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The China s energy svstem has been analyzed by using the MARKAL model in this study
and the time period is from the year 1990 to 2050. The MARKAL model is applied here to
evaluate the cost effective energy strategies for CO. emission reduction in China.

Firstly the Reference Energy System (RES) of China and its database were established,
and the useful energy demand was projected on the basis of China's economic target and
demographic forecasting. Four scenarios, BASEI-BASE4 were defined with different
assumptions of crude oil and natural uranium availability.

Analytical results show that without C0, emission constrains coal consumption will
continue to hold a dominant position in primary energy supply, and CO: emissions in
9050 will be 9.55 BtCO; and 10. 28 BtCO, with different natural uranium availability.

Under the Co, emission constraints, nuclear and renewable emergy will play important
roles in C0: emission reduction, and feasible maximum CO, emission reduction estimated
by this study is 3.16 BtCO: in 2050. The cumulative CO. emission from 1990 to 2050 will
be 418.25 BtCO. and 429. 16 BtCO, with different natural uranium availability. Total

feasibile maximum €0, emission reduction from 1980 to 2050 is 95.97 BtCO..

Keywords: China, €0, Emission, CO. Reduction, Energy, Energy Strategies, Energy System,
MARKAL
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1. INTRODUCTION

1.1 Overview

Within the past several years, the global climate change issue has emerged from
an esoteric field of research pursued by a few atmospheric scientists to the stage center
of the internatiopal arena. A great deal of the attention has been paid to the so called
Greenhouse effect by most of the governments and international organizations in the world.
Since June 1988, the Conference on The Changing Atmosphere in Torento, the topic has
been virtually being a dominant theme of discussions of a number of international
conferences and meetings at every comer of the world. Now the global warming has
became an international political issue since the signatories to the Climate Change
Convention of the UN Conference of Environment and Development held in Rio de
Janciro, Brazil.

The increase in atmospheric CO,, which results primarily from combustion of fossil
fuels is an important cause of the global warming. According to the assessment of the
Working Group I of IPCC, the estimated contribution of CO, to the total radiative effect
from 1980 to 1990 is of the order of 55%. The major share(some 75%) of man-made
CO, cmissions. is caused by energy-related activities. If the assessment by the Working
Group I of IPCC hold, then the energy policies will be a major factor in strategies
designed to deal with the challenges of the global climate change.

China is the largest populated country in the world. The rapid historical growth of
energy consumption in China, combined with the high proportion of coal use in the
encrgy utilization, has made China one of the major contributors to the global release of
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Fig. 1.1 China: Total Primary Energy Consumption
and its Composition(Unit: Mtce)[1]

greenhouse gases. In 1990, it consumed about 987 Mtce of primary commercial energy,
which ranked third in the world (Fig. 1.1). According to the estimation of The Carbon
Dioxide Information Analysis Center, ORNL, China emitted 623 million tons of carbon
from fossil fuel combustion in 1989, that accounted for 10.8% of the global value (Table
1.1). As China has a large population, the energy consumption per capife in China is

._1_
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very low, less than onme-half of the average level of the world, and the emission per
capita also is very low.

Table 1.1 CO, Emission from Energy Use in 1989(2]

CO, Sources Solid Liquid Gas Total Share Per Capita
M)  (MIC)  (MIC)  (MtC) (TO)
US 498 567 252 1317 229% 532
USSR 363 338 308 1008 17.5% 3.51
China 536 80 7 623 10.8% 0.56
Japan 83 165 25 273 4.7% 2.22
Indian 126 39 4 169 2.9% 0.20
World 2392 2419 946 5757 100.% 1.11

In the near future, China will continue to industrialize its economy and to make
people's life relatively rich. The emergy consumption will also be increased in order to
power its economic and social development. If CO, emission becomes an important
constraint, combined with the energy resources and technology development factors, to
" the energy system, it is necessary to make systems analyses on the total China's energy
system in order to understand their implications and to investigate the response strategies
for implementing efficient measures to reduce CO, emission.

