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Abstract

This report summarizes results of an assessment of future energy-technology strategies for China
built on anaytica work carried out during the past severa years by the Working Group on
Energy Strategies and Technologies (WGEST) of the China Council for Internationd
Cooperation on Environment and Development (CCICED). The assessment identifies and
highlights key implications of different advanced-energy technology strategies that could alow
Chinato continue its socid and economic development while ensuring nationa energy-supply
security and promoting environmenta sustainability. The MARKAL energy-system modding tool
was used to build asmplified mode representing Chind s energy system. Different scenarios
for the evolution of energy supply and demand in China from 1995 to 2050 were explored with
the modd, enabling ingghts to be gained into different energy development choices that China
might make. The overdl concluson from the andyssistha there are plausible energy-
technology strategies that would enable Chinato continue socia and economic devel opment
through at least the next 50 years while ensuring security of energy supply and improved locd
and globa environmenta qudity. Remarkably, except for the case when very mgor reductions
in carbon emissions are sought, the modd predicts that such energy strategies would not involve
ggnificantly higher cumulative (1995-2050) discounted costs for the energy system than
“busness-as-usud” drategies. Furthermore, “business-as-usud” srategies, which were dso
modeled, will not enable Chinato meet dl of its environmental and energy security goas. To
meet these goals, an energy development strategy that relies on the introduction of advanced
technologiesis essentiadl. To redlize such grategies, policies are needed in Chinathat will i)
encourage utilization of awider variety of primary energy sources (epecialy biomass and wind)
and clean secondary energy carriers (especialy synthetic fluid fuels from cod and biomass), ii)
support the devel opment, demondration and commercidization of radicaly new clean energy
converson technologies to ensure that they are commercidly available beginning in the next 10
to 20 years, and iii) support aggressive end- use energy efficiency improvement measures.

1 Introduction

This report summarizes results of an integrated assessment of future energy-technology
drategies for China. The assessment builds on ideas and anayses generated by the Working
Group on Energy Strategies and Technologies (WGEST) of the China Council for Internationd
Cooperation on Environment and Development (CCICED). Over the past nine years WGEST
has investigated many advanced technol ogies with potentia long-term drategic sgnificance to
China. This assessment isintended as only an initid effort to provide an integrated,
comprehensgive look et the potentid of these advanced technologies and to identify and highlight
the key implications of different energy-technology strategies that could alow Chinato continue
socid and economic development of both urban and rurd sectors while ensuring nationd
energy-supply security and promoting environmenta sugtainability. The time horizon for this
assessment extends from 1995 to 2050.

In 1995, totd commercia energy consumption in Chinawas 38.4 EJ, or 1,312 million tonnes of
standard cod equivalent (Mtce),* of which coa accounted for 74.6%, oil 17.5%, hydroelectricity
6.1%, and natural gas 1.8%.% The sector-wise breskdown of energy consumption is
characterigtic of a country at ardatively early stage of economic development, with industry
accounting for about 75% of consumption, the residentia sector accounting for 12%, and
trangport and agriculture each accounting for about 4%.
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For future development of its energy system, Chinafaces severd mgor chdlenges. Cod is
China slargest foss| fudl resource, and it likely will continue to be the dominant foss| fue used
in the future. However, cod use today aready contributes to very serious ar pollution that
exacts ahigh toll on human hedlth. Respiratory illnessisthe 4" most common cause of degthin
urban areas of China, where it accounted for 14% of al urban desthsin 1998. Inrurd aress,
where cooking is done largely by direct combustion of coa or biomass, respiratory illness
represents the single most common cause of degths, accounting for 25% of dl rurd desths.
While corrdating air pollution with the cost of illness and death involves large uncertainties, the
efforts that have been made to develop such correlations suggest that costsin Chinaare high.
The World Bank® has estimated that the air-pollution related health cost to Chinain 1995 was
$48 hillion (7% of GDP), with 2/3 of this attributed to urban areas. The Bank projects the cost of
urban air pollution will rise to $390 billion (13% of GDP) by 2020 under “business-as-usud”
energy development.

Asde from energy-related air pollution, China aso has concerns that its domestic energy
production capability will be insufficient to meet projected energy demands for 2050 and beyond
under “business-as-usua” development of the energy sector.*® Even with such growth in total
energy use, per-capita energy usein Chinain 2050 would ill be far below present-day US and
European levels. Thus, Chind s need for energy islikdly to continue to grow significantly even
after 2050.

China has particular concerns over increasing oil imports, which are rising rapidly in step with

the growth of its trangport sector. 1n 2000, oil imports accounted for 30% of oil consumption, a
sharp increase from less than 10% in 1995. Domestic natura gas resources are dso limited, with
the most optimigtic estimate that gas would be able to provide 10% of totd primary energy
supply in 2030,%" up from 2% today.

Ensuring energy supply security and reducing energy-rdated air pollution are high priorities for
China, but growing emissons of carbon dioxide are dso of some concern. 1n 1995, China
emitted dightly more than haf as much CO, to the atmosphere as the world' s leading emitter,
the United States, although on a per-capita basis, Chinese emissions were one-eighth of those
from the U.S. With “busness-as-usud” growth of the energy system in China, carbon emissions
are projected to rise to over 20% of global fossil-fud-related emissons in 2020 and surpass the
United States as the highest carbor+emitting country on an absolute bass. However, Chind's
per-capita carbon emissions would then il be only one-quarter of the U.S. leve .2

While Chinafaces some mgor energy-related challenges, the early-developmenta stage of its
energy infrastructure provides the opportunity to make energy-technology choicesthat directly
address these chdlenges, while enabling continued economic and socia development of the
country. The objective of the work reported here is to assess the implications of different
technologica choicesthat Chinamight make. In this context, four specific questions are
addressed:

1) How can Chinamet its projected demand for energy services in an affordable manner, given
that conventiond projections show a sgnificant shortfal in domestic energy resourcesin
20507?

2) Arethere plausble scenarios by which China could meset its projected needs for liquid fuels,
especidly for trangportation, while not becoming overly dependent on imported energy?
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3) Arethere plausible scenarios by which China could substantidly reduce urban and rurd air
pollution while meeting its projected demand for energy services?

4) Arethere concelvable energy-technology scenarios by which China could meet requirements
for lower carbon emissions that may arise from globa warming concerns?

To address these questions, the MARK AL energy-system modeling tool was used to build a
amplified, but representative modd of China s energy system and to explore different scenarios
for the development of energy supply and demand in Chinafrom 1995 to 2050. These scenario
results provide ingghts into energy development choices. They are not forecasts of the future.

This paper will firgt briefly describe the MARKAL tool and then more fully describe the MARKAL
modd for Chinathat was developed for this work, including a description of the overdl
framework and the extensive input data set. Key results from the andlyss are then summarized,
and some implications for technology policy are discussed.

2 MARKAL Modeling

MARKAL was developed starting in the late 1970s as an energy-planning tool.° Application of the
mode involvesfirst defining the system geographic boundaries (e.g., acity, aprovince, a

country, etc.) and then building a representation of the energy system for that region by

specifying materid and energy flowsin and out of each technologicad component in the system.
Figure 1 shows an example of atechnologica component and the input specifications required

by MARKAL.

Emissions Data:
Carbon, NOx, SOx, VOC, patrticles
<

Y.

High Voltage
Fuel Line
Power Plant _ g
Performance Data: Economic Data:
— Efficiency - Capital cost
— Availability - Fixed and variable operating costs
— Expected useful life - Existing capacity

— Seasonal and peak load
characteristics

Figure 1. Example MARKAL Component Block

In addition to component-leve specifications, the user must aso specify inter-component
connections. Figure 2 isasmplified representation of the connections in our China MARKAL
modd. Details are discussed in Section 3, but the row of boxes across the top part of Figure 2
describes conceptually the inter-connectionsin any MARKAL modd. Working from left to right:
primary energy resources are either mined, imported, or renewable; these resources are processed
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through a variety of converson technologiesto create find energy carriers; the final energy
carriers are consumed to meet energy service demands.

Inits standard version, which is used in thiswork, MARKAL requires the user to initidly generate
a st of projected energy service demands and input them to the model for every interva in the
andysisperiod. The user must aso input the costs for primary-energy production and ddlivery,
specify primary-energy resource supply limits, and creete profiles for al current and new energy
supply and demand technology options available to the model (capitd, operating codts, energy
efficiencies, pollutant emissons, availability, seasondity characteridtics, growth congtraints, and
others). MARKAL finds the combination of energy resources and conversion technologies that
minimizes the overal energy-system cost (including investment and operating costs) for meeting
the specified energy service demands throughout the economy over the entire analys's period.
The modd usesalinear programming solver (GAMS) to smultaneoudy solve the energy supply
and demand baances at each interval over the analysis period (eleven five-year periods between
1995 and 2050 in thiswork). The modd monitors capital stock turnover and, as required, it
introduces new primary energy resources, new capacity for primary-to-fina energy converson,
and new end- use cgpacity for converting find energy into energy service demands.

The user may aso specify environmentd or other congtraints under which the moddl must satisfy
the energy supply/demand baance. The design of the mode enables awide variety of “what if”
analyses to be carried out, e.g., consdering dternative sets of policy, technology, or
environmenta condraints.

3 The China MARKAL Model

The ChinaMARKAL modd developed for this assessment builds on previous MARKAL modding
work a Tsinghua University.*%*!  This assessment expands the earlier Tsinghuamodd to

include an extendve sat of advanced energy technology options. A mgor effort in this
assessment was the development of input data for the model. Three basic sets of input
information are required for each time step over the entire period of the anadyss: 1) energy

sarvice demands, 2) the potentia supply and the cost of primary energy resources, and 3) the cost
and performance characterigtics of technologies potentialy available for use in the energy

system. The following section discusses some key generd input assumptions, and thisis

followed by summaries of the three sats of required input data.

3.1 General Assumptions

Severd generd assumptions are critica to proper understanding of our ChinaMARKAL model.
Firg, Chinaistreated as a Sngle geographic region with Sx mgor energy service demand
sectors (Fig. 2). While grester geographic detail may be desirable, it would make the model
considerably more complex and require considerably more input data. Since input data must be
provided for a 50-year time horizon, uncertainties associated with the results would increase, and
achieving the basic objective — understanding the broad implications of different technology
choices—would not be sgnificantly enhanced. One disadvantage of not using geographic
disaggregation in the modd isthat localy sgnificant energy-development opportunities cannot

be highlighted, e.g. gas-to-liquids projectsin the Tarim basin of Xinjiang Province or enhanced
coal-bed methane extraction in Shandong Province. Nevertheless, by including characterigtics of
technologies relevant to such loca opportunities and placing appropriate condraints on the
potential market size for such opportunities, the modd can provide some ingght into the generd
viability of such opportunities.
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Figure 2. Simplified Representation of China MARKAL Model Structure
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Second, estimates of commercidly-mature performance and cost (investment and O& M) are
used for al component technologies, including those that are either not yet commercid today or
which have not yet reached commercid maturity. Given the 50-year time horizon and the
advanced-technology focus of the WGEST, many of the technologies included in the mode fall
into these categories. For each such technology, we specify afirgt-introduction date a which the
technology could plausibly be avalable for commercid introduction into China. Since MARKAL
picks technologies to minimize total system cod, it would be unlikely to pick technologies that
have not reached commercidly mature cost levels. Thus, specifying technology costs that would
characterize early-introduction units would, in generd, be equivaent to excluding these
technologies from the modd. Assuming commercidly mature costs for technologies from the
gart of market introduction may imply in some cases that actud cogts are “bought down,” either
through subsidy of early unitsintroduced in China or through earlier market introduction in other
countries.

Third, upper bounds on domestic production of primary energy resources are specified, as
discussed in detail in Section 3.3. Imports of most energy resources are alowed, with two key
exceptions: no imports of coal and no imports (or exports) of dectricity. While these options are
possiblein redity between now and 2050, they were excluded to dlow for a clearer andyss of
the technology choices facing China. Imports of cod would remove some of the pressure on
domestic cod resources that appears in some of the modd results, but it would not
fundamentaly change what technologies the mode chooses for using cod to meet China's
energy demands.

Fourth, growth-rate cagps are imposed for the introduction of new technologies into the energy
system. These caps do not necessarily dictate how fast a technology will expand in the market.
However, for technologies that the model finds attractive, the growth rate cap often provides an
upper bound on its market expansion. The dlowed growth rate caps are often relatively high,
egpecidly inthe early years of anew technology -- generdly 20-30% per year in the first couple
of decades after introduction. Thisis plausible because the technologies start from a small base,
and higtorically such growth rates have been achieved by such technologies as wind and nuclear
electricity. However, while not implausible, such growth rates do imply that market mechanisms
are augmented by policy-drivers. 12

Fifth, the modd explicitly caculates the added cogt of limiting environmenta emissions releive

to dlowing no congraint on emissons, as discussed later. However, the environmental and
public health benefits of reduced emissions (the avoidance of environmenta externaity costs)
arenot calculated. A precise determination of these benefitsis difficult, but based on studies that
have been done for China® and for other countries,'® these avoided externdlity costs are likely to
be very sgnificant.

A find key assumption is the discount rate used by the mode to calculate the tota discounted
energy-system cost (the objective function that MARKAL minimizes). Severd sources were
contacted, and based on these discussions a discount rate of 10% was selected as most
gppropriate for analyses of China' s long-term technologica choices, such as are being
investigated in this assessment.*
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3.2 Energy Service Demands, 1995-2050

We developed projections of the future demands for energy services at five-year intervasto
2050, based largely on comparisons with historical data for various OECD countries at Smilar
levels of GDP per capita. Future levels of energy demand were specified based on the
assumption that by 2050 China as awhole will have developed to the levels of energy services
that characterized key OECD countriesin the mid-1990s. Considerable thought was given to the
appropriate choice of the cross-country comparisonsin order to minimize the differencesin
economic structure, demographics, geography, culture, development path, etc.  This
methodology was salected because the Chinese economy is expected to undergo significant
structural changes during the assessment time period,® and this approach does not presume what
type of technology choices will be made to supply the projected demand. The methodology ties
the projection of demands for energy services to the level of economic development toward
which China aspiresin the future.

Table 1 presents the generd economic assumptions underlying the energy service demand
projections.®  The population projections and GDP projections are based on officia datafrom
Chind s State Economic Information Center and represent their baseline population projection
and their lower bound GDP growth projection. The lower GDP projection was selected as being
more congistent with recent trends in China's energy consumption.*” The urbanization trend
shown in Table 1 should be understood in the Chinese context, where it does not mean that a
person migratesto acity. Ingtead, it means that the person transitions from some form of land-
based employment and non-commercid energy use to some form of industrid or service-based
employment and that they make commercia purchases for energy and other services.

Table 1. General Economic Assumptions

1995 2000 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050

Population (billion)* 1211 1294 1340 1386 1.441 1495 1528 1560 1575 1590 1.583 1.575
Population GR (%fyr) 13% 07% 07% 08% 0.8% 043% 043% 02% 02% -0.1% -0.1%
Urbanization (%)° 314% 34.4% 38.4% 424% 46.9% 51.4% 54.9% 584% 61.7% 65.0% 67.5% 70.0%
Urbanization GR (%/yr) 18% 22% 20% 20% 18% 13% 12% 11% 10% 08% 0.7%
GDP (billion US$) 709 1,104 1549 2,172 2,839 3,710 4,849 6,338 7,711 9,382 11,414 13,887
GDP GR (%0lyr)° 93% 7.0% 7.0% 55% 55% 55% 55% 4.0% 4.0% 4.0% 4.0%
Per capita GDP (US$) 585 853 1,156 1,567 1971 2482 3,175 4,063 4896 5901 7,213 8,817
Per capita GDP GR (%/yr) 7.8% 6.3% 6.3% 47% 47% 50% 51% 38% 3.8% 41% 4.1%
ppp factor 5.005 4.430 3930 3460 3.080 2730 2380 2.055 1830 1.625 1415 1.230

Per capita ppp GDP (US$)d 2930 3,780 4,542 5422 6,069 6,775 7,555 8,347 8,958 9,586 10,203 10,845
pppGDP/cap growth (%/yr) 52% 3.7% 3.6% 23% 22% 22% 2.0% 14% 14% 13% 1.2%

(a) State Economic Information Center internal report.

