydrological model (Pollard and Thompson 1995;Yu and others 1999). The cou-
pling between the land surface model and hydrological model is based on predicted
soil moisture and surface water depth. The land-surface models include a two-layer
vegetation model, a three-layer snow model, and a six-layer soil model; the hydrologi-
cal models include a terrestrial hydrologic model (THM), a groundwater hydrologic
model (GHM), and a channel ground-water interaction (CGl).

The parameters in the CLHMS include soil texture, vegetation type, hydrological
parameters, and hydrogeological parameters. Soil texture is interpolated with the
global dataset of Global Environmental and Ecological Simulation of Interactive
System, and vegetation type uses CLDH data (China Land-use Data for Hundred years)
(Thompson and Pollard 1995; Feng and others 2014). Hydrologic parameters in the
basin are developed from the HYDRO1k Digital Elevation Model provided by USGS
(United States Geological Survey) with ZongBo algorithm (Yang and others 2007).The
hydrogeological parameters such as hydraulic conductivity and porosity are interpo-
lated with the Harmonized World Soil Database (Fischer and others 2008). The CLHMS
replicates well the natural hydrological processes, the simulation of the water balance,
and the seasonal and inter-annual variation of stream flow. It has been verified against
historical data for the Yellow River Basin, the Huaihe River Basin, the Song-Liao River
Basin, and the Pearl River Basin in China (Yang and others 2011; Zhu 2015; Zhu, Lin,
and Hao 2015). An overall depiction of the Coupled Land Surface and Hydrology Model
System framework and interaction of the modules is shown in figure A.1.

Assumptions

To analyze the future water resource variation in the Energy Bases, first an extrapola-
tion of recent trends was done to establish the business as usual (base) representation
for China future water supply. The Coupled Model Intercomparison Project (CMIP) rep-
resentative concentration pathways (RCPs) are then used as the atmospheric driver of
CLHMS simulation of the response of water cycle under different possible scenarios.

In consideration of the global climate model’s (GCM) simulation ability, first the tem-
perature and precipitation simulation capabilities during the 20th century (1962-2005)
of 14 global climate models in China are examined (Zhu 2015). CNRM-CM5, HadCM3,
and IPSL-CM5A-LR show a better simulation capability in China.The spatial resolution
of CNRM-CM5 (256x128) is higher than HadCM3 (96x73) and IPSL-CM5A-LR (96x96).
The CNRM-CM5 shows a better simulation capability in China, especially in the Yellow
River Basin and in northeast China.
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Figure A.1

The Framework of Climate Land Surface and Hydrology
Model System
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Phase 5 of the CMIP (CMIP5) experiments include the historical climate simulation
experiments for the 20th century and prediction experiments for the 21st century driven
by RCP concentrations. On the basis of the East Asia gauge-based analysis of daily precip-
itation data, daily temperature CNO5 and the historical run’s outputs of 14 CMIP5 global
climate models, the characteristics of precipitation and temperature is investigated (Xie
et.al. 2007; Xu 2009).The historical experiment of CMIP5 uses the result of experiment
result before the Industrial Revolution (PiHistorical run) as the initial field for integrating,
all of the observed data were used and varied from time changes as the force field, such
as greenhouse gas, ozone, aerosol, volcanic activity, and solar constant. The simulation
period is from 1850 to 2005, and the simulation result indicates the correspondence rela-
tion between the recurring of historical climate and actual calendar. Therefore, it can be
compared with the observational data to estimate the simulation capability of the climate
system model. In addition, table A.1 lists all of the data required by the hydrological
model and the corresponding data available in CNRM-CMD5, which is a pretty good fit.
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Table A.1 CLHMS Required Variables and Corresponding Variables

in CNRM-CM5
No. Variable in CLHMS Unit Variable description in CNRM-CM5
1 Precipitation Kg/m?s Precipitation
2 Air temperature 2 m K Near-surface air temperature
3 Eastward wind m/s Eastward near-surface wind
4 Northward wind m/s Northward near-surface wind
5 Specific humidity Kg/kg Near-surface specific humidity
6 Surface pressure Pa(N/m?) Sea-level pressure
7 Total cloud % Total cloud fraction
8 Downward longwave radiation flux W/m? Surface downwelling longwave radiation
9 Near Infrared beam downward solar flux ~ W/m?
10 Near Infrared diffuse downward solar flux W/m?
Surface downwelling shortwave radiation
" Visible beam downward solar flux W/m?
12 Visible diffuse downward solar flux W/m?