1.2 Purpose of This Study

Some researches on China's energy development and on related CO, emission are
available at home and abread[3,4,5,6,7,8,9,28] since China will play an important role in
the global CO, emission. Usually these rescarches paid more cmphases on China's energy
demand forecasting, but made few discussion about the countermeasures for CO, emission
reduction. Xi Xiaolin[10] used firstly the MARKAL model to assess China's energy
development and CO, emission reduction with more technological detail in BNL. But
there are only 84 kinds of resources and technologies in his database, and the time span
covers only 35 years from 1985 to 2020 because PC~MARKAL he used deals with at

most nine 5-year periods.

This study is intended to analyze the strategies of CO, emission reduction in China
in more technological detail from the year of 1990 to 2050 by using the MARKAL model
of JAERI's version. That is to say by using analytical methods based on the MARKAL
model which has been developed within the IEA's Energy Technology System Analysis
Program(ETSAP), the assessment has been made to calculate how China can best reduce
carbon dioxide emission from its energy system and how Chinese energy system could
best respond to possible future restrictions on carbon dioxide emission. :

The 60-year time horizon is chosen because for this time span China will basically
realize the modernization according to Chinese government's cconomic target. The macro-
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economic structure will change greatly. These depend on energy and will also influence
the structure of energy system. We can not hope that the high proportion of coal use in
China's energy system will be changed greatly within a short~term if we take into account
of social, economic and energy resources constraints. It is only meaningful to evaluate
China's energy system in a long—term from view points of possible change of fuels and
technologies.

As a bottom-up model, the MARKAL can provide a wealth of detail results on
the choice of technologies measures with their implications on the use of fuels, the
needed resources, and 'the emissions of CO,. But it should be noted that MARKAL is
a nommative model which is used to design future energy systems in a parametric way,
that is, by examining a range of possibilities. It is not a simulation model to predict the
future[16]. '
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2 ANALYTICAL METHODS

2.1 The MARKAL Model

MARKAL(MARKet Allocation) is a generalized bottom-up dynamic LP
optimization model of energy system which has developed since 1976 and 1983 as a
multinational collaborative effort within the framework of the International Energy
Agency(IEA). It can be considered as a Model Construction Kit for formulating various
kinds of detailed national or sub—national energy systems which is built on the concept
of a Reference Energy System(RES). MARKAL allows a detailed description of existing
and alternative energy technologies and of existing and alternative paths of energy carriers
from their source — through different conversion technologies — until the point of final use.

MARKAL essentially creates a market in which energy resources,  supply
technologies and end-use technologies compete to meet these energy service demands.
Upper bounds can be set on the maximum extent of market penetration and rate of growth
of market penetration for each technology, but within those constraints, MARKAL
determines the level of market penetration of each technology in the results. MARKAL
is an inherently flexible model which is able to address a wide range of energy and
environmental issues. It has been adapted for use in many countries to model national,
provincial, and local emergy systems, especially used as a common analytical tool by
IEA's Energy Technology System Analysis Program(ETSAP). Coupled with the MARKAL
Users Support System on a microcomputer, MARKAL is a responsive, user—friendly
modelling system for energy—environmental analysis, planning, and policy
making(11,12,13,14,15].

MARKAL is solved by means of dynamic linear programming. In many
applications, the end use demands are fixed, and the objective function is the total
discounted cost of the energy system over the entire time horizon, which implies cost-
optimal energy strategies. The objective function may also consists of the weighed sum
of this cost and environmental emissions, which could be interpreted as a Emission Tax.
Another way to treat emission reductions is modelling emission reductions by introducing
constraints that sets limits on the maximum amount of emissions. Applied to greenhouse
problem, these aimed at such a solution: how much will it cost to reduce greenhouse
gases emissions.

In brief, the advantages of the MARKAIL model are as follows:

1) Technological and cost data are included on the level of the individual type of
technology;

2) The time horizon is long enough to change the technological mix;

3) Prices are calculated from technological as well as cost data;

4) Responses of supply and demand are analyzed at the same time;

5) Supply technologies can be compared directly with those for end-use;

6) A wide range of energy systems can be modeled to a chosen level of detail;

7) Tradeoff relationship between the use of energy resources and environmental
emissions and/or the system cost can be searched.