(b) 1EA: Link Between Energy and Human Activity, ISBN 92-64-15690-9.

(c) Chinese government socia development goal from State Economic Information Center internal report.
(d) World Bank: Key World Energy Statistics.

Given these genera assumptions, the energy service demands were developed according to the
following sectors: 1) Indudtrid, 2) Urban residentid, 3) Rura resdentid, 4) Commercid, 5)
Agriculturd, and 6) Transportation, as summarized below and described in detall in Appendix A.

For some of the sectors, energy service demands were projected based on final energy data rather

than energy service data, due to alack of comparative data on energy servicesin OECD

countries. Figure 3 reflects the overal changesin supply of energy services to the Chinese

economy that results from the energy service demand assumptions discussed in detail in the
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immediady following sections. The greater-thanttripling of find energy use between 1995 and
2050 reflects asmilar increase in the supply of energy services, and the sectora breakdown of
energy use evolves from onetypica of adeveloping country to one that more closely resembles
an indudtriaized country.

1995 Final Energy Demand, 975 Mtce 2050 Final Energy Demand, 3455 Mt

4% 3%

O Industrial

Commercial 29%

O Urban Residential
7% o Rural Residential
Transportation

3% )
° @ Agriculture

71%

Figure 3. Final Energy Use, 1995 and 2050. The 1995 figures are actual data. The 2050 figures are
illustrative of the sectoral energy demand distribution found in the scenarios discussed later in
this report. The magnitude of projected total final energy demand in 2050 varies in different
scenarios as a result of differing end-use technology choices.

3.2.1 Industrial Sector

Chinahas alarge indudtrid base with an energy intensity thet is severa times higher then thet of
mogt other countries. The principa reason for the high energy intendty isthat the product mix is
weighted towards relatively low-vaue goods, which are rdatively energy-intensive to produce.
In addition, out-dated and |ow-efficiency process technologies are widely used, which leadsto
higher energy use per output relative to other countries.  Finally, many industrid plants are
small and fail to achieve critical economies of scle® The structure of Chinasindustrial sector
is expected to change significantly over the next 50 years. Gresater diversity in the output of
industria goods, improvemernts in product quaity and value, industrid modernization and
restructuring, and dasscd indudtrid efficiency improvements will dl leed to a significant
improvement in the industrial sector energy intendty. We assume that the overdl level of
indudtrid energy intengity per unit of GDP decreases from the 1995 value of 1.99 kgee/US$ to a
vauein 2050 of 0.25 kgee/lUS$. The latter value is equivaent to the 1995 indudtrid energy
intengity in the USA and South Korea, but it is higher than the 1995 vaues in Western Europe

and Japan.

We projected energy service demands for the industrial sector by a combination of two methods.
Industria output for the five mgor energy consuming industries (sted, paper, cement, ammonia,
and duminum) was projected, and avariety of demand technologies providing different levels of
output per unit of energy input (discussed in Section 3.4.2) were modeled in MARKAL. The
“Other Industries’ sector — comprised of light manufacturing, mechinery, €ectronics, building
products, and other industries — was modded as a Sngle entity with fina energy demands for
three energy carriers (electricity, process heat and non-energy feedstocks.)
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3.2.2 Urban and Rural Residential Sectors

The urban and rural residential sectors were projected separately in order to account for their
sgnificantly different energy service demands, and to dlow for the trend of urbanization to be
included in the modd.

We divided urban residentia sector energy demands into four categories. air conditioning,
cooking & water heating, lighting & eectric gppliances, and space heating, which were projected
independently. The urban residential space heating demands were determined from projections
of the urban population and the per capita floor area, assuming that 51.1% of urban floor space
requires heating. The per capita floor areawas projected to increase to avalue of 35 n¥ in 2050,
which comparesto 1995 levels of 36 for Japan, 40 for Europe, and 58 for the USA. The
percentage of urban resdentia floor space requiring heating was based on the current geographic
disgtribution of urban centers and was assumed to remain the same into the future. Because the
current overdl level of space heating per unit floor areain Chinais modest, the space heating
energy intensity was projected to grow slowly from 9.4 kgee/n? in 1995 to 11.3 kgee/n in 2050
in spite of building and heeting efficiency improvements.

The urban cooking and water hegting energy service demands were projected from the per capita
energy demand, which in 1995 was 52 kgce/person. This vaue was projected to increase at a
congtant annua rate of 1.5% to avaue of 118 kgce/person in 2050. This comparesto today’s
values of 138 for Japan, 140 for Europe, and 245 for the USA. The energy demand for urban air
conditioning was about 1 kgee/person in 1995, and this energy demand was projected to reach 9
kgee/personin 2050.  The urban eectricity demand for lighting and appliances was 350 kWh

per household in 1995. This demand was projected to grow at a constant 2.7% per year to reach
aleve of 1,515 kWh per household in 2050. Thisvalueis equivaent to Japan in 1995 (1,500
kWh per household) but low relative to other OECD countries, where it ranges from 2,500 to
6,500 kWh per household.

We divided rurd residential sector energy demands into three categories. cooking & water
hesting, lighting & eectric gppliances and space heeting.  The expected growth in air
conditioning use in the rura sector was included in the lighting & electric gppliance category
assuming it will al be dectricaly powered. 1n 1995, this sector consumed 61.8 Mtce of
commercid find energy, which included 43 TWh of dectricity. Use of traditiond, non
commercid biomass-based fuelsis not included in thisfigure. Although these energy sources
are important to rural China, they were not explicitly included in the assessment because
MARKAL will dways sdect afree non-commercia resource over acommercia resource.
However, the trangtion of the rura population from traditiona to modern energy carriers was
included in the modd through both the projection of rura resdentid energy use and inthe
urbanization trend that shifts population from the rura energy sector to the urban energy sector.
The total per capitause of commercia energy in the rura sector was projected to grow in
proportion to the GDP growth rate according to an historical eadticity of about 0.6. Similarly,
the per capita ectric energy consumption was projected based on a demand eadticity of about
0.8. 1n 1995, 8.6% of the final energy demand was used for lighting and e ectric appliances, and
the remaining find energy was evenly split between space heating and cooking and water
heeting. In 2050, the find energy proportions are 35% for cooking and water heating, 15% for
lighting and electric appliances and 50% for space heating.

Report to WGEST/CCICED Page 12



Future Implications of China’s Energy-Technology Choices 24 July 2001

3.2.3 Commercial Sector

Energy demand in the commercid sector is expected to grow quite rapidly in China over the next
severd decades. We projected commercial sector floor area requirements according to the ratio
of commercia sector floor areato urban residentia floor area. Typical ratios for developed
countries today include 0.31 for Japan and 0.41 for the USA. Chinawas projected to reach 0.40
by 2015 and then remain congtant. As a check, the ratio of commercid floor areato commercia
GDP share decreases from a 1995 value of 9.65 n/1000$US to a value of about 2.0
m?/1000$US in 2050. Vauesfor thisratio today in other countriesinclude 1.5 for Japan, 1.2 for
Italy and 2.8 for the USA. We projected commercia sector energy intengity to grow from the
1995 value of 13.8 kgce/n? to avalue of 20 kgee/n in 2050, based on an assumed increasein
energy service demands as this sector develops. We characterized commerciad sector energy
demands according to air conditioning, space heat and water heeting, and lighting and

gopliances. The proportions of these demands were developed in asmilar manner to thosein

the resdential sector.

3.2.4 Agricultural sector

In 1995, the agricultural sector consumed 39.4 Mtce, which was comprised of 18.3% el ectricity,
37% cod and 44.7% petroleum products. Future find energy demands for this sector were
projected from historical data that indicates an energy demand eadticity of 0.5 to the agricultura
share of GDP growth. The energy demand projections were divided into four categories: eectric
motors, agro-processing (heat), irrigation and farm machines.

3.2.5 Transportation Sector

Energy usein Chind s transportation sector is expected to increase sgnificantly in the future as
improvements in living stlandards increase the demand for goods that must be transported to
market, and as the increasing population requires more and better quality passenger
trangportation. Transport activity was projected for both freight and passengers. These were
developed from the projections of GDP growth, population growth, and expected changesin
transport modes.

In 1995, freight transport intensity for Chinawas 1.01 t-km/USS$ ppp, and we projected this value
to decrease to 0.7 t-km/US$ ppp in 2050, which compares to 1995 values of 0.8 for the USA and
0.75 for Austrdia. The ppp-normalized GDP is used to project freight transport because it gives

a better measure of the overal demand for goods.  Thus, the totd freight activity increases from
3,573 hillion t-km in 1995 to amost 12,000 billion t-km in 2050. Freight transportation

demands were modeled according to the following five categories: air, pipeine, ship, rall and

truck. The 1995 proportion of activity for each mode is shown in Table 2. The activity in the

air, truck and pipeline sub-sectors was projected to increase relative to the others as aso shown

in the table.

Passenger trangportation in Chinain 1995 consumed 11.2 Mtoe in providing about 900 billion
passenger-km. The per capitatravel activity was 743 passenger-km/person. We projected future
per capita passenger transport activity based on a demand easticity of 0.8 between the GDP
growth rate and the per- capita trangport growth rate. Even with this reatively rapid incresse, the
projected per capita passenger travel for Chinain 2050 remains afactor of 2 to 3 below the
current activity levelsin the USA and Western Europe.
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We mode ed passenger trangport demands in five categories. automobile, bus, rail, air and ship.
In 1995 the proportion of activity for each mode is shown in Table 2. We projected that the
automobile share would increase significantly based on comparisons of per capita automobile
trangport in Japan, Western Europe and the USA. Assuming that China s per capita ppp GDP
will reach US$10,000 in 2050, we projected that the percentage of the population owning cars
would reach the same level (between 10 and 15%) as countries today with the same levd of
GDP, e.g. South Korea. Assuming that China has approximately 100 cars per 1000 peoplein

2050, that the annud travel is 15,000 km (reference: Japan at 12,500 km and the USA at 18,000
km), and the occupancy is 1.5 people per car, the 2050 passenger travel activity was estimated at
3,357 hillion passenger—km, which is 32.4% of thetotal. The proportion of air transport
increases dightly, while the other categories decrease.

Table 2. Transportation Projections

Freight Transport Passenger Transport
1995 2050 1995 2050

10° t-km % 10° t-km % 10° p-km % 10° p-km %

Air 1.8 0.05 48 0.40 Air 68 7.6 932 9.0
Pipeline 61 17 466 3.9 Car 55 6.1 3357 324
Ship 1754 49.1 4866 40.7 Ship 17 1.9 104 1.0
Rail 1286 36.0 3587 30.0 Rail 355 394 2590 25.0
Truck 472 13.2 2989 25.0 Bus 405 45.0 3378 32.6
TOTAL 3575 100 11956 100 TOTAL 900 100 10361 100

3.3 Primary Energy Resources & Constraints

MARKAL requires that the cost of al primary energy resources (for extraction or import) be
defined dong with any congraints on their availability. Tables 3 and 4 summarize the projected
costs and annua maximum alowable production limits for dl primary energy resources used in
the modd. Each resource is discussed in detail in this section.

3.3.1 Coal

China has at least 118 hillion metric tonnes of proven recoverable reserves of cod™® and
estimated reserves of about 1,000 hillion tonnes (714 billion tce).?° Total estimated codl
resources in the ground are 5700 billion tonnes. 1n 1995, the average cost of cod in Chinawas
US$19.6 per tonne ($0.94 /GJ). We have projected the cost of cod to increase a a congtant rate
of 0.5% per year to reach 1.33 USH/GJin 2050. The projected increase in cost is small because
the reserves of cod are very large compared to the projected supply. The increase accounts for
higher mining cogts due to the expected increase in future mine depths (offset largely by
improvementsin mining technology) and due to expected stricter environmenta regulations*:

Coa production in 1995 was 1417 million tonnes (Mt), or 1,012 Mtce. We have projected
production capacity to grow about 1.5% annually to reach 3,380 Mt (2415 Mtce) in 2050 (Table
3). The upper bound on coa production accounts for expansion congraints on the industry due
to infrastructure development, water requirements, and trangportation congtraints. The projected
maximum capacity is about 10% higher than typical projections of production capacity in China,
on the assumption that an increasing fraction of coa will be converted at the mine mouth into
energy carriers for which trangportation infrastructure congtraints are less severe than for cod,

eg., dectricity or liquid fuels. The cumulative amount of cod mined from 1995 to 2050, if
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Table 3. Primary Fossil Energy Resource Upper Production Bounds and Costs®
1995 2000 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050 Cum®
Domestic Coal
Upper bound (EJ) 29.62 32.0 349 38.1 41.5 45.3 48.8 52.5 56.6 61.0 65.7 70.8 2884
(million tonnes) 1,417 1,531 1,669 1,823 1,986 2,167 2,335 2,512 2,708 2,919 3,144 3,388(138,039
Cost ($/GJ) 0.94 1.04 1.07 1.09 1.12 1.15 1.18 1.21 1.24 1.27 1.30 1.33 --
($/metric tonne) 19.6 21.7 22.4 22.8 23.4 24.0 24.7 25.3 25.9 26.5 27.2 27.8 -
Domestic Crude Oil
Upper Bound (EJ) 627 664 7.00 736 765 765 765 696 626 557 488 418 390
(million toe) 150 159 167 176 183 183 183 166 150 133 117 100| 9336
Cost ($/GJ) 2.70 2.86 3.04 3.23 3.43 3.64 3.86 4.10 4.35 4.62 491 5.20 --
($/bbl) 16.13 17.09 18.16 19.30 20.49 21.75 23.06 2449 2599 27.60 29.33 31.06 --
Imported Crude Oil
Cost ($/GJ) 3.00 318 338 359 381 404 429 455 483 513 545 578 --
($/bbl) 1792 19.02 20.19 2143 22.75 2415 25.63 27.21 28.88 30.66 3254 3454 --
Imported Oil Product Costs
Diesel ($/GJ) 3.99 424 450 4.77 5.07 5.38 571 6.06 6.43 6.82 7.24 7.69 --
Gasoline ($/GJ) 4.86 5.16 5.48 5.81 6.17 6.55 6.95 7.38 7.83 8.31 8.82 9.37 --
Kerosene ($/GJ) 4.62 4.90 5.21 5.53 5.86 6.23 6.61 7.01 7.44 7.90 8.39 8.90 --
LPG ($/GJ) 4.62 4.90 5.21 5.53 5.86 6.23 6.61 7.01 7.44 7.90 8.39 8.90 -
Fuel oil ($/GJ) 2.37 2.52 2.67 2.83 3.01 3.19 3.39 3.60 3.82 4.05 4.30 4.57 --
Domestic Natural Gas
Upper bound (EJ) 0.702 1.46 2.19 2.93 3.58 424 475 5.27 571 6.14 6.49 6.84 252
(billion m3) 18 38 56 75 92 109 122 135 147 158 167 176 6466
Cost ($/GJ) 231 2.48 2.65 2.85 3.05 3.27 3.51 3.76 4.03 4.32 4.63 4.96 --
($/1000m3) 89.9 96.4 103.3 110.7 118.7 127.3 136.4 146.2 156.8 168.1 180.2 193.1 -
Imported Natural Gas
Cost ($/GJ) 2.57 2.76 2.95 3.17 3.39 3.64 3.90 4.18 4.48 4.80 5.15 5.52 --
($/1000 m3) 100 107 115 123 132 142 152 163 174 187 200 215 --
Conventional Coal Bed Methane
Upper bound (EJ) 0.023 0.039 0.144 0.360 0.723 1.17 1.63 2.09 2.42 2.80 3.09 3.42 90
(billion m3) 0.6 1.0 3.7 9.2 18.6 29.9 42.0 53.6 62.1 72.0 79.5 87.8 2300
Cost ($/GJ) 1.60 1.60 1.72 1.84 1.97 211 2.27 2.43 2.60 2.79 2.99 3.21 --
($/1000 n7) 62 62 67 72 77 82 88 94 101 109 116 125 -
Coal Bed Methane recovered by CO: injection/sequestration
Upper bound (EJ) 0.100 0.371 0.924 1.49 1.90 2.42 3.09 3.95 5.04 96
(billion m3) 2.6 9.5 23.7 38.2 48.8 62.3 79.5 101 130 2478
Cost ($/GJ) 1.20 1.29 1.38 1.48 1.58 1.70 1.82 1.95 2.09 --
($/1000™) 47 50 54 58 62 66 71 76 81 -
Domestic Oil by recovered by COz injection/sequestration
Upper bound (EJ) 070 074 077 077 077 077 077 077 077 077 38
(million toe) 17 18 18 18 18 18 18 18 18 18 904
Cost ($/GJ) 1.70 1.82 1.95 2.09 2.24 241 2.58 2.77 2.96 3.18 --
($/toe) 71 76 82 87 94 101 108 116 124 133 --

(@ Costsarein 1995 USdollars. Upper bound refers to the limit on annual production specified in the model and is not

necessarily the level at which the resource is used in the model.