Note: CLMHS = Coupled Land Surface and Hydrology Model System; CNRM-CM5 = Centre National
de Recherches Météorologiques-Coupled Models, version 5.

The CNRM-CM5 model, developed by CNRM-GAME (Centre National de Recherches
Météorologiques—Groupe d’ études de I'’Atmosphére Météorologique/France National
Centre for Meteorological Research—Meteorological and Atmospheric Studies Group)
and CERFACS (Centre Européen de Recherche et de Formation Avancée/European
Centre for Research and Advanced Training), was selected for this study (Voldoire and
others 2013). It contains an atmospheric model ARPEGE-Climate v5.2 (Action de
Recherche Petite Echelle Grande Echelle/Research Project on Small and Large Scales),
a land surface model SURFEX/TRIP (Surface Externalisée/Total Runoff Integrating
Pathways), an ocean model NEMO v3.2 (Nucleus for European Modelling of the
Ocean), a sea ice model GELATO v5 (Global Experimental Leads and Ice for
Atmosphere and Ocean) and OASIS v3 coupler with 1.4° atmospheric model
resolution, 31 layers in vertical direction, and 1° ocean model resolution.

Daily precipitation, near-surface air temperature, eastward near-surface wind, north-
ward near-surface wind, near-surface specific humidity, sea-level pressure, total cloud frac-
tion, surface down welling longwave radiation, and surface downwelling shortwave
radiation data from three RCP scenarios of CNRM-CM5 was used as the meteorological
data for CLHMS model.To reduce the systematic error in the global climate model’s simu-
lation result, the RCPs output from the global climate model needs to be corrected for
biases. Therefore, a statistical bias correction is applied to daily precipitation and daily tem-
perature with the observed East Asia (EA) precipitation data and CNO5 temperature data.
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In terms of climate change impacts, first setting spatial characteristics for climatic
factors in benchmark phase was done to correct the models’ climatic estimate results.
Then the corrected estimated results of precipitation are applied to further analyze the
trend of climate change under three different emission concentration path scenarios.To
this end, climate change may increase frequency and intensity of extreme disasters
such as flood and drought, as well as exert a direct effect on rainfall, evaporation, run-
off, and soil moisture. By applying IPCC-AR5'’s (Fifth Assessment Report of
Intergovernmental Panel on Climate Change) high resolution model of CNRM-CMS5, cli-
matic estimates of the 21st century are made in low, moderate, and high emission con-
centration path scenarios (corresponding to RCP2.5, RCP4.5, and RCP8.5, respectively).
With CLHMS model, water cycle changes in the study areas (Energy Bases) under
future climate change scenarios are estimated as subsequently discussed.

Analytical Method for Water Supply in
Energy Bases

Water supply analysis in the main Energy Bases is achieved mainly by data collec-
tion and investigation. The water supply projects constructed or under construction
from 2015 to 2020 have been analyzed according to the 12th and 13th Five-Year Plan.
The future forecast of water supply and utilization for research regions is based on
water resources comprehensive planning (National Development and Reform
Commission, Ministry of Water Resources, and National Comprehensive Water
Resources Planning 2010).

Water supply projects in this study are divided into major categories of impound-
ment and diversion projects, external water transfer projects, and unconventional
water use projects on the basis of current construction of water conservancy projects.
By investigating typical projects and collecting water price and current water supply
projects costs, a set of statistical parameters regarding large-scale water supply project
of different types were compiled and analyzed. Small-scale projects are classified by
type and water supply costs analyzed according to current projects of similar type.

For the future water supply analysis in the Energy Bases against the backdrop of climate
change, water resources changes within a river basin were studied by applying the CLHMS
model combined with CMIP5 typical concentration paths, RCPs.The CLHMS model is suit-
able for the whole country, and the low, medium, and high benchmarks for greenhouse
gas emissions, corresponding to RCP2.6, RCP4.5, and RCP8.5, respectively, were selected
as possible future climate change scenarios. The resulting future water resources changes
in the Yellow River Basin, the Haihe River Basin, and the Songliao River Basin were simu-
lated; and the Energy Bases within the river basin were matched spatially to obtain the
changes in water resources quantity against the background of climate change.

On the basis of field surveys and investigations, the status of the current water sup-
ply and future water needs was determined, and water project schemes were
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identified for the four major Energy Bases. As previously noted, the cost of different
water projects was determined by type (for example, local surface water project,
diverted water source project, and recycled water utilization project). The supply costs
of typical major water projects in each Energy Base were calculated on the basis of
project fixed investment, depreciation cost, operation and maintenance costs, water
fee, and external costs (for example, sewage treatment fees). Small-scale water supply
projects estimates of the project and water supply cost were considered as a group.
For projects that have been recently completed, on-site investigation has been under-
taken to determine the cost. For projects under construction and planned, a compara-
tive analysis for similar water supply project was undertaken to determine their cost.