2.2 Analytical Scenarios and Cases
2.2.1 Scenarios
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Several scenarios are defined in order to address important issues in CO, emissions
associated with China's energy system utilizing social and economic scenario indices. The
current structure of energy comsumption in China is determined by the structure of her
recoverable resources. The fuels switch from coal to oil and gas will depended on their
availability from new discovered oil fields or imported from foreign country. This study
regards this as an important factor in the scenario's construction. In order to investigate
the possible range of CO, emission reduction, scenarios with assumption of high and low
crude oil supply are created. In the scenario with assumption of high oil supply, both
new discovered oil resources and imported oil are supposed to be available in the future.
On the contrary, the scepario with assumption of low oil supply assumes that these
energy resources are unavailable in the future for China.

The technology substitution by introducing nuclear and renewable energy
technologies seems to be the irreplaceable choices in CO, emission reduction for China.
Referring to other researches about the comparative economics of nuclear power plants vs.
coal power plants, this study assumed that nuclear power generation will be more
economical by a small margin than coal power generation in many parts' of China[10].
But there are also many factors which will affect China's nuclear energy development.
For example, the matural uranium resource and the initial investment cost. For the sake
of clearly analyzing the potential role of nuclear emergy in CO, emission reduction,
scenarios with imported natural uranium and without imported natural uranium were
defined. And this study supposed that the LMFBR, LWR co-generation and VHIR
technologies will be available in the future. For all scenarios no constraints to the
domestic coal resources is postulated. :

In brief, all the scenarios in this study are summarized in the following table:

Table 2.1 Description of Scenarios

SCENARIO DESCRIPTION

BASE1 Both imported oil and natural uranium available

BASEZ meortéd oil available, no iinportcd natural uranium

BASE3 No imported oil, imported natural uranium availablc

BASE4 No imported oil, no imported natural uramum |
2.2.2 Cases

For each scenario, firstly a baseline, or reference case (P case) when discounted
system cost is optimized as an objective function without external constraints on CO,
emission is run. This constitutes the starting point for further assessments. There will
be several baseline projections in this report according to the different energy resources
constraints of the assumed scenarios. ' '

After P case analysis, a Carbon Tax case (E case) and a Minimum CO, Emission
case (M case) have been calculated. For the E case, a surcharge is imposed on CO,
emissions which increases from 20 US$/ton(CO,) in 1990 to 410 US$/ton(CO,) in 2050.
The surcharge is discounted back to the reference year and the objective function is the
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sum of the discounted system cost and the surcharge on CO, emission. - For the M case,
just the cumulative CO, emission is used as the objective function.

Tradeoff relationship between discounted system cost and CO, emission has been
analyzed in this study. Six cases(P1, P2, P3, P4, P5, P6) with different surcharges on
CO, are calculated in the tradeoff analysis.

2.3 Reference Energy System
2.3.1 System Structure

China's energy system from 1990 to 2050 is modelled as a Reference Energy
System(RES) according to the MARKAL model frame (Fig. 2.1, 2.2). RES is a total
energy system which covers all the processes from primaly energy sectors to final energy
sectors through conversion, storage, transport and distribution of secondary energy
carriers. RES is expressed by energy carriers and energy technologies, and is characterized
by the technological behavior.

Technology element of the set (TCH) is classified into the following three groups:

1) Conversion technologies (CON) such as production, storage and supply of
electricity and low temperature heat;

2) Process technologies (PRC) such as production, storage and transport of energy
carriers of oil products, coal products and bydrogen etc.;

3) Demand technologies (DMD) utilized in the final demand sectors.

Energy carmriers are divided into:
1) Electricity (ELC);

2) Low Temperature Heat (LTH);
3) Other energy carriers (ENC).

In this study, the China's RES contains 77 kinds of energy carriers and 214 kinds
of energy technologies (27 kinds of comversion technologies, 55 kinds of process
technologies and 132 kinds of demand technologies), and 30 kinds of demand sectors.
The distinctive features of China's RES are explained as follows:

1)Sectoral Demand and End-use Technologies The demand for energy is
disaggregated into five major sectors: agriculture, industry, service, residential and
transportation. In these sectors specific useful energy demands are exogenously given for
each time period over of the time horizon considered. The sectors are subdivided into
different end-uses, such as motor power, space heating, and cement production, etc..
The useful energy demands are exogenously outside the model. End-use technologies
connect the specific energy demands with the secondary energy carriers (presented in the
most left column) which are presented by circles in Fig. 2.2. For some technologies such
as iron and steel making , casting and milling in the iron and steel production, more than
one energy carriers are used which are presented by the asterisks in the circles.