(b) Maximum cumulative resource utilization allowed in the model, 1995-2050. No limits on imported resources are indicated
here, but some scenarios (discussed later) involve limitations on imports.
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mined at the upper bound annua rate, would be 98.6 hillion tce, or 10% of the current estimated
reserves.

In many indudtridized countries, most cod iswashed after mining to reduce impurities,
especidly ash and sulfur. In Chinatoday, 18% of cod iswashed. We assume that the fraction
of coa washed in China grows to 80% by 2050. Washing is assumed to reduce the sulfur
contert by 50% and to improve cod use efficiency by 10%.22 The average sulfur content of
unwashed Chinese cod is taken to be 1.2%.

3.3.2 Qil

China s estimated proven recoverable reserves of oil are gpproximately 10 billion tons, and
estimated total resources are about 102 billion tons>  In the early 1990's, the rate of growth in
oil production increased dramatically, reaching 150 million tonnesin 1995. We projected the
upper bound on ail production to continue growing dowly to peak a about 180 million tons per
year between 2015 and 2025, after which production decreasesto alevel of 100 million tonsin
2050 (Table 3). The cumulative oil production over the period, if extracted at the upper bound
annua rate, would be 9.3 hillion tons, or roughly the present estimate of proven reserves. Given
that estimated reserves are ten times proven reserves, thisleve of oil productionin 2050 is
plausble.

Imports of crude oil and refined oil products (gasoline, diesd, jet fud and fud oil) are consdered
energy resourcesby MARKAL, and thelr trestment was an important aspect of this assessment. In
generd, no regtrictions were placed on the level of imports except as identified in specific import
congraint cases. The cost of oil and imported oil products was pegged to world market prices.
In 1995, the average cost of crude oil in Chinawas 17.9 US¥bbl. The cost was projected to
incresse a arate of 1.2% annualy>* to reach 35 US$/bbl in 2050. We did not attempt to model
the inevitable upward and downward fluctuations in world ail price. Given the long-term view
being taken, the 1.2% average annud price increase is condstent with historica behavior of oil
prices.?® The cost of domestic crude oil was set a 90% of cost of imported crude to give a dight
preference to domestic oil over imported oil. US historica data on the ratio of refined product
cost to crude oil cost were used to set the cost of the imported refined products®® The costs of
domedtic refined products are caculated internaly by the model based on the refinery costs
specified asinputs (discussed in Section 3.4.1).

3.3.3 Natural Gas

China has approximately 1.4 trillion cubic meters (TnT) of proven natural gas reserves™ and
estimated tota resources 2 2 are from 47 to 62 Tne. In 1995, domestic production of natural
ges was 17.6 billion n. We project natural gas production to grow rapidly through 2020 and
then more sowly, reaching an upper bound level of 170 billion n? in 2050 (Table 3). The
average annud growth rate over the entire period is4.1%. Theragpid increase in the naturd gas
upper bound reflects a projection based on the recent spurt of new exploration and currently
planned pipeline additions. The cumulative natura gas production over the period, if used & the
upper bound annua rate, would be 6.4 T, or about 4.5 times the estimated proven reservesin
1998. Given that estimated resources are as much as 44 times the current leve of proven
reserves, it is reasonable to expect thisleve of natura gas production by 2050. 1n 1995, the cost
of natural gasin Chinawas $90/1000 n®, or US$2.3/GJ. We projected this to increase 1.4% per
year to 2050.
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3.3.4 Coal Bed Methane

Production of cod bed methane (CBM) associated with cod mining has started recently in

China. In 1995 some 0.6 billion 7 (Bm?% were produced,?’ and the estimated resource is 30 to
35 TnT up to adepth of 2000 meters.®*?’ Severd commercid ventures were formed in the late
1990's to exploait this resource, and estimated production was 1.0 Bn? in 2000, with a projection
of 10 Bn® in 2010. We based the projected upper bound production level in the modd on these
industry projectionsin the near term, and growth rates of 5% annudly for later years. If

produced at the upper bound rate, the cumulative production of CBM associated with coa
mining from 1995 to 2050 would be about 2.3 Tm3, or no more than 15% of the estimated
resource.

The concept of producing CBM from degp unmineable coa beds in China by injecting CO; into
them has been proposed . There is some field experience with CBM recovery by CO» injection
in other countries®® We developed a projection of the upper limit on the annual production of
CO,-enhanced CBM for thefirg year of availability (assumed to be 2010) based on industry
edimates of the minimum practica size of acommercid ingdlation (injecting one million tons

of CO, per year). This corresponds to an estimated CO,-coupled CBM production of 2.6 billion
nt. We assume this grows to 130 Bn® in 2050. There are no reliable estimates of the actud size
of this potential CO,-coupled CBM resource. One reference®® estimates that there are 30 Tnt of
CBM resources at depths of 2000 meters or greater. If produced at the upper limit rate, the
cumulative production of CO,-coupled CBM production from 2010 to 2050 would be about 2.5
Tn?. Thereis considerable uncertainty in this upper bound esimate. In particular, conventional
wisdom in the CBM community isthat deep cods will have low permesbilities (and thus be
unproductive),® and the permeshility of the deep cod seamsin Chinaiis not well known in any
case. However, one hypothesis cited by Williams,?® suggeststhat it will often be feasible to
recover up to 90% of CBM in ahomogeneous cod seam regardless of permeability down to
quitelow levels. Empirical work in Chinaiis needed to improve confidence in the estimate of
recoverable CBM resources.

3.3.5 Hydroelectric Power

The estimated exploitable capacity for hydrodectric generation is 378 GW, of which 76 GW
represent smal| plants of less than 25 MW each.’® In 1995, the installed capacity of hydroelectric
power plants was 52.2 GW, of which small plants comprised 15.6 GW.?° We projected the
upper bound in capacity for large plantsinitidly to be set by the expected operation of the Three
Gorges project and by modest growth rates after that to a maximum capacity of 300 GW in 2050
(Table4). Smilarly, the upper bound for smal hydrodectric plantsis assumed to grow to 65
GW in 2050. We have further stipulated that a minimum of 103 GW of hydrodectric capacity is
in placein any given year between 2010 and 2050.

3.3.6 Nuclear Power

In 1995, the ingtalled nuclear power capacity in Chinawas about 2 GW. In the modd, we
gpecified both alower and upper bound for the ingtalled nuclear capacity. The lower bound was
used to reflect a government commitment to aminimum level of nuclear power growth. Inthis
case, the minimum installed nuclear capacity reaches 19 GW in 2050. An upper limit on
possible ingtdled capacity was set by applying avarying growth rate (gpproximatedy 15% to
2015 and approximately 5% after 2015.) In this case, the maximum possible nuclear capacity
reaches 216 GW in 2050 (Table 4).
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3.3.7 Biomass

Biomass is an important energy resource in rura aress of China. While traditiona use of non
commercid biomass resources for cooking and hegating were not included in this assessment, the
commercial use of biomass energy resources and the conversion of biomass to modern energy
carriers was an important element of this assessment. Two forms of biomass resource were
modeled: crop residues and cuttings from managed forests (Table 4). The cost and availability of
crop residues was taken from recent studies on crop straw gasification projects®! The cost and
availability of fuewood cut from managed forests was taken from the China Energy Statigtical

Y earbook.? For both resources, the upper bound on availability was set equal to the amounts
avalable in 1995 on the bads that agriculturd activity in Chinawill only increase dightly in the
future, and that 1995 fuelwood cutting was at a non-sustainable and was on a downward trend,
but that an increase in managed forests would reverse that trend.

Biogas production for rural household use was included in the modd &t relatively modest levels
(Table 4). No atempt was made to include landfill gas or municipa solid waste as energy
resources. While these could be localy important energy resources, they are unlikely to have a
magor impact on the energy system of Chinaasawhole.

Table 4. Primary Renewable and Nuclear Energy Resource Upper Bound Assumptions.?

1995 2000 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050

Hydro Electric Capacity (upper bound, GW)

Small (< 25 MW) 17 18 20 23 26 30 35 40 46 52 58 65

Large (> 25 MW) 38 57 72 90 115 140 170 200 225 250 275 300
Nuclear Electric Capacity

Upper bound (GW) 10 19 30 45 60 80 100 125 150 180 216

Agricultural Residues
Upper bound (EJ) 7.98 7.98 7.98 7.98 7.98 7.98 7.98 7.98 7.98 7.98 7.98 7.98
(million tonnes) 466 466 466 466 466 466 466 466 466 466 466 466
Cost ($/GJ) 0.52 0.55 0.58 0.61 0.64 0.67 0.70 0.74 0.78 0.82 0.86 0.90
($/tonne) 8.7 9.2 9.6 10.1 10.6 11.2 11.8 12.4 13.0 13.6 14.3 15.1

Fuel Wood
Upper Bound (EJ) 2.93 2.93 2.93 2.93 2.93 2.93 2.93 2.93 2.93 2.93 2.93 2.93
(million tonnes) 175 175 175 175 175 175 175 175 175 175 175 175
Cost ($/GJ) 1.37 1.47 1.57 1.69 1.81 1.94 2.08 2.23 2.39 2.56 2.75 2.94
(/1) 229 24.5 26.3 28.2 30.2 324 34.7 37.2 39.9 42.8 459 49.2

Biogas
Upper Bound (EJ) 0.032 0.033 0.038 0.045 0.060 0.075 0.098 0.120 0.150 0.180 0.207 0.234
Million m® 1.6 1.7 1.9 2.3 3.0 3.8 4.9 6.0 7.5 9.0 10 12
Wind Electric Capacity (upper bound, GW)
Small wind 1.0 1.8 2.6 3.8 5.0 7.0 9.0 115 14 17 20
Large remote farms 1.0 5.0 10 20 32 52 84 132 186 237 300

Geothermal Electricity Capacity
Upper Bound (GW) 0.030 0.040 0.050 0.060 0.080 0.100 0.120 0.140 0.150 0.160 0.170 0.180

Solar Energy”

(@ Costsarein 1995 USdollars. Upper bound refers to the limit on annual production specified in the model and is not
necessarily the level at which the resource is used in the model.

(b) Theinstalled capacities of solar photovoltaic electricity systems and solar thermal energy systems are allowed to grow at a
maximum rate of 30% per year during the full analysis period.
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3.3.8 Wind Power

The exploitable wind resource in China has been estimated to be 400 to 450 GW,*° with an
installed capacity of 345 MW in 2000.%? The availahility of this resourceis not constrained by
the resource Sze. Rather, it is congtrained by the growth rate for the wind industry in China, and
by the fact that many of the good wind resources are located in remote areas such as Inner
Mongoliaand Xinjiang Province. The upper limit of possble ingdled large-scae wind farm
capacity isassumed to be 1 GW in 2000, with alowed growth averaging about 17% per year
until 2025 and about 7% per year from 2025 to 2050, reaching 300 GW in 2050 (Table 4). For
comparison, wind eectric capacity worldwide has been growing at close to 30% per year since
the early 1990s.

3.3.9 Solar Energy

China has abundant solar energy resources, and as with wind, the red constraint on this resource
is the growth rate for the solar industry. By 1999, there were 15 million nf of solar water
hestersinstalled and aloca industry with an annua production capacity of 2.5 million n? wasin
place  In addition, there are about 19 MW of distributed solar PV systems installed throughout
Chinaand an emerging locd indudtry. Given the smdl size of the solar industry and the

relatively high cost of solar power, a 30% upper bound on the growth rate was used throughout
the andlysis period. Table 4 does not show the potentia upper bounds, as these are very large, if
growth actually occurs a 30% per year. The maximum amount of capacity operating in any of
the scenarios discussed later in this report is 350 GW of solar PV systems and 10 EJyr of solar
therma systems, and figures are consderably smdler than these in most of the scenarios.

3.4 Technology Characteristics

Characterigtics for two classes of technologies must be provided to the modd. Converson
technologies convert primary energy sources into final energy carriers. Demand technologies
convert find energy carriersinto energy service demands®* While the emphasisin our modeling
work has been on conversion technologies (due to the emphasis given by the WGEST to these
technologies) a sufficiently comprehensive and diverse set of demand technologies has been
included to adequately represent al mgor energy using activitiesin present and future Chinese

ociety.
3.4.1 Conversion Technologies for Primary Energy to Final Energy

We developed areasonably representative set of conversion technologies that included atota of
71 digtinct technology types. For each technology type, a particular physicd plant configuration
was selected as representative of that class of technology.  While multiple configurations of a
particular technology could have been modeled, the data requirements would quickly grow
unwieldy and the effort expended in the process would yied questionable returns given the broad
objectives of the work. For each of the 71 conversion technology types, vaues are specified for
energy input per unit energy output (lower heeting value basis), capitd investment per unit of
production capacity, fixed and variable O&M costs, plant availability,> NO, and SO, emissons
per unit energy output, and the first year in which the technology can be introduced. For
technologies that produce multiple products, the energy ratio between productsis also specified.
Two main bodies of literature have been drawn upon for the values used to define technologies.
Oneis China-based'®!! and oneis United States-based. The US-based studies by engineering
firms, technology vendors, and knowledgegble energy andysts are dl available in the open
literature. The most reliable studies were selected and evauated to yield as consstent a set of
cost data as possible.
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3.4.1.1 Base Technologies

Conversion technologies were categorized as either “Basg’ or “Advanced’. The Base st
includes 36 technol ogies that share the common feeture of being ether commercidly avallable
today or at very advanced stages of commercid demongtration. This set includes 20 cod
converson systems, nine renewable energy systems, three natura gas conversion systems, three
oil converson systems, and one nuclear dectric technology (Table5). The cod conversion
systems include 11 that produce el ectric power only, one that cogenerates e ectricity and
industrid process hest, two that cogenerate eectricity and district heat (for building space
heating), two that produce industrial process heat only, one that produces town gas, one that
produces coke, and one that co-produces town gas and coke. The renewable energy technologies
include two hydroelectric technologies (one larger and one smdler than 25 MW), one grid-
connected wind farm, one stand-a one combustion-based crop residue-to-dectricity plant, one
gadfication-based technology for village-scale co-production of dectricity and fud gasfrom
crop resdues, one geothermal eectric technology, one solar residentia photovoltaic eectric
technology, and two village- scale cooking gas production systems from biomass (biogas digester
and producer gas generator). Natura gas technologies include a smple-cycle (pesking) gas
turbine, a gas turbine combined cycle, and a gas turbine combined cycle cogenerating dectricity
and indusgtrid process heat. The oil converson sysemsinclude an oil refinery and two eectric
power plants (steam plant and gas turbine combined cycle).