A fixed assets depreciation is calculated according to the life of the project, which is
used to replace equipment losses. The annual operating and management cost
includes fuel and power cost, variable operating and repair expense, and fixed man-
agement fee, salary, welfare benefits, allowance, and compensation and other neces-
sary expenses.

According to “The Regulation for Economic Evaluation of Water Conservancy
Construction Projects” published by the Ministry of Water Resources, the normal oper-
ation period for water supply projects is 30-50 years, 40-50 years for large or medium-
sized hydropower station/dam, and 15-25 years for small hydropower station or
drainage station.

Because of the scarcity of water resources and the expense incurred in the process
of management and protection of water resources an externality cost is charged for the
users of water resources. This external cost is used to compensate the negative effects
of water resource use on the ecological environment.

To this end, the unit water supply cost (UWSC) calculation is as follows:

p :Z1+Zz+Za+Z4
water W
where:

P.... is the water supply cost,
Z, is the depreciation of fixed assets,

Z, is repair maintenance fee,

Z, is annual operation and management fee,

Z, is water resources fee and external costs, and

W is the annual average water supply.

In terms of climate change, it affects precipitation, which affects regional water
resources quantity, and thereby can affect projects water supply capacity. Therefore,
climate change produces an indirect effect on the project cost of water supply, such
that when precipitation increases, project water supply capacity must increase corre-
spondingly, which indirectly reduces the water cost to the energy industry, making
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water resources constraints become less severe; and when precipitation decreases,

project water supply capacity drops, thus increasing the water resource constraints
leading to higher cost for new water supply.

Quantitative analysis of projects was based on their water supply, construction, and

operation costs, resulting in changes in the cost of water supply. An overview of the
methodology is shown in figure A.2.

Figure A.2 Method for the Water Supply Cost Curve Calculation
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Analytical Method of Temporal-Spatial
Changing of Water Resources Quantity in
Energy Bases

The basins and regions where China’s major Energy Bases are located are markedly
different. These Energy Bases have huge differences in water resources distribution
characteristics, and they have to be analyzed independently.

Shanxi Energy Base

The Shanxi Energy Base is mainly located in the Yellow River basin and a small part of
the energy base is located in the Hai River basin. Therefore, the majority of the avail-
able water resources of the Shanxi Energy Base are from theYellow River Basin.
Because the trunk stream of the Yellow River flows through the Shanxi Energy Base,
the total available water resources in the Shanxi Energy Base include the two parts: the
local water resources generated from the precipitation and the water diverted from

the trunk stream of the Yellow River. According to the 87 Water Allocation Scheme, the
upper limit of the water volume diverted from Yellow River Basin for the Shanxi Energy
Base is 4.31 billion m® per year. On the basis of this analysis, the water resources quan-
tity available for the energy industry in the Shanxi Energy Base can be calculated by
the following formula:

Y, = a x[f(x),+f(x),]
where,

Y, is the water resources quantity available for the energy industry in the Shanxi
Energy Base,

f(x), is the local available water resources in the Shanxi Energy Base,
f(x),is the available water diverted from the trunk stream ofYellow River, and

« is the coefficient, which is the ratio between the water resources quantity con-
sumed for the energy industry and the total water resources available in the
Shanxi Energy Base.

In this research, f(x), and f(x), can be calculated through hydrological modeling
using the CLHMS model, and the coefficient « is determined based on the statistical
and survey data in the recent more than 10 years.

Ordos Energy Base

The Ordos Energy Base, stretching across Shaanxi, Inner Mongolia, Gansu, and
Ningxia, has complicated river systems, some of which belong to the Yellow River
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Basin and the other belong to the Northwest Inland Basin. Therefore, the total available
water resources in the Ordos Energy Base also include two parts, one is the volume of
the available water resources of the river system in the Yellow River Basin, and the
other one is the volume of the available water resources of the river system in the
Northwest Inland Basin. On the basis of the aforementioned analysis, the water
resources quantity available for the energy industry in the Ordos Energy Base can be
calculated using the following formula:

Y, = a xf(x)+ g xf(x),
where,

Y, is water resources quantity available for the energy industry in
Ordos Energy Base,

ais the ratio between the water resources consumed for the energy industry and
the total water resources available in a part of Ordos Energy Base of the Yellow
River Basin;

f(x), is the Yellow River Basin water resources quantity of Ordos Energy Base in
Yellow River Basin,

QSis the ratio between the water resources consumed for the energy industry and
the total water resources available in a part of Ordos Energy Base of the Northwest
Inland Basin, and

f(x), is the water resources quantity of Ordos Energy Base in the Inland River Basin.