2)Conversion of Primary Energy Fig. 2.1 is a part of the China's RES which
converts the primary epergy info the secondary energy carriers. In this pat MARKAL
can again choose between different conversion and process options to satisfy the need for
secondary encrgy carricrs.
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As for the electrical power generation technologies, fossil fuel, nuclear energy and
renewable energy such as hydraulic power, co-generations and electrical power storages
such as pumped storage power generations and fuel cells are considered. The demands
of low, intermediate and high temperature heat are distinguished from heat supply, and
co—generation, solar energy, geothermal energy and other renewable energy such as wind
energy are utilized.

Concerning process technologies, the RES includes production of various kinds of
oil products such as LPG, gasoline, naphtha, kerosene, heavy oil etc.,, which are
processed by oil distillation, refinery, lighting and cracking process. Town gas is
produced by coal gasification or from other synthetic fuel production. Coal liquefication
and methanol production from biomass and coal are also considered.

In order to investigate the possibility of symbiotic use of nuclear heat and fossil fuel
through hydrogen, the concept of the Integrated Energy System(IES) is introduced in
China's RES. The technologies in the IES includes the high temperature gas cooled
reactor and methane steam reforming, water thermal splitting, high temperature
electrolysis, reducing gas production for nuclear iron and steel making, and methanol
synthesis etc..

3)Energy Resources The domestic primary energy carriers are within the borders
of the MARKAL model, which are patural uranium, coal, crude oil, natural gas,
hydropower, biomass, solar, geothermal and other renewable energy(e.g. wind and wave
energy). As mentioned in the description of scemarios, import is also comsidered for
crude oil and patural uranium.

In China's rural country, large amounts of biomass which includes mostly firewood
and crop stalks are used by residential sector. This study simply assumes that 7323
PJ(about 250 Mitce) biomass has been used in 1990, and it will decrease to 2634 PJ (about
90 Mtce) in 2050.

23.2 Data Base

The richness of the MARKAL analysis depends on the technology and resources
database. To build a model, the following data are required:

1) Energy forms to be represented in the model;

2) Kinds of technologies and their characteristics;

3) Available quantity of domestic primary resources;

4) Prices for imported and exported resources;

5) Uscful energy demand for sectors;

6) Other constraints, such as emission limits.

The compilation of information on technology is the most important but tedious in
establishing the MARKAL database since the database is composed mainly of technical
coefficients describing the energy inputs and outputs of a very large set of technologies,
their efficiencies, costs (investment and operation, fixed and variable), lifetime, dates
of availability, emission, etc..

Constrained by the time available for the analysis and constrained by the China's
data resources available for this analysis, the database of Japan's energy system compiled
by Energy system Assessment Laboratory, JAERI and the technology databooks edited
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by [EA/ETSAP are used but for some technical data are directly used[18,19,21,22]. But
the efficiency and cost data have been modified as possible as the data's availability.

For the reference year 1990, the energy supply and demand data are referred to the
China's statistical figures. Since the categories of demand sectors in the RES are different
from the China's statistical categories, adjustment has been made to the stafistical data.

2.4 Approach to Useful Energy Demand Projection

MARKAL requires exogenously specified useful energy demands for each categories.
Theoretically, and in the physical sense, useful emergy represents energy in the form
which is actually required by the consumer: heat for heating, light for lighting,
mechanical power for movement, ctc[23]. This implies in particular that the so-called
final energy consumption of the various demand sectors is not exogenously specified, but
is rather determined by the model as a result of competition among the demand
technologies which satisfy the useful demands. The competition will usually result in the
substitution among the fuels[16].

Useful energy here refers to the part of energy consumed effectively and is defined
as the energy input to the demand technologies minus loss of energy during consumption.
In order to analyze the potential of emergy conservation technologically, the physical
amounts of production are employed for crude steel, cement and paper instead of using
useful energy directly for the associated sectors. For the transportation sector, person—
kilometers(pkm) and ton-kilometers(tkm) are used for the same purpose.