3.4.1.2 Advanced Technologies

The set of Advanced technology typesincludes 35 technologies that share the common feature of
not being commercidly mature a present (Table 6). In some cases, these technologies are at
relaively advanced stages of development. In other cases, the technologies are quite far from
commercidization. The“year firg avallable’ in Table 6 indicates when the modd firgt hasthe
option to select specific technologies. These values were based on our estimates of the plausble
time for first commercid introduction in China consdering the level of development for the
technology around the world aswell astheleve of pre-commercid activity in China. The
Advanced technologies set includes 18 cod converson systems, 9 naturd gas converson
systems, 7 renewable energy systems, and one hydrogen conversion technology (afue cel for
distributed applications to co-produce eectricity and space heat).

The cod technologies dl involve oxygen-blown gasification as part of the process. Severd of
the technologies have two variants, one with carbon dioxide released to the atmosphere and one
with the CO, captured for sequedtration. The cod technologiesinclude five for stand-aone
eectricity production, including conventiond integrated cod-gasifier combined cycles (IGCC)
with and without CO, capture, a modified IGCC concept (using anovel hydrogen separation
membrane reactor) with and without CO, capture, and a solid-oxide fud cdl with CO, capture.
An additiond seven cod technologies produce eectricity (viaavariant of IGCC) together with
one or more co-products. These technologies are called “ polygeneration’” systems, and the co-
products from these systems include industrial process hest, process heat and methanol, process
heet, methanol and town gas, dimethyl ether (DME) (with and without some CO, capture), and
hydrogen (with and without CO, capture).®® An additiond six coa conversion systems produce
fluid fuels only (without eectricity). Theseinclude four indirect liquefaction processes— for
production of Fischer-Tropsch (F-T) fuels (with and without some CO, capture), DME, and
methanol — and two hydrogen production technologies — one involving conventiona concepts,
and one involving H, production from cod augmented by additiona H, produced from coal-bed
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Table 5. “Base” Technologies for Converting Primary Energy into Final Energy®

. . Installed . :

Conversion Technology Zl\::l;(t?s; EZE)CL?_ln\;:y ngistfll O&Z:/)I((Cegst C;/;;)Iag!)it Emissoszion Em,i\lsosxion
Stand-alone electricity production $/kW $/kW-yr  $/kWh gr’lkWh  gr/kWh
Coal-steam <=100MW 1995 0.265 676 20.3 0.005 14.0 5.00
Coal-steam, 100-200MW 1995 0.285 650 195 0.004 13.0 450
Coal-fired, 200-300MW, ESP 1995 0.34 625 18.8 0.004 10.9 4.00
Coal-fired, >=300MW, ESP 1995 0.34 600 18.0 0.004 10.9 3.00
Coal-fired, >=300MW, ESP & dry FGD 1995 0.33 709 23.8 0.005 45 3.00
Coal-fired, >=300MW, ESP & wet FGD 2000 0.33 764 28.8 0.005 11 3.00
Coal-fired, >=300MW, ESP & SO,/NOx 2005 0.33 788 28.8 0.005 11 1.20
Coal pulverized, 500 MW, FGD 2000 0.37 1090 16.1 0.002 0.5 0.87
Coal, atm. pressure fluid bed combustion 2000 0.37 900 27.0 0.009 1.6 0.60
Coal, pressurized fluid bed combustion 2000 0.42 1025 33.8 0.005 16 0.60
Coal, ultra-supercritical steam 2005 0.44 1114 22.3 0.003 0.5 0.87
Oil, traditional steam 1995 0.35 530 15.9 0.003 15 2.50
Oil, combined cycle 1995 0.40 600 18.0 0.003 1.0 1.65
NG, simple-cycle gas turbine, peaking 1995 0.40 543 20.0 0.008 0.0 1.25
NG, combined cycle 2000 0.58 445 16.1 0.002 0.0 0.10
Biomass FCB power 2000 0.165 427 0.0 0.031 0.0 0.69
Solar PV, residential 1995 1.00 2500 25.0 0.000 0.0 0.00
Wind, small-scale local turbines 1995 1.00 550 14.4 0.002 0.0 0.00
Hydropower (>25MW) 1995 1.00 1500 15.0 0.001 0.0 0.00
Small Hydropower (<25 MW) 1995 1.00 1300 195 0.001 0.0 0.00
Geothermal steam plant 1995 1.00 1556 23.3 0.000 0.0 0.00
Nuclear 1995 0.33 2000 40.0 0.008 0.0 0.00
Co-production of electricity and heat kJe/kJtuer  $/kWe  $/kWe-yr  $/kWhe grlkWhe gr/ikWhe
Coal, district heat and power (traditional) 1995 0.34 721 36.0 0.012 10.9 4.50
Coal, district heat and power (advanced) 2000 0.35 750 36.0 0.012 0.5 0.87
Coal pulverized, industrial cogeneration 1995 0.32 995 19.9 0.003 0.5 1.00
NG, combined cycle industrial cogeneration 2005 0.46 485 9.7 0.001 0.0 0.12
Biomass, village gasifier/IC engine 2000 0.0667 2819 128.7 0.031 0.0 1.34
Production of non-electric energy carriers $/IGIlyr $/GJ kg/Glou kg/GJou
Coal, central station district heating plant 1995 0.72 3.6 1.07 14 0.57
Coal, central station district heat, advanced 2000 0.90 101 0.49 0.1 0.28
Coal, coke production 1995 0.90 1.48 0.11 - -
Coal, town gas + coke, current gasifier 1995 0.87 8.03 0.71 - -
Coal, town gas, advanced gasifier 2000 0.78 18.07 0.72 - -
Oil refinery 1995 0.94 117 0.25 - -
Biomass, village-scale biogas 1995 0.63 5.51 0.48 - -
Biomass, village-scale producer gas 2000 0.63 26.73 1.74 - -
Coal washing 1995 0.90 0.18 0.22 -0.258 -

(8 All costsarein mid-1990s U.S. dollars. The characteristics shown in this table are performance and cost |evels input to the
model for 2050. For most of the technologies, the performance and cost levels are assumed to be constant over the full

analysisperiod. Availability factors were 0.85 for al coa and biomass technologies, 0.9 for ail, gas and nuclear

technologies, and 0.5 and 0.4 for large and small hydropower , respectively, and 0.27 for solar and wind technologies. The
model determines the utilization, or capacity factor for any technology. The table notes (Appendix B) give the primary

source material used to develop the input values.
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Table 6. “Advanced” Technologies for Converting Primary Energy into Final Energy®

: - Installed Fixed Variable
Conversion Technology ZSZ{I;IbrISet Ef*’f/:ncllzr\]/cy ngisttal 8?2’: 833'\1 Em?s(,);ion Em’??sxion

Stand-alone electricity production $/kW  $/kW-yr  $/kWh  gr/lkWh  gr/kWh
Coal, IGCC 2000 0.47 1114 22.3 0.003 0.075 0.082
Coal, IGCC with CO; capture 2005 0.43 1977 39.5 0.006 0.075 0.082
Coal, SOFC with CO; capture 2025 0.45 1524 30.5 0.004 0.000 0.082
Coal, HMSR-IGCC 2010 0.43 1154 231 0.003 0.000 0.000
Coal, HMSR-IGCC with CO; capture 2010 0.40 1489 29.8 0.004 0.000 0.000
Biomass, village SOFC-microturbine 2015 0.47 1511 37.8 0.006 0.000 0.000
Solar, Centralized PV 1995 1.00 1500 15.0 0.000 0.000 0.000
Wind, remote large-scale 2000 1.00 625 5.0 0.002 0.000 0.000
Polygeneration, electricity + co-products | | kJelkJe | $/KkWe | $/kWe-yr | $/kWhe | grikWhe | grikWhe
Coal, IGCC, el + industrial process heat 2000 0.38 1343 26.9 0.004 0.087 0.095
Coal, IGCC, el + DME 2010 0.344 1454 29.1 0.004 0.059 0.082
Coal, IGCC, el + DME, with CO, capture 2010 0.321 2234 44.7 0.006 0.059 0.000
Coal, HMSR-IGCC, el + H, 2010 0.07 4563 91.3 0.013 0.000 0.000
Coal, HMSR-IGCC, el + H, with CO, capture 2010 0.04 10122 202.4 0.029 0.000 0.000
Coal, IGCC, el + methanol + process heat 2005 0.23 1750 35.0 0.005 0.075 0.082
Coal, IGCC, el + methanol + heat + town gas 2005 0.18 1958 39.2 0.006 0.075 0.082
NG, combined cycle with CO; capture 2010 0.51 1008 18.1 0.003 0.000 0.109
NG, comb. cycle el + T liquids 2005 0.074 4937 50.1 0.011 0.000 0.099
NG, distributed fuel cell, el + heat 2005 0.310 350 14.0 0.000 0.000 0.000
Ho, distributed fuel cell, el + heat 2010 0.410 300 12.0 0.000 0.000 0.000
Biomass, IGCC, el + T liquids 2010 0.20 1659 33.2 0.005 0.000 0.063
Biomass, IGCC, el + DME 2010 0.16 2241 44.8 0.006 0.000 0.052
Biomass, village microturbine, el + heat + gas 2005 0.21 2013 71.3 0.024 0.000 0.000
Production of non-electric energy carriers $/GIlyr $/GJ

Coal, methanol 2000 0.55 47.28 1.89

Coal, T liquids 2005 0.56 33.63 1.35

Coal, T liquids with CO- capture 2010 0.56 41.13 2.28

Coal, DME 2010 0.64 20.91 0.84

Coal, Hz 2005 0.56 35.28 1.41

Coal, H; (CBM enhanced, with CO; capture) 2010 1.23 13.89 1.68

NG, Methanol 2000 0.65 20.23 0.81

NG, FT liquids 2000 0.599 20.74 0.83

NG, FT liquids with CO; capture 2005 0.599 21.58 0.86

NG, DME 2005 0.69 19.42 0.78

NG, H 2005 0.78 13.78 0.55

NG, H, with CO2 capture 2010 0.84 15.04 0.60

Biomass, ethanol 2000 0.399 22.45 0.90

(@ Costsarealinmid-1990s U.S. dollars. The characteristics shown in this table are performance and cost levels input to the
model for 2050. For dl of the technologies, the performance and cost levels are for commercially mature technology (as
discussed in the text) and are assumed to be constant over the full analysis period. Availability factors are 0.85 for all coal
and biomass technologies, 0.9 for gas technologies, and 0.4 for large, remote windfarms (due to oversizing of the farm
relative to the transmission line size), and 0.27 for solar.  The model determines the utilization, or capacity factor for any
technology. The table notes (Appendix B) give the primary source material used to develop the input values.
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methane extracted bz/ injecting by-product CO- into degp unminesble cod beds where it would
remain sequestered.?®

The renewable energy technologies include six reatively large-scae technologies: remote large-
scale wind farms with long-distance eectricity transmission to load centers, central- Sation solar
photovoltaic eectricity production, polygeneration systems co-producing F-T liquids and
electricity or DME and dectricity from biomass, and ethanol from lignocellulosic biomass.
Additiondly two village-scae biomass technologies are included: gasfier-microturbine for
cogeneration of eectricity, gpace heat, and cooking fuel; gasifier solid-oxide microturbine hybrid
for dectricity production.

The nine natura gas technologies include gas turbine combined cycles (GTCC) for eectricity
production with CO;, capture; F-T liquids production with co-production of dectricity in a
GTCC; areformer/fue cdll for digtributed co-production of eectricity and space heat; F-T
liquids production (with and without some CO, capture); methanol production; DME production;
and hydrogen production (with and without CO, capture).

3.4.2 Technologies for Final Energy Conversion to Energy Services

Demand technologies use the fina energy carriersto satisfy the energy service demands. Mogt
of the demand technologies were developed in detail and are described below, but in some cases
adummy technology was used, which smply convertsfind energy directly into an energy
service with efficiency set to 100%. Dummy technologies were used in those areas where end-
use technologies are both diverse and use the same find energy carrier (usudly eectricity). To
modd, for example, avariety of lighting technologies within this andyss would not have added
to the exploration of the broad energy technology strategies being analyzed, so adummy
technology was use to account for lighting energy use. An additiond set of technologies,
referred to as conservation technologies, were modeled to account for measures that reduce fina
energy demand, e.g., thermaly-tighter building envelopes, improved steam traps and energy
efficient motors in industry, enhanced day-lighting in commerdad buildings, drip-irrigation
systemsin agriculture, etc. In the development of the energy demand inputs, it was generdly
assumed that by 2050 China as awhole will have developed to alevd of energy service and
energy efficiency smilar that that of many industridized countriesin 1995. The conservation
technologies are included as options, because while the 1995 indugtrialized- country level of
development and improvement is sgnificarnt, it isfar from the efficiency potentid that exids.
Jug asindudtridized countries have sgnificant room for improvement, China can improve end-
use efficiency beyond the level assumed in the development of the energy service demands.
Including the conservation technologies dlows for this possibility. Demand and conservation
technol ogies were included for Sx demand sectors: indugtrid, urban residentid, rura resdentid,
commercid, agriculturd, and transportation, as summarized below. (See aso Appendix C.)

3.4.2.1 Industrial Demand Technologies

In generd, the industria demand technol ogies were characterized in three classes: i) exiding -
representing the current inventory of plants, ii) modern - representing the best available in China
in 1995, and iii) advanced — representing future high-efficiency technology thet is not available
commercidly at present.®” The value of the efficiency for many of these demand technology
classes was not maintained as a constant over the analysis period. Instead, it was varied over
time to account for the impact of expected efficiency improvementsin the total inventory of each
technology class. Consstent with the projections of industrial demands for energy services
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(Section 3.2.1), indugtria demand technol ogies were developed for five mgor energy-intensve
industries, plus the “other industry” sector. These technologies are summarized in Table 7 and
discussed in the following section. Where “none used” is indicated, a dummy technology isthe
only demand technology option available to the model, and no cost data needed to be provided to
the modd.

3.4.2.1.1 Steel Industry Demand Technologies

In 1995, the Chinese stedl industry produced about 14% of its output from open-hearth furnaces
(OHF). However, these are rapidly being phased out. Continuous casting techniques accounted
for about 50% of sted production in China, compared to over 90% in al OECD countries. The

Table 7. Industrial Demand Technologies

. Energy Efficiency Capital O&M
Industrial Sector Year First (tonnes/GJ)*® Cost Cost Ay_erage _SO_z _NO_X
Demand Available Utilization | Emissions | Emissions
Technology 1995 2010 2030 2050 $itlyr St Factor (kg/GJ fuel) | (kg/GJ fuel)
Ammonia Production
Coal 1995 0.015 0.017 0.019 0.021 433 87 0.86 1.03 0.44
Qil 1995 0.017 0.018 0.019 0.020 361 72 0.86 0.30 0.22
Gas 1995 0.026 0.031 0.033 0.036 260 58 0.86 0.00 0.11
Aluminum Production
Conventional 1995 0.016 0.016 0.016 0.016 1803 72 0.85 0.00 0.00
Modern 1995 0.021 0.024 0.028 0.033 2404 91 0.85 0.00 0.00
Advanced 2010 0.025 0.028 0.033 0.039 2404 91 0.85 0.00 0.00
Cement Production
Wet 1995 0.171 0.171 0.171 0.171 96 24 0.73 1.03 0.44
Dry current 1995 0.253 0.325 0.325 0.325 138 30 0.73 1.03 0.44
Small 1995 0.190 0.190 0.190 0.190 72 24 0.73 1.03 0.44
Dry advanced 2005 0.325 0.456 0.456 138 25 0.73 1.03 0.44
Paper Production
Conventional 1995 0.021 0.021 0.021 0.021 1442 288 0.81 1.03 0.44
Modern 1995 0.057 0.057 0.057 0.057 1442 288 0.81 1.03 0.44
Advanced 2010 0.085 0.085 0.085 1627 325 0.81 1.03 0.44
Steel Production
Existing BOF 1995 0.026 0.031 0.034 0.038 421 120 0.9 1.03 0.44
Existing DRI/EAF 1995 0.034 0.040 0.053 0.068 421 120 0.9 1.03 0.44
Adv smelt reduction 2005 0.062 0.066 0.072 0.078 273 108 0.9 1.03 0.44
Other industry (GJ out/GJ in) ($/Galyr) | ($/GJ)
Electric 1995 1.00 100 1.00 1.00 N.U. N.U. 1 0.00 0.00
Coal boiler 1995 065 0.65 0.65 0.65 3.16 0.164 0.8 1.03 0.44
Oil boiler 1995 070 0.70 0.70 0.70 2.50 0.144 0.8 0.30 0.22
Process heat 1995 0.80 0.80 0.80 0.80 2.78 0.000 0.8 0.00 0.00
Gas boiler 2000 0.75 0.75 0.75 2.00 0.120 0.85 0.00 0.11
Non-fuel 1995 1.00 100 1.00 1.00 N.U. N.U. 1 0.00 0.00
(& For the Aluminum, ammonia, cement, paper and steel industries, efficiency is tonnes of industrial output per unit of energy
input.