In this research, & and fare both determined by statistical and survey data.

The Eastern Inner Mongolia Energy Base, located in the east of Inner Mongolia, con-
sists of Hulun Buir, Chifeng, Tongliao, and Hinggan League. It belongs to the Haihe
River Basin, the Northwest Inland River Basin, and the Song-Liao River Basin.The
water resources quantity available for the energy industry in the Eastern Inner
Mongolia Energy Base can be calculated using the following formula:

Y, = B xf(x),+ exf(x),+ o xf(x),
where,

Y, is water resources quantity available for the energy industry in the Eastern Inner
Mongolia Energy Base,

ﬂis the the ratio between the water resources consumed for the energy industry
and the total water resources available in Haihe River Basin of Eastern Inner
Mongolia Energy Base,

Eis the the ratio between the water resources consumed for the energy industry
and the total water resources available in the Northwest Inland River Basin of
Eastern Inner Mongolia Energy Base
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Jis the the ratio between the water resources consumed for the energy industry
and the total water resources available in Song-Liao River basin of the Eastern
Inner Mongolia Energy Base;

f(x),, f(x),, and f(x), are the total available water resources, respectively, in the Haihe
River Basin, the Northwest Inland River Basin, and the Song-Liao River Basin of the
Eastern Inner Mongolia Energy Base, which can be simulated through the hydrologi-
cal model. Similarly, £, & and Oare all determined by statistical and survey data.

The Xinjiang Energy Base is located in the Northwest Inland River Basin, where, the gla-
ciers are an important replenishment source of water resources. The relation between
water for energy and overall water resources is represented by the following formula:

Y,=Bxflx),+G
where,

Y,is water resources quantity of Xinjiang Energy Base,

QSis the ratio between the water resources consumed for the energy industry and
the total water resources available in the Xinjiang Energy Base,

f(x), is total water resources in the Inland River Basin of the Xinjiang Energy Base, and
G is the glaciers replenishment quantity.

In this research, f can be determined by the survey method, and f(x),can be
simulated by hydrological model, and G is estimated by the empirical formula.

Regional Water Resources Quantity under
Climate Change Scenario

Driven by the impacts of global warming, land water form changes affect the entire water
cycle process and the temporal-spatial distribution of water resources. By applying IPCC-
AR5'’s high-resolution model of CNRM-CMS5, climatic estimates of the 21st century are
made in low, moderate, and high-emission concentration path scenarios (RCP2.6, RCP4.5,
and RCP8.5). With the CLHMS model, water cycle changes in the study area under future
climate change scenarios are estimated as shown for each basin in figure A.3.

Although only one climate model (CNRM-CM5) was used to generate the hydrologic
input to estimate water supply, the analysis includes climate change scenarios from
less severe (RCP2.6) to very severe (RCP8.5) to capture a wide range of hydrologic
responses in the Energy Bases to address the uncertainty in runoff and water supply
estimates that are used in the integrated water-energy modeling. The runoff estimates
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Figure A.3

produced by these simulations do not show a unidirectional trend—that is, runoff is
found to decrease in some locations and increasing in others, a result that is consistent
with most detailed studies of climate change in China and other parts of the world.

It is worth noting that this study was not intended to address in detail the issue of cli-
mate change in the areas of study, but rather illustrate the potential impacts of climate
change on the water-energy nexus projections, particularly on water supply and avail-
ability. This was done by exploring several climate change scenarios through a repre-
sentative climate model for China. Uncertainty in regional climate projections and their
effect on uncertainties in water resources availability should be explored with a broader
set of climate models and assumptions and should be explored in more detailed stud-
ies that focus specifically on regional climate change impacts in the region.This is an
active area of current research and one that definitely merits future work.
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Figure A.3

RCP Water Supply Curves for Major Basins, 2010-50
(continued)
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Model Description