In this study, a sectoral end-use analysis method is adopted to project the useful
energy demand according to the sector's category of China's RES. The results of useful
energy demand shown in section 2 are based on the improvement of energy intensity and
many other parameters of economic and energy development.

Because the emphasis of this study is the strategies analysis of CO, emission
reduction, and also because of the author's limited time in JAERI, information and results
have been extensively used from these researches: Energy Demand of China in 2050{7],
Energy Development and CO, Emission in China[10] and Sectoral Energy Demand
Analysis of China--the Application of MEDEE-S Model in China[29].
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3. PROJECTION OF USEFUL ENERGY DEMAND

3.1 Assumption of Demographic and Economic Development

In order to calculate demands for emergy services, ie. useful emergy demands,
scenarios for the long-term social-economic development of China bas been constructed.
These data are used as basic instrument for estimating useful energy demands which drive
the MARKAL model as the exogenous parameters of the total energy system.

3.1.1 Demographic Data

China has the world's largest population with 1143 million people in 1990. There
are several researches about the future population development of China to the year of
2050[6,9). The population scenarios in these rescarches can be summarized in the
following figure:
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Fig. 3.1 Population Scenarios of China(Unit: Billion)

This study assumes that the future population development of China will follow the
medium scenario in the Fig. 3.2, and the demographic data are 1250, 1340, 1410, 1450,
1480, 1500 Million in 2000, 2010, 2020, 2030, 2040, 2050 respectively. The population
composition are assumed as Table 3.1.

3.1.2 Economic Data

1) Growth rate of GNP per capita The assumption of China's economic
development based on the Chinese government's plans for its economy which can be
principally divided into the following three stages with different targets:

~ The first one was to double her GNP per capita of 1980 and solve the problems
of feeding and clothing her people. This target has been basically attained until the year
of 1987.

The second one is to quadruple her GNP per capita of 1980 by the turn of this
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Table 3.1 Population Composition of China(Unit: Million)

Year 1990 2000 2010 2020 2030 2040 2050
Total 1143 1250 1340 1410 1450 1480 1500
Urban 302 450 647 818 928 1006 1050

% 26.4 . 36 48 58 64 68 70
Rural 841 800 693 592 522 474 450

% 73.6 64 52 42 36 32 30

century and to lay a solid foundation for her economic soar in the next century.

The third one is that her GNP per capita should reach the level of the middle-
developed countries by the middle of the next century and the nation would basically
realize the modernization[S).

In the past decade, the nationwide economic reforms have made Chinese economic
development keep a high growth rate compared with that of other countries. The targets
mentioned above are not difficult to reach for China if this trend continues for several
decades. This study makes the scenario for China's economic development as follows:
the GNP per capita growth rate is consistent with the government's targets and the GNP
per capita will double the value of 1990 in the year of 2050. This economic scenario
can be seen as a low GNP per capita growth rate scenario for China.

e
19901998 = o0ee-201@ | 20082938 204p-2050
' 1992-2000 2B10-2828 20302040

Fig. 3.2 GNP per capita Growth Rate of China

2) GNP per capita and GNP In 1980 and 1990 the GNP per caepita in China was
304 and 616 US$ (Constant 1980 Price, Exchange Rate: 1.49 Chinese Yuan/US$)
respectively[3]. With the assumed population and growth rate of GNP per capita, we
can get the scenario value of GNP per capita and GNP in China to the year of 2050
(Table 3.2, Fig 3.3).
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Table 3.2 GNP per capita and GNP Scenario of China
(Unit: GNP per capita US$, GNP Billion Constant 1980 US$)

Year 1980 1990 2000 2010 2020 2030 2040 2050
GNP/p 304 616 1200 1850 2500 3150 3900 4800

G.R(%) 732 690 442 306 234 216 210
GNP 300 705 1500 2479 3525 4568 5772 7200
G.R(%) 892 7.84 3515 356 263 238 224
8
7 -

DI

1928 1900 0998 2910 2008 2039 2050

Fig. 3.3 China: GNP scenario
(Unit: 1000 Billion Constant 1980 US$)

3) GNP Share by Sectors In 1980 and 1990, the GNP shares by sectors are as
following: '

(1) Industry: 49.4% and 51.7%;

(2) Agriculture: 30.4% and 23.6%;

(3) Service: 16% and 19.6%;

(4) Transportation: 4.6% and 5.1%.