N.U. = none used.
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use of anear-net shgpe cagting technique caled thin dab cadting, is just beginning to emerge.
Recently-built modern integrated stedl works, such asthe plant at Baogang are dmost as
efficient as sate-of-the-art millsin OECD countries, and the efficiency of the exiding inventory

of plants as awhole can be expected to continue to improve.® Sted production in Chinaiis
primarily from pig iron produced in OHFs and basic oxygen furnaces (BOFs) and from sponge
iron produced from direct reduction of iron ore (DRI). Thereisagenera shortage of scrap sted,
and the percentage of dectric arc furnaces (EAF), which can very efficiently use scrap sted, has
been constant over the past few decades at about 20% of tota production. However, over the
long term increased consumption of stedl will lead to more scrgp being available. Thiswill
eventualy lead to more scrap use in primary sted-making, and aso to the growth of EAF plants.

The exiging technology category used in the mode is based on the current inventory of key
plants that use near- state- of-the-art BOF technology in integrated mills and smaller inefficient
BOF and OHF plants. The OHF plants are expected to be completely phased out by 2005, and
new plants will be of the key-plant type. Since existing key plants consume about 800 kgeelt, this
means that average plant efficiency will improve over time. Characteristics of the current
inventory of plants were taken from Liu, et al.*® and expected improvements over time from
Worrd[*® and DeBeer, et al.*° Additiona improvementsin this technology category are
expected to come from increased use of near-net- shape casting techniques and higher scrap sted
inputs.

The modern technology category is based on current EAF plants using DRI spongeiron input.3®
The average specific energy consumption is assumed to improve over time based on ingdlation
of more efficient plants and based on higher uses of scrap stedl. By 2010, advanced EAF plants
using 100% scrap steel could use aslittle as 400 kgeelt of primary energy.*

The advanced technology category is based on smelt reduction technology, which combines cod
gadfication with direct reduction of iron and eiminates the need for coke. Thistechnology is
aready in use in Japan, Europe and the USA, and it could be introduced in Chinaas early as
2005. The technology offers lower capita and operating costs and reduced environmental
impacts3® Capital costs are reported to be 35 to 55% lower than for BOF technology, and
operating costs are reported to be 5 to 25% lower.*® For China, we have estimated these at 35%
and 10%, respectively.

3.4.2.1.2 Cement Industry Demand Technologies

In 1995, the average energy intensity of the Chinese cement industry was 189 kgce/ton. Four
demand technologies are included as mode inputs. small, wet, dry, and advanced-dry processes.
The*“smdl” cement plants are vertical shaft plantsthat are very energy intensve and highly
polluting. The“wet” plants are wet-process rotary kilnsthat are aso energy intensve. When
exiging plants of thistype are retired, they are likely to be replaced with more advanced
technology.*? The “dry” plants are based on a dry-process rotary kiln, the likely choice for new
plantsin the near term.  The efficiencies for these plants were taken from Price, et al.>” The
advanced dry cement process technology is afluidized bed kiln. An important option relative to
energy consumption in the cement industry is the production of blended cement, reducing the
share of clinker in the cement. For example, blast furnace dag cement may have an energy
intengity as low as 40 kgeelton, assuming 65% blast furnace dag. 1n 1995 the share of clinker in
cement was roughly 82% in China. Using different additives (dags, fly-ash, ground limestone),
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the share of clinker could easily be reduced to 65%, which would reduce the energy consumption
for aton of cement. Thisisassumed to occur for both the “dry” technology plants.

3.4.2.1.3 Paper Industry Demand Technologies

In 1995, the Chinese paper industry consumed 44.8 Mtce, and had an average energy intensity of
1,600 kgeelton, which is very high because of the use of low-grade raw materials and outdated
technology. Modern paper plantsin China have an energy intensity of about 600 kgee'ton.*®
Three demand technologies — existing, modern, and advanced — were used to model energy
consumption in pulp and paper manufacture. The advanced processis expected to be available
in 2010, and it would have an energy intensity of about 400 kgcefton.

3.4.2.1.4 Ammonia Industry Demand Technologies

Both in terms of total use and per hectare of farmland, the use of chemical and nitrogen
fertilizersin Chinais much higher than world average levels*® In 1995, the anmoniaindustry
consumed 57.1 Mtce, and had an energy intensity of 2,066 kgce/ton, which is a composite of the
current mix of large, medium and smal manufacturing plants. Three demand technologies,
characterized by feedstock (cod, oil and natura gas), are included in the model. The energy
intengities for plants using coa and oil as feedstocks are expected to improve to 1,600 and 1,700
kgcelton, respectively.*? The energy intensity of the large plants using naturd gasis currently
within the range of those found in OECD countries (1,340 kgce/tort”), and it is projected to
improve to 950 kgee/tor*? by 2050.

3.4.2.1.5 Aluminum Industry Demand Technologies

In 1995, the duminum industry consumed 11.2 Mtce and had an average energy intensity of
about 6,000 kgcelton. Conventiond plants require about 17,000 kwWh/ton, or 6,270 kgce/ton
based on the primary energy content of the fuel required to produce the dectricity. Modern
plants can reduce energy consumption to 13,000 kWh/ton.** Advanced processes for primary
auminum reduction, which can reduce energy intengity to about 11,000 kWh/ton, are expected
to become available in 2010.444°

It isimportant to note that auminum can aso be produced from scrap by secondary processes
that are much less energy intensve than primary production.  In 1995, Chind s share of
secondary auminum production was only seven percent.®” Asthis fraction increases, overal
energy intensity will decline, and for thisanalyss, thet effect was captured through efficiency
improvement in the “modern” and “advanced” technologies. For the basdline scenario, the
fraction of aluminum recycle was projected to increase by 2050 to current levelsin the USA and
Germany (44%).

3.4.2.1.6 Other Industry Demand Technologies

The other industry category was modded using eight demand technologies to satisfy the energy
demands for dectricity, heat and non-energy feedstocks. The other industry dectricity demands
were modeled usng adummy technology. An other industry dectric conservation technology
was used to model reductions in the projected demand attributable to conservation measures,
such as high-efficiency motors and lighting, variable speed drives, etc. that go beyond the leve

of efficiency improvement incorporated in the development of the demand data. Coal-fired,
liquid-fuelled, and gas-fudled boilers dong with co-generated heat and a conservation
technology were available as demand technologies to supply heat demands in the Other industry
category. The conservation technology accounted for efficiency improvements such as better
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steam traps, and for process improvements that would reduce the overdl heat demand. Non-
energy feedstocks were modded with adummy technology.

Where there are competing demand technologies for the mode to sdect from, the conservation
technologies are modeled with investment and O&M cost data to allow the model to make cost-
effective choices between supply and conservation. Where the find energy demand is modeled
using adummy technology (e.g. the lighting and gppliance demands) the conservation
technology is dso adummy, so that the modd implements the conservation automaticaly
(because it reduces demand and hence system cost). Assumptions regarding the conservation
technologiesfor dl end-use sectors are listed in Table 8. The cost and savings potentia's shown
in the table are based on Jochem et al.’s estimate of the economic potentia for savingsin
China*® We assumed that the level of potentia energy savings increased gradually unl
reaching the predicted economic potentia for savings a the end of the analysis period. Thisisa
fairly aggressive assumption, because the leve of economic efficiency improvements, while
lower than the technica potentia, are not currently met in most industridized countries due to
market and ingtitutiond barriers.

Table 8. Conservation Technologies

Conservation Technology Energy Saved (PJ) Eg?gr?triglg Cig}gjssﬁ OSZQ;IG(?]c))st
2010 2030 2050

Other industry electric conservation 132 430 1514 15% N.U. N.U.
Other industry heat conservation 719 1751 4040 25% 4.60 0.24
Commercial cooling conservation 9 61 216 15% 4.68 0.19
Commercial lighting conservation 30 160 399 25% N.U. N.U.
Commercial heating conservation 92 461 1195 20% 4.68 0.19
Urban cooling conservation 2 15 44 15% 9.35 0.38
Urban cooking & hot water conservation 37 214 628 30% N.U. N.U.
Urban lighting conservation 25 162 556 25% N.U. N.U.
Urban heating conservation 142 795 2084 20% 4.41 0.19
Rural cooking & hot water conservation 31 116 261 30% N.U. N.U.
Rural lighting conservation 22 93 207 25% N.U. N.U.
Rural heating conservation 81 304 706 30% 3.34 0.14
Agricultural electric conservation 20 7 160 20% N.U. N.U.
Agricultural process heat conservation 32 94 149 20% N.U. N.U.
Irrigation conservation 18 59 107 35% N.U. N.U.
Farm machinery conservation 8 25 46 5% N.U. N.U.
(@) Thisisthe maximum economic savings potential as indicated by Jochem et al.* We have assumed that the maximum

percentage is reached in 2050. Percentage savings are smaller in earlier years.
N.U. = None used.

3.4.2.2 Residential Sector Demand Technologies

Urban residentia energy demands (Table 9) were divided into the same four categories used to
project energy service demandsin this sector: air conditioning, cooking & water heating, lighting
& dectric gppliances, and space heeting. Air conditioning and lighting & appliances were
modeled as dummy technologies using eectricity asthefind energy carrier. Conservation
technologies were dso used for both categories (Table 8). Technologies for meeting urban
cooking & water heating demands were cod, LPG/DME, electric, and gas stoves, solar water
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Table 9. Commercial, Residential and Agricultural Demand Technologies
Year First| _Eneray Capital 0&M Average SO NO«
Pemand Technology | avaiabe | SIS cost suyricost (] Ulizelon | Emissions Smssions

Commercial Sector
Air conditioning - chillers-coal 1995 1.00 6.75 0.34 0.3 1.03 0.44
Air conditioning - chillers-oil 1995 1.00 5.62 0.28 0.3 0.30 0.22
Air conditioning - chillers-gas 1995 1.00 5.62 0.28 0.3 0.00 0.11
Air conditioning - chillers-LTH 1995 1.00 3.46 0.23 0.3 0.00 0.00
Air conditioning - compressors 1995 1.00 4.48 0.22 0.3 0.00 0.00
Air conditioning - solar w/gas backup 1995 1.00 10.68 0.28 0.3 0.00 0.00
Lighting & appliances 1995 1.00 N.U. N.U. 1.0 0.00 0.00
Space & water heating - coal boiler 1995 0.65 3.16 0.16 0.3 1.03 0.44
Space & water heating - gas boiler 1995 0.75 2.00 0.12 0.3 0.00 0.11
Space & water heating - electric heater 1995 1.00 2.88 0.16 0.3 0.00 0.00
Space & water heating - oil boiler 1995 0.70 2.50 0.12 0.3 0.30 0.22
Space & water heating - LTH 1995 0.80 0.00 0.00 0.3 0.00 0.00
Space & water heating - solar w/gas 1995 0.80 7.29 0.39 0.3 0.00 0.00
Urb'an Residential Sector
Air conditioning - electric 1995 1.00 4.48 0.22 0.16 0.00 0.00
Air conditioning - solar w/gas backup 1995 1.00 13.82 0.28 0.16 0.00 0.00
Cooking & hot water - coal 1995 0.30 0.96 0.10 0.16 1.03 0.44
Cooking & hot water - gas 1995 0.50 2.67 0.12 0.16 0.00 0.11
Cooking & hot water - electric 1995 0.80 2.88 0.16 0.16 0.00 0.00
Cooking & hot water - LPG/DME 1995 0.50 2.67 0.12 0.16 0.00 0.11
Cooking & hot water - solar w/LPG backu 1995 0.50 6.24 0.15 0.16 0.00 0.11
Lighting & appliances 1995 1.00 N.U. N.U. 1.0 0.00 0.00
Space heating - central boiler 1995 0.65 3.16 0.16 0.3 1.03 0.44
Space heating - scattered boiler 1995 0.60 2.88 0.14 0.3 1.03 0.44
Space heating - coal stove 1995 0.50 1.27 0.10 0.3 1.03 0.44
Space heating - electric 1995 1.00 2.88 0.16 0.2 0.00 0.00
Space heating - LTH 1995 0.80 0.00 0.00 0.3 0.00 0.00
Space heating - gas boiler 2000 0.75 2.00 0.12 0.3 0.00 0.11
Space heating - solar w/gas backup 2000 0.80 7.29 0.29 0.3 0.00 0.00
Rural Residential Sector
Cooking & hot water - coal 1995 0.30 0.96 0.10 0.16 1.03 0.08
Cooking & hot water - biomass 1995 0.50 1.13 0.02 0.16 0.00 0.00
Cooking & hot water - biogas/producer 1995 0.70 1.81 0.12 0.16 0.00 0.11
Cooking & hot water - solar w/gas backup| 1995 0.50 4.16 0.15 0.16 0.00 0.11
Cooking & hot water - LPG/DME 1995 0.70 181 0.12 0.16 0.00 0.11
Cooking & hot water - village CHP 2005 0.90 0.00 0.05 0.16 0.00 0.00
Lighting & appliances 1995 1.00 N.U. N.U. 1.0 0.00 0.00
Space heating - coal 1995 0.50 1.27 0.10 0.3 1.03 0.44
Solar house design with coal backup 1995 0.80 7.57 0.05 0.3 0.00 0.00
Space heating — biogas/producer gas 1995 0.80 1.15 0.12 0.3 0.00 0.11
Space heating - DME 1995 0.80 2.67 0.12 0.3 0.00 0.11
Space heating - biomass 1995 0.80 1.13 0.02 0.3 0.00 0.00
Solar heating panels-w/coal backup 1995 0.80 4.42 0.52 0.3 1.03 0.44
Space heating - village CHP 2005 0.90 0.00 0.02 0.3 0.00 0.00
Agricultural Sector
Electric motors 1995 1.0 N.U. N.U. 1.0 0.00 0.00
Agro-processing 1995 1.0 N.U. N.U. 1.0 1.03 0.44
Irrigation 1995 1.0 N.U. N.U. 1.0 0.30 0.22
Farm machines 1995 1.0 N.U. N.U. 1.0 0.30 0.22
N.U. = none used
Report to WGEST/CCICED Page 28




Future Implications of China’s Energy-Technology Choices 24 July 2001

heaters with gas backup, and conservation. Urban space heating technologies consisted of
centralized and scattered cod boilers, coa stoves, gas boilers, eectric heaters, solar pandls, co-
generated heat and conservation.

Therurd resdentia sector energy demands were divided into three categories: cooking & water
heating, lighting & eectric gppliances and gpace heating. Lighting & gppliances were modeled
using adummy technology to satisfy the energy demand using dectricity asthe find energy

carrier and a conservation technology to model additiond efficiency improvements beyond those
incorporated in the development of the demand data. The cooking & water heeting demand
technologies included four stoves: coa, biomass, biogas/producer gas, and LPG/DME; solar, co-
generated heat, and conservation. Rura space heating technologies included coal, biomass,
biogas/producer gas, and DME stoves, co-generated heat, passive solar homes, solar panels with
coa backup, and conservation.

3.4.2.3 Commercial Sector Demand Technologies

Commercid sector energy demands (Table 9) were divided into three categories: air
conditioning, lighting and appliances, and space and water heating. Asin other demand
categories, lighting and appliances were modded by a dummy technology and conservation. Air
conditioning technologies included eectric compressors, absorption chillers, and conservation.
Space heating technologies conssted of codl, liquid and gas boilers, eectric heaters, co-
generated heat and conservation. Energy efficiency improvements for this sector include such
things asimproved building envelopes (wall and roof insulation, therma pane window, and

better building designs), improved building controls, compact fluorescent lighting, new HVAC
technologies, and improved boiler designs.