TIMES (The Integrated MARKAL and EFOM Model) is a bottom-up model developed
within the Energy Technology System Analysis Program of the International Energy
Agency. TIMES is an economic model generator for local, national, or multiregional
energy systems, which can provide a technology-rich basis for estimating energy
dynamics over a long-term, multiperiod time horizon. The TIMES-China model, the
starting point for the TIMES-ChinaW model, was developed by Tsinghua University.
For the Base scenario estimates were made of the existing stock of energy-related
equipment and available future technologies, potential of primary energy supply as
well as end-use energy service demand of China. TIMES-China incorporates the full
range of energy processes including extraction (and imports), conversion, transmis-
sion, distribution, and end use, as shown in figure B.1. More than 400 technologies
are included in the model, consisting of existing and advanced technologies such as
poly-generation technologies with carbon capture and storage, and emission flows
are tracked by fuel and sector. TIMES-China is widely used to study the future evolu-
tion of the national energy system and associated CO, emissions. In this study, water
was incorporated into the TIMES-China model to realize the TIMES-ChinaW model,
which uses 5-year intervals from 2010 to 2050. The objective function of the model
minimizes total energy system cost, including capital costs, fuel costs, and operating
and maintenance costs for technologies both in energy supply and demand side while
meeting final energy service demands and external constraints.

The optimization is driven by the demand for energy services, which are estimated
by end-use applications for every sector. Five demand sectors, agriculture, industry,
commercial building, residential building (divided into urban and rural) and transporta-
tion, are considered and further divided into 43 subsectors as shown in figure B.2.
High energy consumption industries such as iron and steel, cement, pulp and paper,
glass, along with capitive power electricity and heat are included in the industry sector,
as shown in figure B.3.Transportation is divided into passenger transport and freight
transport, along with aviation, railway, road, and pipelines. Residential sector includes
rural and urban buildings and services such as heating, cooling, lighting, refrigeration,
clothes washing, and other appliances are specifically considered.The commercial sec-
tor includes services for heating, cooling, lighting, and appliances. An overview of the
structure of the demand sectors is shown in figure B.2.

To project energy service demands requires future social and economic develop-
ment to be estimated. GDP growth, industrial structural changes, population, urbaniza-
tion rate and other social end economic trends are estimated with different projection
methods applied for the various sectors and industries. The projection method for iron
and steel is shown in figure B.3.

Times-ChinaW represents industrial processes in a very detailed way. Take iron and
steel industry, for example, as shown in figure B.4. The model considers seven pro-
cesses: coke making, sintering/pelleting, blast furnace, oxygen blown converter, elec-
tric arc furnace, casting, and rolling. Because the energy intensity of other industries is
much lower than those of the key iron and steel and cement industries in China, they
are also considered but not at this fine a level of detail.

152 Thirsty Energy

Appendix B
Energy Model



Figure B.1 Simplified RES of TIMES-ChinaW
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China has five integrated Energy Bases: Xinjiang, Ordos, Shanxi, East Inner Mongolia
andYungui, which are mostly consistent with the fourteen coal bases. AsYungui is rich in
water resources, this research will focus on the other four integrated Energy Bases. In con-
sideration of data availability, this research uses the provincial data as an approximation.
Xinjiang Energy Base is approximated by Xinjiang Province. Shanxi Energy Base is
approximated by Shanxi Province. East Inner Mongolia is approximated by the east part
of Inner Mongolia, which contains four cities: Hulun Buir League, Hinggan League,
Tongliao League and Chifeng League. East Inner Mongolia accounts for 56.2 percent of the
area and 52.9 percent population of Inner Mongolia. Ordos Energy Base is approximated
by the aggregation of Shaanxi, Ningxia, Gansu and Western part of Inner Mongolia.The
regional representation and the water representation in the model are shown in chapter 6.
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Figure B.2

Simplified Representation of Demand Sectors in
TIMES-ChinaW

A,

Note: PJ = petajoules; pkm = person kilometer; tkm = ton kilometer.

Assumptions

As discussed in the previous section, basic economic and demographic driver assump-
tions underlying the base scenario include population growth, urbanization rate, eco-
nomic development, and industrial structure that underpin the estimates of the energy
service demands for the different sectors. These directly influence the future energy
supply requirements and thereby emissions.

Economic growth is the main factor driving energy consumption. Over the past
three decades, China’s economy has experienced rapid development, with an annual
growth rate of approximately 10 percent. On the basis of the analysis of China'’s eco-
nomic development trends, the average annual GDP growth rate is assumed to be
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Figure B.3 Projection Method for Energy Service Demand in Iron and
Steel Sector

7.5 percent, 6 percent, 4.5 percent, and 3.5 percent during the period 2010-20, 2020-30,
2030-40, and 2040-50, respectively. As shown in figure B.5, the future production of
industry will increase slowly when compared with the increase of transportation turn-
over and residential energy service demand.