The evolution of China's economic structure is assumed as showing in Fig. 3.4.

3.2 Useful Energy Demand
3.2.1 Agriculture Sector

1In this study, agriculture sector has been further disaggregated into the following
two sub-sectors: ' ' '

1) I1: Agriculture Motors This represents the motor power used for irrigation,
land preparation, fishing and husbandry. : '

2) 12: Agriculture Heating Such as grain drying, greenhouse heating, etc..
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Fig. 3.4 China: Economic Structure in the Future

According to China' energy statistical data[l], the total final commercial energy
consumed by agriculture sector in 1990 was 48.52 Mitce. About 3.6 Mtce coal are
supposed to be used by industrial enterprises located in rural country which has been
disaggregated and included into industry sector. And with the 0.1229 kgce/kwh used as
the electricity conversion factor, the total final commercial energy used by agriculture
sector can be.accounted as 978 PJ in 1990.

Because the level of agricultural modernization in China is still low, the energy
intensity also is very low in comparison with other countries. This study assumes that it
will increased in the future in pace with China's agricultural modernization. The useful
energy demand projection for agriculture sector is shown as follows:

Table 3.3 UED Projection: Agriculture Sector
(Unit: UED PJ, GNP Billion Constant 1980 USS, Intensity MJ/USS$)

Year 1990 2000 2020 2050
Total 316 634 1164 1717
UED(I1) 239 513 956 1379
UED(12) 77 i21 208 338
Agri. GNP 166 300 494 576
Intensity 1.90 2.11 2.36 2.98

3.2.2 Industry Sector

Useful energy demand projection for industry sector has been made according to the
following sub-sectors disaggregated in this study:

1)I3--15: Common Industry This sub-sector rcprcsénts the ‘miscellancous energy
use in the industry sector except the following specific sub-sectors. Three kinds of
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devices are modelled in this sub-scctor, ie.. motor, boiler and furnace.

2)IK—-IN: Chemical Industry Non-energy use is included in this sub-sector, and
also motor, boiler and furnace are modelled here.

3)IA—-IC: Iron and Steel Production Inthis sector, the useful demand is
expressed by the physical amount of crude steel production. The production process
consists of iron making, steel casting and milling. For each stage, energy intensity is
used to calculate the final energy demand. :

4)IX—1Y: Cement Production The physical amount of cement production is also
used as the useful energy in this sector. The electricity and thermal energy demands are
distinguished by two kinds of demand devices: motor and kiln. Energy intensity is used
for final energy calculation.

S)IP—IR: Paper Production The representation of useful energy demand is same
as above two sub-sectors. Electrical motor and boiler are modelled here for the electricity
and thermal energy use scparately.

The production projection of iron and steel, cement and paper is shown in Table
34.

Table 3.4 UED Projection: Physical Production
(Unit: Population Million, Production Mt, Per capita kg/p)

Year 1990 2000 2020 2050
Population 1143 1250 1410 1500
crude Steel 66.35 10000 19200  330.00
Per Capita 58 80 136 220
Cement 209.71 300.00 441.60  600.00
Per Capita 184 240 313 400
Paper 13.72 30.40 5520 97.50
Per Capita 12 24 39 65

The useful energy projection for the common and chemical industry sub-sectors are
listed as follows: - : :

Table 3.5 UED Projection: Industry sub-sectors(Unit: PJ)

Year | 1990 2000 2020 2050
Common 3359 4782 7975 12663
Chemical 2833 3834 5852 8179

3.2.3 Service Sector
In this study, the service sector includes the commercial and public services.

Energy use only refers to that used by lighting and appliance (R1), space heating(R2),
water heating (R3) and air conditioning (R4). Oil used for transportation which is
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included according to China's energy statistical data[l] in thxs sector, is separated into
transportation energy consumption.