3.4.2.4 Agricultural Demand Technologies

The agriculturd sector energy demands are relatively smdl, and so they were modded using
dummy technologies to sisfy their energy demands using the appropriate fina energy carriers
(Table9). Conservation technologies were used in dl four of the agriculturd demand categories
(Table 8).

3.4.2.5 Transport Demand Technologies

Demand technologies for the freight and passenger transport categories are listed in the Table 10.
Gasoline and diesd truck energy efficiency was increased over time to reach vehicle energy
efficiencies projected for 2020 for Europe and the USA.*” Ship energy efficiencies for freight
transport were also projected to increase and keep pace with projected worldwide improvements.
Conventiond bus energy efficiency was projected to decline until 2010 as near-term
improvements in passenger comfort are expected to outweigh increases in engine efficiency.
After 2030, bus energy efficiency increases to keep pace with worldwide averages. The cost
and efficiency vaues for hybrid eectric and fud cdl vehicles were developed from Ogden, et
al.,*® and the CNG bus fuel economy was taken from the LEAP database.*’ 1n most cases, the
efficiencies of different vehicle types was kept congtant over the period of the analys's, because
the 9ze and amenities associated with the vehicles are assumed to grow with time. The energy
efficiency of the transport sector as awhole increases over time as larger fractions of the more
efficient vehicles enter the fledt.
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Table 10. Transportation Demand Technologies

Transportation Year_ First Energy Efficiency Capital 0&M Cost Emiss(s)izons Emi’\,ig(ons
Demand TechnologylAvailable 1095 2010 2030 2050 Cost (kg/GJ fuel)|(kg/GJ fuel)
Freight 1000 t-km/GJ $/1000 t-km
Air 1995 0.042 0.042 0.042 0.042 N.U. N.U. 0.08 0.29
Pipeline 1995 1.50 1.50 1.50 1.50 N.U. N.U. 0.08 1.65
Ship - diesel & fuel oil 1995 1.52 1.76 1.95 1.99 N.U. N.U. 0.08 0.62
Rail - coal 1995 3.48 3.48 3.48 3.48 N.U. N.U. 1.03 0.08
Rail - diesel 1995 9.69 9.69 9.69 9.69 N.U. N.U. 0.08 1.65
Rail - electric 1995 25.39 25.39 25.39 25.39 N.U. N.U. 0.00 0.00
Truck - gas 1995 0.445 0.558 0.717 0.877 N.U. N.U. 0.00 0.23
Truck - diesel 1995 0.593 0.690 0.763 0.778 N.U. N.U. 0.08 0.67
Passenger 1000 passenger-km/GJ $/1000 p-km
Airplane 1995 0.469 0.476 0.486 0.495 N.U. N.U. 0.08 0.29
Bus - diesel 1995 1.84 171 1.71 1.89 86.8 2.59 0.08 1.00
Bus - hybrid electric 2005 3.68 3.68 3.68 94.6 2.59 0.00 0.00
Bus - CNG bus 2000 191 191 191 104.2 2.59 0.00 0.21
Bus - fuel cell® 2010 4.35 4.35 4.35 104.2 1.04 0.00 0.00
Car - gasoline 1995 0.578 0.578 0.578 0.578 666.7 43.9 0.00 0.54
Car - diesel 1995 0.598 0.598 0.598 0.598 666.7 43.9 0.08 0.51
Car - hybrid electric 2005 121 1.21 121 726.3 43.9 0.00 0.54
Car - fuel cell® 2010 211 211 211 776.0 43.9 0.00 0.00
Rail — diesel 1995 5.83 5.83 5.83 5.83 N.U. N.U. 0.08 1.65
Rail — electric 1995 15.3 15.3 15.3 15.3 N.U. N.U. 0.00 0.00
Ship - diesel & fuel oil 1995 1.20 1.20 1.20 1.20 N.U. N.U. 0.08 0.62

(@ Fuel costs calculated by markAL for these technologies include H, transmission, distribution cost of $2.8/GJ and refueling
station cost of $1.9/GJ.

(b) Energy efficiency for many passenger vehicle types was kept constant over the analysis period, because vehicles size and
amenities are assumed to grow with time and to offset the improvementsin efficiency.

4 Results and Discussion

In keeping with the overal objective of the work — to understand at a broad level the
implications for China of different energy-technology choices— as well as the specific objective

of answering the four questions raised in Section 1, the framework for our gpplication of the
ChinaMARKAL mode conssts of two basic sets of technology scenarios, overlaid by one or more
of the following congraints: i) limits on emissions of SOy; ii) limits on imports of oil and naturd

gas, and iii) limits on emissons of CO, to the atmosphere.

One set of modd runs used only the Base set of energy conversion technologies (Table 5).
These runs represent a continuation of current energy-supply technology trends, with
incrementaly improved technologies (having higher efficiency and or lower emissions) available
for introduction into the economy, but without the possihility of introducing fundamentally
different technologies. For example, in the case of cod-éeectric technologies, more efficient cod
combustion technologies are available in the Base set, but gasificationbased technologies are
not. The Base set of technologies might be described as those that would result from a “laissez-
fare’ approach to energy-supply planning and development, with little incentive provided for
the development and introduction of technologies that would provide “lesp-frog” rather than
incrementa improvements.
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A second set of mode runs added the Advanced set of energy conversion technologies (Table 6)
to the Base s&t, thereby providing leagp-frogging opportunities. The modd chooses the advanced
technologies to meet environmental or energy import congraints whenever they minimize tota
system cost. While the modd does choose advanced technologies under a variety of conditions,
many of the advanced technologies represent radically new technologies that will not necessarily
be introduced into the Chinese economy without focused government policies and support for
technology research, development, demonstration, and commercidization (in Chinaand/or in
other countries). Some policy implications of the scenario results are discussed in the find
section of the paper.

Inal modd runswith ether the Base or Advanced energy-supply technologies, the model
chooses the subset of energy conversion, demand, and conservation technologies that minimizes
the total discounted cost of meeting the energy service demands. In many cases, conservation
and the more efficient technology options will lead to the minimum total sysem cost. Thisis
congstent with the generdlly accepted notion that there are congderable cost- effective energy
efficiency improvements possible in most economies. Oneindication of the aggressiveness of
energy efficiency improvements calculated in the modd isthe rate of declinein primary energy
intengity (primary energy use per $ of GDP). Between 1995 and 2050, in most of the cases
discussed below, the primary energy intensity falls from 58 MJ$GDP to about 8 MJ$GDP,
which is an average of about 3.5% per year. For comparison, over the period 1980 to 1997,
primary energy intensity fell an average of 1.2%/year in Japan (from 8.2 to 6.9 MJ$GDP),
1.4%lyear in the USA (from 18.6 to 15.5 MJ$GDP), and 1.8% per year in the UK (from 13.1to
9.7 MJ$GDP).*® Given China's high starting point, this level of improvement in primary energy
intendty is aggressive, but not implausible.

For the Base and Advanced energy-supply technology sets, we explored various levels of
congraints on emissions of SO, oil and gas imports, and carbon emissions.  Emissons of SO,
aretaken asan indicator of local ar pollution generdly. We consdered only asingle profile of
SO, emisson cap over time. Annua emissions were cgpped through 2020 at levels officidly
targeted by the Chinese government, which plans to reduce emissions from the current level of
about 24 million tonneslyear of SO, to 16.5 million tonnesin 2020. For 2050, we selected an
dlowable level of SO, emisson that would give China an average SO, emission per unit of cod
consumed that is roughly comparable to the level found in the United States today. We
connected the 2020 and 2050 target levels with a smooth curve, and the total alowed annua SO,
emission reaches 10.4 million tonnesin 2050. Under the SO, emissions cgp, the maximum
cumulative emissions alowed between 1995 and 2050 are 987 million tonnes of SO».

We explored limits on the dlowable imports of oil and naturd gas. The percentage of oil and of
natural gas that could be imported in any given year were each separately constrained to values
aslow as20%. For comparison, oil importsto Chinain 2000 accounted for about 30% of oil
consumption. The United States imports about 50% of its oil today.

We developed dternative carbon emission cagps from IPCC estimates of cumulative global

carbon emissions to the atmosphere between 1990 and 2100 that would enable stabilization of
amospheric concentrations of CO; at 350 ppmv (380 GtC dlowed globdly), 450 ppmv (750
GtC), 550 ppmv (1100 GtC), or 750 ppmv (1400 GtC).>° Thelevel of emissons atributable to
China over this period was caculated to be proportiona to its share of year-2000 global
population (21.5%). The dgorithm we used to determine the cumulative dlowable emissonsto
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2050 is asfollows. the annua growth rate in Chinese CO, emissions between 1990 and 2100 was
assumed to be congtant at the level that results in China reaching its cumulative proportion of

globa emissonsin 2100. With thistrgectory, the cumulative alowable emissons to 2050 were
thereby calculated to be 89, 80, 66, and 46 GtC for a 750, 550, 450, and 350 ppmv world,

respectively.

In Section 4.1, we present a broad summary of the Base and Advanced energy-supply technology
case results within the framework of scenario congraints described above. This summary is
intended to give a picture of the full set of scenarios that were explored, but does not provide
detailed discussion of any of the scenarios. 1n Section 4.2 we examine two scenarios in detail,
which provides greater ingght into the operation of the modd and highlights the fundamentaly
different technology and fuel choices being made in the Base and Advanced sets of scenarios.

4.1 Summary of All Model Results

To summarize the extensve detalled results generated for each of anumber of different scenarios
by the ChinaMARKAL modd, we have chosen the primary energy mix in 2050 as the principal
metric. This provides agood indication of the types of choices made by the modd to meet the
various congraintsimposed. In the primary energy representations, we have converted nuclear,
hydro, wind, solar, and geotherma eectricity to “fossl-fud equivdents’ by multiplying by 3.03.

We begin with a summary of the scenarios that use the base set of energy-supply technologies
(Figure 4). The colored bars give the breakdown of primary energy use. The numbers above
each bar indicate the percentage of the cumulative (1995-2050) oil and gas energy usethat is
imported and the tota cumulative emissons of CO, (expressed in carbon terms— GtC). The
center black bar in the three scenarios on the right in this figure shows the change in cumulative
(1995-2050) discounted total system cost relative to the scenario labeled BASE. The discounted
total system cost for a given scenario, which we refer to below as the “ system cost,” represents
the total cost in that scenario for the period 1995-2050 for investmentsin energy conversion and
demand technologies, for fue, and for O& M and other costs, discounted to 1995 dollars. Dueto
the large uncertainties in thiskind of andysis, we use the difference in system cost between the
various scenarios as the measure of the cost impact of the changes imposed by each scenario.
The system cost for the BASE caseisthe reference cost in dl cost comparisons shown in this
section.

In the BASE case, no congtraints were placed on emissions of SO, on oil/gas imports, or on
carbon emissons. The other casesin Figure 4 show the impact of adding congtraints. The bar
labeled B-SO; isthe BASE case with the SO, emissions cap (defined earlier) imposed. The
bars labded B-S-C80 and B-S-C66 represent BASE cases with the SO, emisson condraint
imposed and cumulative (1995-2050) carbon emissions limited to 80 GtC and 66 GtC,
respectively. Primary energy use in 2050 ranges from 111 to 116 EJ (3790 to 3950 Mtce), or
roughly triple 1995 energy use>* Cod is the dominant energy source in the BASE and the SO,—
congtrained scenario (B-SO;) and is used at the maximum dlowed rate throughout the analysis
period. Primary energy use decreasesin the B- SO, case because of subgtitution of coa for more
effident naturd gas usein theindudtria sector.  In the eectric sector, cleaner and more efficient
cod combustion technologies such as ultra- supercritical-steam power plants with flue gas
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Figure 4. BASE Technology Scenarios. 2050 primary energy use and
change in cumulative (1995-2050) discounted total system cost. Also indicated are
the cumulative (1995-2050) percent of oil and gas use that is imported and the total
carbon emissions.

%
Oil&Gas, 1995-2050 —  51% Imports 43% Imports 63% Imports 69% Imports

C emissions, 1995-2050—— 99 Gt C 96 Gt C 80GtC 66 Gt C 8%

T 7%

r 6%

r 5%

r 4%

r 3%

T 2%

r 1%

r 0%

1995 BASE B - SO2 B-S-C80 B-S-C66

SOLAR
WIND
BIOMASS
®HYDRO
= NUCLEAR
CBM
NGAS
=OoIL
ECOAL
¥ Total System Cost

desulfurization are selected in B-SO, in place of less costly but more-polluting and less-efficient
technol ogies, enabling some reduction in oil use, but contributing to a 3% increase in tota
cumulative discounted system cost from 1995-2050. Qil and gas imports average 280 Mtoelyear
in the BASE scenario during the 55-year analysis period, peaking at 450 Mtoe in 2050.
Cumulatively, 51% of ail and gasisimported. Inthe B- SO, scenario, oil and gas imports
average 203 Mtoelyear and peak in 2050 at 329 Mtoe. Cumulatively, 43% of oil and gasis
imported during 1995-2050, the lowest achievable oil/gasimport level with the base
technologies.

Cumulative carbon emissons are 99 GtC in the BASE scenario and fal dightly in the B-SO»
scenario. To achieve greater reductions in carbon emissions with the base technologies, coa use
must be dramatically reduced and imports of oil and gas must be substantialy increased, eg.,
reaching 988 Mtoe in 2050 for the scenario with 80 GtC cumulative carbon emissions (B-S-
C80). Furthermore, the lower carbon emission cases requires an increase in the exploitation of
hydroel ectric resources — by about 33% in the B-S-C80 case relative to the B-SO-, case and to the
maximum alowed amount in the B-S-C66 case. Moreover, nuclear energy increases by an order
of magnitude over the B-SO, scenario, reaching the maximum alowed ingtalled capacity in 2050
(216 GW) and supplying about 40% of al eectricity in 2050 in both the B-S-C80 and B-S-C66
scenario. The use of biomass resources dso reaches its limit, with most of the biomass being
usad in village-scale systems co-producing dectricity and producer gas for cooking and hegting.
Solar energy contributions dso grow significantly in the carbon-constrained cases, reaching
amogt 200 GW of solar PV capacity. Primary energy use increasesin the B-S-C66 case relative
to the B-S-C80 case because of the decrease in cogenerated heat from cod (driven by the need to
decrease cod use) that islargdly replaced by renewables.  To achieve the 80 GtC emission limit,
the total discounted system cost increases inggnificantly compared to the B-SO» case, and to
reach the 66 GtC limit, the system costs increases only dightly (6% higher than the BASE case) .
It isnot possible to reach the 46 GtC limit with the base set of technologies.
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Figure 5 summarizes scerarios that meet the SO, emissons cgp using advanced energy-supply
technologies, with varying levels of congtraints on oil and gasimports. Because the advanced
technologies can provide clean subgtitutes for oil and gas, cumulative imports as low as 15% can
be achieved, with inggnificant increasesin the system cogt reldive to the unconstrained BASE
scenario. Furthermore, the change in total system cost in dl advanced-technology cases shown
in Figure 5, isafactor of threeto Sx lower than the change in total system cost to mest the SO,
cap with the base energy-supply technologies (B-SO»). The lower cost of achieving SO,
reductions in the advanced case is a o reflected in the margind cost of emission reductions
cdculaed by the modd. For example, in 2010 the margina cost is $370/tSO2 for the B-SO,
case compared to $100/tSO; for the ADV-SO; case.