With the consideration of the selective two-child policy, China’s population will reach
a peak in 2030—about 1.47 billion—and urbanization rate will be about 62.5 percent,
then the population will steadily decrease to 1.38 billion by 2050, and the urbanization
rate is expected to increase to 75.0 percent by 2050.

In addition, the basic policies laid out in the 12th and 13th Five-Year Plans including
industrial structure adjustment, development of new and renewable energy, and
energy efficiency improvement are properly reflected in TIMES-ChinaW as core
assumptions embodied in the Base scenario, with the country’s CO, mitigation target
added to the reference scenario, and then carried along as part of each policy scenario
examined. The main data sources forTIMES-ChinaW are summarized in table B.1.
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Figure B.4

Figure B.5

Production Process for Iron and Steel Sector inTIMES-ChinaW
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Table B.1

Major Sources for TIMES-ChinaW Energy Data

Type

Demand driver

Base year picture

Resource supply

Technology

Energy service demand

Variable

Gross domestic product
Population

Urbanization rate
Industrial structure
Energy balance
Residual

Coal, oil, and gas
Non-fossil energy

Cost (activity, investment, and so on)

Extraction, Efficiency
convention, power
generation, Lifetime
demand .
Activity factor
technology ctivity Tacto
Emission factor
Water coefficient
Other coefficient
Agriculture Aggregated service demand
Building Floor space, saturation level,
HDD/CDD of climate zone
Industry Parameter in stock based
model, saturation level
Transportation Speed, ratio of type, fuel

efficiency, occupancy

Sources

Appendix B.2

Appendix B.2

Appendix B.2

Appendix B.2

Energy Statistical Yearbook
Appendix C.2

Appendix C.1 and C.3

Appendix C.4, C.5, and C.6

China-TIMES, literature review, and experts

China-TIMES (Chen 2005, 2010, 2014, 2016)

Appendix C.8 and C.9

China-TIMES, literature review, and experts

Relation with GDP and industrial structure

Shi 2015

Yin 2013; Ma 2015, 2016; Li 2016

Zhang 2015, 2016

Note: CDD = cooling degree days; GDP = gross domestic product; HDD = heating degree days.
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Coal, Oil, and Gas Supply: BaseYear

Data on the regional coal, oil and gas extraction in 2010 is sourced from the China
Energy Statistical Yearbook and presented in table C.1.

The 2015 China Energy Statistical Yearbook updated the 2010 China energy balance,
as shown in figure C.1. More than 9000 PJ of coal consumption has been added to the

Table C.1 Coal, Oil, and Gas Extraction, 2010
Petajoules
Region Coal Oil Gas
Eastern Inner Mongolia 5,416 1,150 0
Ordos 21,042 353 16,657
Other region 30,093 6,183 2,185
Shanxi 15,639 0 845
Xinjiang 2,078 1,071 974
Figure C.1 Difference of Final Energy Consumption between Old and
New Balance Sheet, 2010
Petajoules
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Table C.2

old statistics, with 81 percent of that added to the industrial coal consumption. In terms
of the modeling, as the provincial balance sheets in the Energy Bases remained
unchanged, the added coal was placed into the Other region to keep the data of Energy
Bases consistent with their provincial balance sheets. Furthermore, as the output in dif-
ferent industry subsectors (such as steel and cement) remained unchanged, the added
coal use was attributed to other heat usage for industry.

Installed Power Plants Capacity and Cooling
Requirements

Data on the regional power capacity by technology in 2010 as presented in the “Power
Plants” section in chapter 4 and compiled in table 4.2 is extracted from China’s com-
piled power industry statistics.

Air-cooling capacity in 2010 was 81 GW. All of the ultra-super critical, super-critical,
and subcritical power plants in Eastern Inner Mongolia, Ordos, Shanxi, and Xinjiang,
and part of the ultra-supercritical in the Other region are assumed to use air-cooling.

The regional coal-fired power plant capacity of recirculating cooling and air-cooling
were assumed as in tables C.3 and C.4.