Figure 5. Advanced Technology Cases. 2050 Primary energy use and change

in cumulative (1995-2050) total discounted system cost. Also indicated are the cumulative
(1995-2050) percent of oil and gas use that is imported and the total carbon emissions.
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Unlike the base-technology casesin Fig. 4, cod is not used at its maximum alowed rate in any
of the advanced technology scenarios shown in Fig. 5. Increased dectricity production from
biomass and wind reduces pressure on cod use, and the tight oil and gas import congtraints are
satisfied by converting cod and biomass via polygeneration into synthetic liquids and gases.
Additiondly, the advanced technology set includes the option of enhanced production of coal-
bed methane by injecting into deep, unmineable cod seams the CO, captured at cod gadification
fadilities. (Thisisin addition to conventiona cod bed methane from cod mines whichisaso
availablein the base scenarios)) The added CBM further reduces pressure on coa use and
natura gasimports.

The wind energy technology selected under these scenarios is remote, large-scale wind farms
with long-distance transmission to load centers, and the modd sdlects this option up to the
maximum alowed level. Electricity from these large wind farms isless costly than nuclear or
hydro eectricity, so the contributions of the latter two options are limited to modest levels.
Under these scenarios, the model aso uses the maximum alowed level of biomass resource, and
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the preferred use of the biomass is for co-production of eectricity and dimethyl ether, afue that
is used like LPG for cooking and heeting and dso as adiesd subdtitute in transportation.

Very noteworthy isthe fact that al of the advanced technology scenariosin Fig. 5 reduce
cumulative carbon emissions by between 11% and 14% compared to the B-SO, scenario. Thus,
carbon emissions can be reduced from 96 GtC to 85 GtC or less as a byproduct of satisfying the
SO, and oil import congtraints with the advanced technologies. Most of the carbon reductions
come as aresault of using CO; for enhanced recovery of CBM and ail. Dueto thereaivey low
cost of these indigenous resources, they are used from 2010 on at the maximum alowed levels

(Table 3) indl of the advanced-technology scenarios described in this report. The amount of

carbon sequestered in association with enhanced resource recovery (ERR) reaches 142 million tC
in 2050, of which 136 MtC isfor enhanced CBM recovery.

Given uncertainties surrounding the size of the potentiadd CBM resource, we made a sensitivity
run with the cumulative conventiona CBM resource limited to haf the value shown in Table 3

and the CO, —enhanced CBM resource limited to one-third the vdue in Teble 3. With this
congraint, the mode sdected more hydrogen and more methanol from cod polygeneration

processes with CO, sequestration to replace CBM. Cod use increased by about 70 Mtcein

2050, but was till over 100 Mtce below the maximum alowed amount for that period.

To examine theimpact of carbon emissions congraints applied with the advanced technologies,
we ran the A-S-030 case (advanced technologies with SO, cap and 30% oil/gas import limit)

with varying levels of carbon condraints. Without any carbon condraints, the 1995-2050

cumulative carbon emisson is 84 GtC, as shown in Fig. 5 and reproduced in Figure 6. Only
minor changes in the primary energy mix relative to the unconstrained A-S-O30 are needed to

meet the 80 GIC target. The most Sgnificant changeisasmdl decreasein cod useand a
compensating increase in naturd gasuse. Totd system codt isinggnificantly different from the

A-S-030 scenario. An important difference in the 80 GtC scenario that does not show explicitly

Figure 6. Advanced Technology and Carbon Constraint Cases. 2050

Primary energy use and change in cumulative (1995-2050) total discounted system cost.

Also indicated are the percent of oil and gas use that is imported and the total carbon

emissions
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in Fig. 6 is carbon sequedtration that is not related to ERR. Non-ERR sequestration beginsin the
early 2040s, and 1.3 GtC are sequestered in the final decade of the analysis period. This nearly
meatches the 1.4 GtC that are sequestered during this period in association with ERR.

To meet the 66 GtC target, there isamgor trandtion to eectric technologies in the commercia
and residentia sectors starting in 2035, and that increased eectrica demand is supplied largely

by nuclear power, which is used to the maximum level dlowed. This causesthetotd primary
energy use, as depicted in Figure 6 to increase by 20% relative to the unconstrained case (A-S-
030). However, totd fossil primary energy use increases only about 5% relative to the A-S-0O30
case (due primarily to the efficiency pendties associated with CO, sequestration). Sequestration
activities beginin 2010 at amodest level (5 million tClyear) and increase thereefter, averaging

0.6 GtClyear in the second quarter of the century and reaching a maximum of dmost 1.1 GtC
sequestered in 2050.

We made one senstivity run to examine the extent to which nuclear power is needed to reach the
66 Gt cumulative level of carbon emissons.  Future invesments in nuclear capacity were not
dlowed, and the currents plants were dlowed to run for their economic life. In this scenario, the
modd replaces dl the new nuclear capacity that it sdlectsin the A-S-O30-C66 case with
advanced cod gasfication and advanced hydrogen production technologies that sequester CO..
The use of hydrodectric power dso increases to the limit of the exploitable resource. The other
technology choices remain essentidly unchanged. Totd cod use in 2050 is about 100 Mtce
below the maximum dlowed. Over the entire period, cumulative coa use increases by about
2,200 million tonnes, reaching 92% of the maximum alowed cumulative production (compared
to 88% of maximum in the A-S-O30-C66 case). The total system cost of this“no nuclear” case
was identicd to that of the A-S-O30-C66 case, and (as shown in Figure 6) the percentage
difference in cost between the BASE and A-S-0O30-C66 case (2%) is not very sgnificant.

The cumulative carbon cap of 46 Gt C can dso be met with the advanced technologies (Figure
6). However, theincreasein system cost is substantially greater (24% relative to the BASE) than
for the 66 GtC case, and 20 Gt of additiona carbon must be sequestered during the analysis
period. The dectrification of the commercia and residentia sectors starts about 2015, and by
2040 these sectors have no direct fossil fuel used asfind energy.  In addition to nuclear power,
the modd maximizes hydrod ectric capacity and adds large- scae grid- connected solar electric
power systems to meet the electrica demands.

4.2 Detailed Results for Two Scenarios

Figures 4 to 6 in the previous section summarize key characteristics of the principle scenarios
that we explored. In this section, we compare in detail the B-SO», scenario with the A-S-O30-
C66 scenario to provide a more complete understanding of the fundamenta festures of an
advanced-technology energy-supply strategy as contrasted with features of a* business-as-usud”
energy-supply strategy. Asashorthand in this section, we refer to the B-SO-, scenario (base
energy-supply technologies meeting SO, condraint) asthe B scenario and the A-S-O30-C66
scenario (advanced energy-supply technologies meeting SO, condraint, with maximum oil/gas
imports of 30% in any given year, and cumulative carbon emisson limit of 66 GtC, 1995-2050)
asthe A scenario.

Primary energy usein the B scenario grows from about 1,400 Mtce (41 EJ) in 1995 to about
3800 Mtce (110 EJ) in 2050 (Figure 7). Totd primary energy growth issmilar in the A scenario
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Figure 7. Total Primary Energy Comparison

5,000

4,500 T
4,000 T

3,500 +

3,000 + -

-
-
- I
2,000 1+

2,500 T

Million tce

1,500 +

1,000 +

500 4

2030
2035
2040
2045

n o n
(%3 o o
(o2} o o
— N N

2010
2015
2020
2025

BASE Case with SO2 Caps

2050

1995
2000
2005
2010
2015
2020
2025
2030
2035
2040
2045
2050

AdvTech with SO2, 30% Oil&Gas and 66GtC Caps

until the latter part of the andlys's period, when primary energy use grows more rgpidly than in
the B scenario due mostly to the switch to eectric end- use technologies in the commercid and
resdential sectors as explained above. However, the growth in fossl-fud primary energy is
ggnificantly lower in the A scenario, especidly up until 2035, when thereisa spurt in cod to the
electric sector to support the eectrification in the commercid and resdentia sectors. Tota
primary energy use reaches 4760 Mtce (139 EJ) in 2050, but fossi| primary energy useis 280
Mtce lower than in the B scenario. Cod contributes importantly in both scenarios. Naturd gas
has a modestly more important role in the A scenario, while oil plays aless Sgnificant role. The
most sgnificant increases in energy suppliesin the A scenario come from CBM, biomass, wind
energy, and (in the later part of the period) nuclear power. Each of the primary energy resources
is discussed next by way of explicating the A and B scenarios.

Cod maintains its dominance in the B scenario throughout the 55-year period. It isused at the
maximum alowed level (see Table 3), faling only modestly as afraction of tota energy use

from 71% in 1995 to 64% in 2050. The fraction of cod used for dectricity production increases
gradualy from about 30% in 1995 to 41% in 2050. Direct use of cod isforced out of the
indugtrid, resdentia, and commercia sectors over the andysis period (Figure 8) in order to

meet the SO, emissons cap. Cod isincreasngly used instead for production of town gasfor

industria, commercid, and resdentid uses (Figure 9).

A dgriking feature of the A scenario isthe much lower percentage of cod in the primary energy
mix & the end of the andysis period (Figure 7). Cod use does not reach the maximum alowed
level and represents only 47% of primary energy usein 2050. Direct use of cod in industry,
commercid, and residentid sectors declines, asin the B scenario, but cod to the eectricity
sector increases to amuch more subgtantia level (60%) by 2050 (Figure 8). Theincreasing
fraction of cod going to the dectricity sector is primarily a consequence of two related factors: 1)
electricity generation provides the least costly means for capturing and sequestering carbon,
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which is required to meet the 66 GtC cap, and ii) the demand for hydrogen grows in the second
quarter, as discussed below, and the least costly source of hydrogen isfrom cod at facilities that

co-produce eectricity and hydrogen.

Figure 8. Distribution of Coal Use by Sector
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The share of ail and natura gasin the primary energy mix stays nearly congant over the andyss
period in the B scenario, but the absolute consumption of these resources grows from 85 EJin
1995 to 25 EJin 2050 (Figure 7). After domestic ail production peaksin 2020, oil imports grow
rapidly, reaching 320 million tonnesin 2050, when they account for 76% of tota oil supply
(Figure 10). Imports of gas pesk early in the period in the B scenario, reaching 97 billion n* in
2010, when they account for 56% of total gas use (Figure 11). On average over the andysis

Figure 10. Domestic and Imported Oil Use
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Figure 11. Domestic and Imported Natural Gas Use
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period, natura gasis used at haf the rate that oil is used, because lower-cost substitutes are
avalladlefor gas, but not for oil. In particular, the use of town gas from cod increases
ggnificantly after 2010 along with a steady increase in the use of cod-bed methane (Figure 9).
Asareault of the uncongtrained oil imports and the Sgnificant use of cod gas, naturd gas
imports are sharply reduced after 2040.

Inthe A scenario, the oil and gas share of primary energy falsfrom 21% in 1995 to 12%in
2050, with ail use staying in the range of 150 to 200 million tons per year throughout the period.
The reduced need for ail in the A scenario compared to the B scenario arises primarily as aresult
of increases in the efficiency of petroleum-fueled vehicles in the trangport sector early in the
period (with aswitch from conventiona petroleum vehides to hybrid-dectric vehicles), the
increasng adoption of fud cell vehiclesin the second quarter using cod-derived hydrogen, and
the availability of petroleum fud subgtitutes made from cod or biomass, including DME and
methanol (Fig. 9).

Natura gasuseinthe A scenario grows steadily, and imports account for 30% of use throughout
the period (Fig. 11). Natura gas supplies are augmented by town gas and conventional CBM, as
in the B scenario, and additiondly by CO,-enhanced CBM and hydrogen (Fig. 9). In stationary
applications, hydrogen is used in the second quarter of the century for combined heat and
electricity production in distributed fud cells. In the last decade of the andlysis period, these fudl
cell power sources account for 15 to 20% of al dectricity supply inthe A scenario.

In the B scenario, nuclear and renewable energy sources together account for 275 Mtce, or 7%,
of primary energy supply in 2050 (Fig. 7). Ingtaled nuclear power grows from 2 GW in 1995 to
19 GW in 2050. Hydroelectric power grows until 2010 when 87 GW of capacity arein place,
and remains & that leve theresfter, as lower-cost eectricity options become available. Inthe A
scenario, nuclear power grows to its maximum alowed level (216 GW) in 2050, and hydropower
capacity reaches 107 GW. Themoded selects nuclear over hydropower because of strict
economics, and it could be argued that the hydropower should have a higher priority. However,
interchanging nuclear and hydro capacity would not change any other results of the model.

Wind and biomass resources are used at the maximum alowed levels, and contribute 430 Mtce
and 314 Mtce, respectively, or atota of 16% of primary energy supply. A tota of 320 GW of
wind-€eectric capacity (amogt dl as large-scae remotdy-sted wind farms with HYDC
transmission of power to load centers) is operating in 2050, providing 17% of China s dectricity

supply.

Figure 12 shows afull picture of eectricity production by fue and technology class. Inthe B
scenario, dectricity production is dominated by coa combustion technologies, which provide
72% of dectricity in 1995 (653 TWh) and 78% in 2050 (3225 TWh). Stand-alone coal-fired
power production shiftsincreasingly over the period from pulverized cod plantsto ultra-
supercritica or advanced fluid-bed combustion technologies to achieve SO, emisson reductions.
Also, the share of coal-derived eectricity that is cogenerated increases from 3% to 28%,
reflecting the generdly attractive economics of cogeneration and the many available hegt loads
in Chinathat could provide asink for cogenerated heat. Coa use is congtrained by limits on the
avallability of coa, s0 that other dectricity sources are required to meet demand. Hydroelectric
capacity, amgor contributor to dectricity supply in the early part of the mode period, peaksin
2010 at 87 GW of ingalled capacity and remains leve theresfter. Inlater years nuclear and
natura gas cagpacity grow. Naturd gas combined cycle capacity begins growing around 2020 in
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proportion to the total supply of natural gas and CBM. In later years, natura gas cogeneration is
displaced by cod cogeneration. Installed nuclear power capacity grows from 2 GW in 1995 to
11 GW in 2025 and to 19 GW in 2050.

Figure 12. Comparison of Electricity Production Fuel/Technology Selections
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Inthe A scenario, the dectricity supply mix evolvesin amarkedly different fashion (Fig. 12).
Cod remains the most important fuel for ectricity generation, but direct combustion
technologies are phased out by 2025 in favor of eectricity production from gasification-based
systems. The gasification-based systems not only yield reduced SO, emissions, but they aso
provide the capability for hydrogen production, with capture and sequestration of the by-product
CO,. Inddled cod gadfier-based eectric power capacity peaks at about 250 GW in 2030.
Either directly or through distributed fud cells, coa provides 45% of the dectricity supply by
2050 in the A scenario. Intotd, nearly 7000 TWh of dectricity are generated in this scenario,
which is over 60% more than in the B scenario. The large dectricity supply in the A scenario
reflects the greater eectrification of the economy: by 2050, eectricity accounts for nearly 30%
of al find energy usein the A scenario compared to 17% in the B scenario.

Totd naturd gas usefor eectricity inthe A scenario islower than in the B scenario (which helps
enable gasto displace cod and il in the resdentia and commercia sectors). Digtributed natural
gasfue cdls contribute to dectricity generation between 2010 and 2025, but are then overtaken
by hydrogen fud cdls. Nuclear power grows sgnificantly in the later years, reaching 216 GW
of ingtaled capacity in 2050. (However, the “no nuclear” sengitivity run discussed in Section 4.1
indicated that advanced cod gadification and hydrogen production technologies with CO,
sequestration could be expanded to replace dl nuclear capacity.) Contributions of
hydrodectricity are relatively congtant through the andlysis period at about one-third of the
maximum alowed exploitation rate. Electricity from biomassis produced as a byproduct of the
production of DME that is consumed largely in rurd households for cooking. Electricity from
large wind farms grows to be very substantial as noted earlier.

Report to WGEST/CCICED Page 41



Future Implications of China’s Energy-Technology Choices

24 July 2001

Figure 13 shows totd emissions of SO, and CO; for the B and A scenarios. The SO, emissions
follow the imposed SO, condraint. Total CO, emissonsin 2050 are 2.3 Gt C in the B case and
0.9 Gt Cinthe A case, with cumulative emissons over the full anadlyss period totaling 99 Gt C
and 66 Gt C, respectively. The carbon emissonslevel inthe A scenario isachieved by a
combination of more efficient trangportation technologies, grester contributions from renewable
energy sources, and the sequestering of 18 Gt C between 2010 and 2050. Carbon sequestration

in 2010 amounts to 9 MtC as a by-product of enhanced resource recovery (ERR) and an

additional 5 MtC without ERR. Total sequestration reaches 110 MtC in 2020, 450 MtC in 2040,

and 1.2 GtC in 2050.

Figure 13. Total Emissions of SO2 and CO2
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investment, fuel, and O&M. Inthefirs haf of the andysis period, the A and B scenarios show a
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samilar trend of decreasing fuel cost share and increasing capital investment share. 1n the second
half of the period, the trend acceleratesin the A scenario. In absolute terms, the calculated
annud capitd invesmentsin the A scenario average only about 5% higher than in the B scenario
through 2035 and increase to 25-35% above the B scenario thereafter. The fuel cost for the A
scenario decreases to about 90% of the fudl cost in the B case in 2015 and to 80% of the B case
fud costin 2050. Overdl, the higher capita invesments required in the A scenario are more
than offset by the lower fud cogts arising from the generaly higher efficiencies of the

technologies sdlected in the A scenario, o that the tota system cost for the A scenario (shown in
Fig. 6) isdightly lower than for the B scenario (shown in Fig. 4).

5 Conclusions and Policy Implications

An important concluson from our andysisisthat if a“busness-as-usua” gpproach to energy
supply is followed thet relies on the current set of conventiond technologies (the Base
technologies), Chinawill be unable to achieve its economic development aspirations over the
next 50 years while smultaneoudy meeting energy- security and locd air pollution reduction
gods. Thisistrue even if end-use energy efficiency improvements are aggressively pursued and
ahigh level of nuclear eectricity enters the economy during this period. Moreover, abusness-
as-usud energy-supply strategy does not provide the possibility for achieving meaningful
reductions in carbon emissions without very high levels of energy imports.

While the “business-as-usud” energy supply gpproach is unsustainable, our analys's suggests
that there are plausible advanced-technology strategies that would enable Chinato continue
socia and economic development through at least the firgt half of the 21% century while ensuring
security of energy supply and improved loca and globd environmentd qudity. Our modding
exercises have highlighted the fact that the fundamenta attractiveness of the advanced-
technology strategies arises as aresult of interactions between dl the energy demand and
converson sectors (not smply the dectricity supply sector) and the ability of the advanced
technologies to provide a variety of clean find energy carriers. Furthermore, our modd results
suggest that there would be essentially no added cost to society over the long-term for pursuing
an advanced-technology Srategy relative to a“busness-as-usud” approach, except in the case
when very deep reductions in carbon emissions are sought. Indeed, implementing advanced
technologies soldly for the purpose of reducing air pollution and oil and gas imports will achieve
important reductionsin CO, emission with no added cost (Figure 5).

However, if Chinadoes pursue an energy drategy that dlowsit to achieve its development
agpirations under increasingly cleaner skies and with reasonable energy security, it will need to
make sggnificant investments to help develop and commercidize radicaly new converson and
demand technologies within the next 10 to 15 years. Asnoted in Section 3.1, these near-term
cogts were not explicitly accounted for in our analyss. However, the environmentd, socid,
public hedth and baance-of- payments benefits that would accrue over the long term from
implementation of the advanced-technology strategies were dso not included in the analysis. It
seems likdly that these benefits will far outweigh the needed near-term technology and
infrastructure development investments, but we have not done detailed andlysis of this tradeoff.

In any case, practica redization of the advanced-technology Strategies identified in this report
will require policiesin Chinathat i) encourage utilization of awider variety of primary energy
sources (especidly biomass and wind) and secondary energy carriers (especiadly synthetic fluid
fuelsfrom cod and biomass), ii) support the development, demondtration and commercidization
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of new clean energy converson technologies, especialy for cod conversion, to ensure that they
are commercidly available beginning in the next 10 to 20 years, and iii) support aggressive end-
use energy efficiency improvement measures. Some specific technology policy
recommendations are offered in the find section of thisreport.

It is further worth noting that in addition to heping Chinatoward its ar pollution and energy
security goals, near-term investments in advanced technology and infrastructure would aso set
China up to be able to meet possible CO, emisson reductionsin the future. Because of their
development-driven energy growth, implementing advanced technologies will not lead to
absolute reductions in CO2 emissions, but they will set the stage for significant reductions below
what those emissions would be without implementation of advanced technologies. Perhaps this
ingght can provide a new approach to the Kyoto Protocol, where the invesments in absolute
emission reductions by industridized countries are balanced by the investments of developing
countries to adopt advanced-technology pathways that will significantly reduce their future CO,
emissons,

Findly, the andyss presented in this report should be viewed as the sarting point for further
detalled andyss. Our conclusions are broad and based on andysis with many smplifying
assumptions, including those discussed in Section 3. We believe that more detailed analyses
should be pursued, especidly including regiond aspects of energy technology and fuel choices,
but we ds0 beieve the overdl conclusions presented in this section will not change significantly
asaresult of more detailed andyses.

5.1 Technology and Resource Conclusions

Based on our modding, we draw severa broad conclusions regarding advanced technologies and
energy resource choices that would enable China to meet future demands for energy services
while limiting energy import dependence and environmental impacts.

Firgt, end-use efficiency improvements are the least-costly option for meeting energy service
demands and thus should be pursued regardless of what energy-supply strategy is adopted. If
energy efficiency implementation fals short of gods for any reason, an advanced-technology
energy-supply strategy would likely still enable energy-security and ar pollution reduction

targets to be met, primarily because severd liquid energy carriers made from cod or biomass are
available as oil subtitutes, and because cod is used in the advanced-technology scenarios at less
than the maximum possible production rates.

Second, cod can continue to be the dominant primary energy resource for China. However, its
use must shift from cod combustion technologies to cod gasification based technologies, which
have intrinsc capabilities for remova of SO, and offer the option of producing clean liquid and
gas fuds as dternatives to petroleum and naturd gasfuds. Gasification-based technologies aso
facilitate lower-cost capture and sequestration of CO;, an option that additiondly provides for
coupling with enhanced resource recovery — epecidly stimulation of cod-bed methane (CBM)
recovery from deep unmineable cod beds. While some coa combustion technologies can
effectively reduce SO, emissons, they cannot produce fluid fuels, and capturing CO, from
combusgtion flue gases is more costly than from gadfication systems due to low CO,
concentrations in flue gases from coa combustion technologies.
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Third, gas and liquid fuelswill need to play increasingly important rolesin a sustainable energy
future. Cod-derived town gas replacing direct burning of cod in the indudtria sector is one key
to achieving SO; limits, and naturd gasis an important subgtitute for cod and oil in the
resdentia and commercia sectors. CBM associated with cod mining and aso CBM recovered
from deep unmineable cod beds by CO, injection could become especidly important in meeting
resdentiad and commercia sector energy demands. Hydrogen production from cod beginsin
the second quarter of the century to provide fud for fuel cdlsin vehicles and in combined heat
and power plants (CHP) in commercid and urban resdentid buildings. This further contributes
ggnificantly to reducing SO, emissons and to limiting the need for oil and gasimports.

Methanol from coa becomes an important oil subgtitute toward the middle of the century as
petroleum pricesincrease. DME from biomass grows to become an important fuel for cooking
and compression-ignition engine vehicles in the second quarter of the century.

Fourth, renewable energy sources take on important roles. Wind power is an especidly
important contributor to eectricity supply inal of the advanced technology cases, with most of
the contribution coming from large- scale wind farms in remote wind-rich areas connected by
long-distance high-voltage DC transmission linesto mgjor load centers. Modern biomass
technologies are essentia to meeting the energy needs of rurd populatiions. The village-scae
producer gas systems that appear in the base technology cases and larger-scale polygeneration
systems co-producing eectricity and DME that appear in the advanced technology cases are
constrained only by the availability of agricultural resdues. Solar heating is an important
contributor in the resdential sector, where it is used in most scenarios for water and space
heeting in urban and rura homes. When ail import congtraints are especially tight, solar ppears
in the commercid sector for water heeting and air conditioning. Hydropower isimportant in al
scenarios, but only about haf of the exploitable hydropower resources needs to be tapped, even
if the fraction of oil and gasimportsis limited to as little as 30%. Only in the low CO, emisson
cases (66 Gt C for the base technologies, and 46 Gt C for the advanced technologies) is the full
hydropower resource used.  Aswith hydropower, solar photovoltaic systems on rural homes and
at centralized, grid-connected Sites are important contributors to dectricity supply only when low
CO, emission leves are sought.

Fifth, key technologies for achieving reductionsin carbon emissons in the advanced-technology
cases involve carbon capture and sequedtration.  Significant amounts of carbon are sequestered
for enhance resource recovery (ERR) in dl advanced-technology cases. For the cases with CO,
congtraints, carbon sequestration without ERR aso occurs (Table 11).

Sixth, modest contributions from nuclear power can help achieve the desired energy- security and
ar pollution reduction gods, but with the advanced-technology strategies, nuclear power is not

Table 11. CO, Sequestered (Million tonnes carbon per year)

Case 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050

Sequestered with Enhanced Resource Recovery?
0 9 16 31 46 57 72 90 113 142

Additional Sequestration without Enhanced Resource Recovery

ASO30C80 - - - - - - - - 80 186
ASO30C66 - 5 58 79 169 220 343 359 778 1,049
ASO30C46 41 297 510 724 815 884 908 918 972 1,021

& The amount of CO; injected for enhanced oil and CBM recovery isthe same for all advanced-technology cases.

Report to WGEST/CCICED Page 45



Future Implications of China’s Energy-Technology Choices 24 July 2001

essentiad. Thisisin contragt to the Base case, in which nuclear power isimportant for achieving
reduced levels of CO, emissions (80 Gt C and 66 Gt C cumulative). The nuclear contribution is
not essentia to achieving 80 GtC or 66 GtC with the advanced technologies, because there is
aufficient cod, which if used with CO, sequestration technol ogies can meet the eectrica
demands otherwise satisfied with nuclear power.

Seventh, as discussed in Section 4.1, the changesin total cumulative discounted system cost
caculated by the mode are quite smal except for the very lowest CO, emission reduction case
(46 Gt C cumulative).

5.2 Implications for Technology Policy

5.2.1 Technology Development and Demonstration Needs

Basad on the technology choices made by the modd to minimize tota discounted system cog,
we have identified a set of technology development and demonstration recommendations for
speeding up commercidization of these technologies.

1. Demondrations of efficient end-use energy technologies should be pursued in adl sectors of
the economy.

2. Cod gadsfication is an enabling technology that can be used for cod integrated gasification
combined cycle power plants (IGCC) or avariety of cod poly-generation plants. Research,
development, commercid demondration, and capacity building in Chinain this field should
be increased.

3. Severd cod polygeneration technologies should be demonstrated, especialy technologies
that co-produce dectricity and fluid fuels such as DME. Intermediate technology steps, such
as co-production of eectricity and DME from remote naturd gas fieds should be
encouraged.

4. Remotdy-cited large-scale wind farms with long-distance transmission of power to demand
centers should be demondrated in the near term in anticipation of implementing amajor
wind energy program based on such systems.

5. Village-scale modernization of biomass energy conversion and use should be demongtrated
and replicated widdly.

6. Biomass polygeneration technology for co-production of eectricity and DME should be
commercialy demondrated.

7. Effortsto improve the exploration and extraction of cod bed methane should be expanded,
and the devel opment of new processes and technologies for stimulation of CBM resources
should be pursued, including by CO, injection.

8. Improved technology for CO, capture, compression, and geologic sequestration should be
investigated and demondirated in combination with cod gasification. Intermediate steps to
geologic sequestration, such as enhanced oil recovery using CO» injection should be
encouraged.
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9. Hydrogen production with coa gasification and membrane separation reactor technology
should be devel oped and demonstrated.

10. Hydrogen fuel cdl technology should be demongtrated for two key gpplications: urban
trangport (buses) and CHP systems for urban buildings.

5.2.2 Commercialization Incentives

Technology research and demondiration is not usudly sufficient to ensure commercia market
availability of radicaly new technologies, such as many of the advanced technol ogies described
inthisreport. Market introduction incentives are usually needed to buy-down early high
engineering and congtruction cogts, mitigate technology performance risks, and provide initid
manufacturing volumes to help reduce the technology cost. Also, markets have inertia, which is
not afactor that was represented in the modd. One feature of thisinertiais arductance to
accept new technology despite prospectively competitive costs, unless there is a strong incentive.
Therefore, government policy must address the issue of how to provide proper incentives for
market introduction of these technologies to ensure their commercid availahility.

In addition, the model selected severa technologies, such as energy conservation technologies
for buildings, large-scale remote wind farms and solar hot water systemsthat are nearly
commercidly avalable or in the early stages of commercidization. However, these
technol og es face serious market barriers that will prevent them from reaching the potential
identified in the modd unless these market barriers, which are often indtitutiona and regulatory
in nature, are addressed.  The following set of recommendations addresses these issues of
technology commercidization.

1. Implement arenewable energy portfolio standard, such asis recommended in the 10" Five-
Year Plan, to create a set-asde, but Htill-competitive market for eectricity from wind, solar,
biomass, and small-hydro power plants. This program could be implemented in concert with
apower purchase program (see next bullet) to promote developmentsin al regions.

2. Cregte aspecia power purchase program that will stimulate the market for clean energy
technol ogies with guaranteed power purchases at attractive rates. This type of mode was
successfully used in Cdliforniain the 1980s to jump-start an industry for wind, biomass and
cogeneration technologies. The Germans, Danish and Japanese have used a Smilar approach
to grow wind and solar indudtries in their countries. Such a program in Chinawould ensure
rapid and robust industry growth for the advanced technologies identified in this paper.

3. Promote end-use efficiency (conservation) technologies as they are oftenthe lowest cost
solution to meeting future energy demand increases.

4. Develop aprogram of lease-concessons to stimulate the development of large-scale wind-
farmsin remoate regions with high winds that will provide developers and investors with a
strong incentive to commit to large- scale wind farm deployments and cooperate on
congtruction of long-distance transmission lines to bring the power to market.

5. Reducethe VAT levelsfor solar water heating systems and other renewable energy
technologies in order to make their tax burden comparable to that of conventional systems.
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6. Provide some form of buy-down grants or tax incentives to simulate early commercia
introduction of technologies as they emerge from successful demonstration projects.

5.3 Closing Remarks

Our work suggests that China can support its socid and economic development objectives for the
next 50 years and beyond with clean and renewable energy thet is derived mogtly from its
indigenous resources. If China aggressively pursues the advanced-technology energy strategies
identified in this report, it will likely be able to ensure energy-supply security and improve loca

and globa environmental quaity. Furthermore, it gppears that there would be essentidly no
added cost over the long-term to pursue this sustainable energy path. Thisisaremarkable
concluson. On the other hand, if Chinafollows (or dlows to happen) a*busness-as-usud”
energy development strategy (relying on the Base technologies done), it will be unable to
achieve dl of its development, air quality, and energy security goas.

Our promising conclusions regarding the implications of an advanced-technology energy
drategy for China suggest that it would be prudent for Chinato begin considering efforts toward
implementing such astrategy. As we noted earlier, however, the work reported here should be
viewed only as the starting point for much more detailed analyses that are needed to understand
the full dimensions and implications of an advanced-technology energy future and to explore and
evauate pecific seps that could be taken in the near term. Multi-disciplinary, technology-
focused andlyses are needed, for example, i) to better understand the spectrum of demand and
consarvation technology options in the indudtria, transportation, and residential sectors, ii) to
better understand the characterigtics of advanced dectric power technologies and the best
drategies for integrating them into the eectric power system, and iii) to explore and develop
regiond (province-leve) srategies for implementing advanced-technologies. Also needed are
detailed andyses of the potentid impacts of dternative incentive structures on the development,
commercidization, and widespread dissemination of specific advanced energy supply and
energy demand technologies. The potentia long-term benefits to China of al such efforts appear
to be consderable.
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