Power Capacity of Air Cooling, 2010

Gigawatts

Region Ultra-superecritical Super critical Subcritical
Eastern Inner Mongolia 2.00 3.13 2.29

Ordos 9.95 15.02 12.39

Other region 18.06 0.00 0.00

Shanxi 4.23 6.85 5.29

Xinjiang 0.21 0.67 0.91
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Table C.3 Power Capacity with Water Cooling (Recirculating), 2010
Gigawatts
. . .- .. Super high .
Region Ultra-supercritical Super critical Subcritical High pressure
pressure
Eastern Inner Mongolia 0.00 0.00 0.00 3.49 0.38
Ordos 0.00 0.00 0.00 11.75 4.54
Other region 49.63 65.08 48.26 5724 57.85
Shanxi 0.00 0.00 0.00 7.55 5.20
Xinjiang 0.00 0.00 0.00 3.92 0.80
Table C.4 Power Capacity of Water Cooling (Once-Through), 2010
Gigawatts
. .- . . Super high .
Region Ultra-supercritical Super critical Subcritical High pressure
pressure
Eastern Inner Mongolia 0.00 0.00 0.00 0.00 0.00
Ordos 0.00 0.00 0.00 0.00 0.00
Other region 13.92 18.25 13.563 16.05 16.22
Shanxi 0.00 0.00 0.00 0.00 0.00
Xinjiang 0.00 0.00 0.00 0.00 0.00

Coal, Oil, and Gas Potential

Data on the proven remaining coal, oil, and conventional national gas reserves as
shown in table C.5, and shale gas and coal bed methane potentials, as presented in
table C.6 is obtained from China Statistical Yearbooks.

Hydro Potential

According to the results on the National Hydropower Resources Survey, the theoretical
potential of hydropower resources in China is 694 gigawatts (GW), annual power
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Table C.5 Proved Remaining Reserves

Petajoules
Region Qil Natural gas Coal
Eastern Inner Mongolia 1,627 14,169 819,068
Ordos 18,834 36,382 1,276,760
Other region 91,000 63,148 1,673,140
Shanxi 0 0 1,765,669
Xinjiang 21,417 33,677 310,265
Table C.6 Alternative Gas Potential

Petajoules
Region Shale gas Coalbed methane
Eastern Inner Mongolia 74,431 n.a.
Ordos 161,332 3,187
Other region 568,168 n.a.
Shanxi 25,330 7146
Xinjiang 148,472 n.a.

Note: n.a. = not available.

Table C.7 Hydro Potentials
Gigawatts

Region Theoretical reserves Technical available Economical available
Eastern Inner Mongolia 1.16 0.52 0.51

Ordos 34.41 20.81 19.02

Other region 5.63 4.02 3.97

Shanxi 38.18 16.56 15.67
Xinjiang 615.01 499.72 362.62
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output 6,080 billion kilowatt-hours (kWh), technical exploitable capacity 542 GW, tech-
nical exploitable annual power output 2470 billion kWh. At present, the exploited
installed capacity is 130 GW and the annual power output is 525.9 billion kWh.These
unused hydropower resources are mostly located in the western part of China.

Wind Potential

Considering natural geographical condition and government policies on the develop-
ment of wind power, ignoring those areas with less than 1.5 megawatts per square
kilometer install capacity, the total amount of technical available wind power is

2,000 GW (50 meters), 2,600 GW (70 meters) and 3,400 GW (100 meters). provides a
snapshot of the wind potential in China. Eastern Inner Mongolia (1,500 GW) has the
highest amount of wind power potential, followed by Xinjiang (400 GW) and Gansu
(240 GW), where table C.8 shows the potential by Energy Base.

Solar Potential

The solar energy potential is shown in figure 4.2. The northeast, northwest, and
southwest part of China have a large amount of solar potentials, with average annual
available hours of more than 1,100. Among these regions, Xinjiang, Tibet, Gansu, and
Inner Mongolia have more than 1,500 available hours. Chongqing, Guizhou, Hunan,

Table C.8 Wind Power Potential, by

Region
Gigawatts

Region Potential

Eastern Inner Mongolia 600

Ordos 1140

Other region 360

Shanxi 100

Xinjiang 400
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Table C.9

and Hubei are the regions with limit solar potential, with less than 800 annual
available hours.

Costs

The cost data are the same as in the original TIMES-China model, other than coal and
gas transportation from Eastern Inner Mongolia, Ordos, Shanxi and Xinjiang to the
Other region, which uses the update costs shown in table C.9.

Coal Chemical Industry

As reflected in tables C.10 and C.11, in 2010 the only coal-to-liquid-directly project is the
1,080 kilotons per annum in Ordos, which is the only one in process in 2015. In 2010,
both Ordos and Shanxi have a project of 160 kilotons per annum. In 2015, as the 1,000
kilotons per annum project inYulin, Shaanxi becomes operational, the capacity of
Ordos increase to 1,160 kilotons per annum. Nowadays, there are 55 coal to gas project
(in operation, in prework, signed, planned), which is distributed more in west than east
and more in north than south.The capacity grew rapidly from 0.4 billion m® per annum
in 2010 to 3.1 billion m® per annum in 2015.

Coal and GasTransportation Cost (with Distance under
Consideration)

Transportation type Coal transportation Gas transportation
yuan/t yuan/m?

Eastern Inner Mongolia to 130 0.315

Other region

Ordos to Other region 90 0.265

Shanxi to Other region 64 0.217

Xinjiang to Other region 200 0.505
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Table C.10

Coal to Liquid Project, 2015

Facility name

Shenhua direct coal to
liquid project

Shenhua indirect coal to
liquid project

Yitai indirect coal to liquid
project

Luan indirect coal to liquid
project

Yankuang indirect coal to
liquid project

Table C.11

Location Capacity (kilotons per annum)  Operation time

Ordos 1080 In the second half year of 2010
Ordos 180 Stopped

Ordos 160 2009

Shanxi 160 2009

Ordos 1000 2009

Coal to Gas Project, 2015

Facility name

Datangkeqi coal to gas project
40 BCM/a (first phase)

Qinghuayili coal to gas project
55 BCM/a (first phase)

Huineng Ordos coal to gas
project 16 BCM/a (first phase)

Location Capacity (BCM/a)
Eastern Inner Mongolia 1.33
Xinjiang 1.375
Ordos 04

Note: BCMy/a = billion cubic meter per annum.

Operation time

In the second half year of 2010

Stopped

2009

Water Factors for Power Generation

The water factors used for coal-fired power plant are mainly taken from previous
research (Fthenakis and Kim 2010; Qin and others 2015; Fricko and colleagues 2016).
Water factors for the high-pressure and super high-pressure coal-fired power plant
are assumed to be the same as subcritical coal-power plant. Factors of three cooling
types (water recirculating cooling, air cooling, once-through cooling) are shown in

table C.12.
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Table C.12

Water Withdrawal Factors for Selected Electricity Generation

Technologies
Cubic meters per megawatt-hour

Power generation type

Subcritical

Subcritical with CCS

Supercritical

Supercritical with CCS

Ultra-supercritical

Ultra-supercritical with CCS

IGCC

IGCC with CCS
NGCC

NGCC with CCS
Biomass

Biomass with CCS
Solar PV

Solar CSP

Wind

Geothermal

Nuclear

Water withdrawal

Air Recirculating  Once through Air

0.29 2.6 100 0.29
= 519 = =

0.4 2.3 90 0.4

- 4.83 = =
0.31 2.3 80 0.23
- 4.25 = =
- 1.76 - -

- 215 = =
0.015 1.03 43.1 0.015
- 1.88 s =
0.13 3.32 132.5 0.13
= 4.54 - =

0.015

0.15 3.7 - 0.15
0.004

0.51 6.81 = 0.51

- 2.99 162.5 -

Water consumption

Recirculating

1.96

519

1.95

4.83
2.1
4.25
1.42
2'3
0.2
1.88
3.32
4.54
0.015
3.7
0.004
6.81

2.79

Once through

0.29

0.26

0.23

43.1

132.5

15

Note: CCS = carbon capture and storage; CSP = concentrating solar power; PV = photovoltaic;

NGCC = natural gas combined cycle.
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Water Factors for Other Energy-Related
Activities

The water factors for coal, oil and gas mining are from each province’s Industry with-
draw water quota and the report were provided by Ministry of Water Resources and
are summarized in table C.13. Note that each province has established local water use
standards (Ministry of Industry and Information Technology, 2013; General Office of
Shaanxi Provincial People’s Government, 2014; General Office of Shanxi Provincial
People’s government, 2015; Gansu Water Resource Department, 2011; Xinjiang Water
Resources Department, 2006; Inner Mongolia Water Resource Department, 2009;
Water Resource Department, 2007; Ministry of Water Resources, 2010 and 2012).

Water Withdrawal Factors in Energy
Table C.13 Extraction and Other Conversion Process

Process Water withdrawal

Coal mining (m3t) 3.4

Qil extraction (m3bbl) 1

Gas extraction (m%/TJ) 1.6

Coal washing (m®/t) 2.5

3 3

Coal to gas (m® water/m 0.008

gas)

Coal to liquids (m3/t) 10

Oil refinery (m?¥/TJ) 273
Note: bbl = billion barrels; t = ton; m® = cubic meters;
TJ = terajoule.
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