In 1990, the service sector accounted for 19.6% of the total GNP (except the
contribution by transportation sector), and consumed 818 PJ of final energy which is
about 2.8% of the total final energy use. The final energy intensity is 5.92 MJ/USS, ie.
about 0.22 kgcc[USS With the development of China's economy and the expandmg GNP
share of service sector, the emergy consumption in this sector will also increase in the
future. Table 3.6 shows the useful energy demand projection for the service sector.

Table 3.6 UED Projection: Service Sector
(Unit: UED PJ, GNP Billi(_m Constant 1980 US$, Intensity MJ/USS$)

Year 1990 2000 2020 2050
Total 442 1302 3807 9269
R1 70 211 973 3099
R2 249 601 1152 2558
R3 92 350 906 1493
R4 31 140 776 2119
Ser. GNP | 138 420 1269 3168
Intensity 320 3.10 3.00 2.93

3.2.4 Residential Sector

This study deals with Urban and rural residential separately because of the different
features of urban and rural residential energy use. For the urban residential sub-sector,
hghtmg and appliance (RA), space heating (RB), water heating (RC), cooking (RD} and
air conditioning (RE) are-modelled to represent the different purposes of energy use. In
the rural residential sub—sector, energy end use is classified into lighting and appliance

(RF), space hcaung (RG) and cooking (RH).

1)Urban Remdentlal In 1990, about 3070 PJ (104 89 Mtcc) final energy was
consumed by urban residential, and energy consumption per capita is 0.35 Mtce. The
final efficiency was assumed to be 35.7%, so the useful energy per capita in 1990 was
3.63 GI/P_. In the future, the useful energy demand in the urban residential will increase
with the increase of personal income and this study assumes that the useful cnergy per
capita will be 825 GJ/P by urban residential -in 2050 The useful energy demand by
urban residential is listed in Table 3.7. :

2)Rural Residential In China's rural country, because of shortage of commercial
energy, the energy consumption per capifa by residential is very low. Large amount of
biomass such as firewood and crop stalks has been used by traditional stove with low
efficiency which is about 10% at present. In 1990, about 7323 PJ biomass seamed to
be used by rural residential, while the commercial energy use is 2445 PJ. The useful
encIgy per capita per day is only 1010 Kcal. ,
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Table 3.7 UED Projection: Urban Residential
(Unit: UED PJ, Population Million, Per Capita GJ/p)

Year 1990 2000 2020 2050
Total 1097 2363 5143 8664
RA 50 359 976 1903
RB 457 881 1729 3000
RC 218 431 980 1510
RD 356 549 1061 1474
RE 16 143 397 777
Population 302 450 818 1050
Per Capita 3.63 5.25 6.29 8.25

This study assumes that in the future the use of biomass will decrease to 2634 PI
in 2050 and the efficiency of traditional stove will increase to 30%. With the
improvement of living condition in rural country, the useful energy per capita per day will
rise to 1700, 2900 and 4100 Kca! in 2000, 2020 and 2050 respectively. Table 3.8 is
the results of useful energy demand projection for rural residential.

Table 3.8 UED Projection: Rural Residential
(Unit: UED PJ, Population Million, Per Capita GJ/p)

Year 1990 2000 2020 2050
Total 1305 2072 2624 2830
RF 68 144 265 447
RG 593 978 1196 1234
RH 644 950 1163 1149
Population 841 800 592 450
Per Capita 1.55 2.59 4.27 5.79

3.2.5 Transportation Sector

In transportation sector, person-kilometers and ton-kilometers are used to represent
the useful demand for two sub-sectors: passenger transport(T1) and freight transport(TA).
Five kinds of devices are modelled in the passenger transport sub-sector: railway,
automobile, bus, ship and airplane. In the freight transport sub-sector, five kinds of
devices are modelled: railway, uck, ship, airplane and pipeline. The mode split of
each sub-sector is given exogenously by the ADRATIO table of MARKAL.

1)Passenger Transport In 1990, the passenger transport turnover is 562.8 Bpkm
and the pkm per capita is 492 km. In the past decade, the elasticity of passenger
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transport turnover vs. GNP is about 1.07. This study assumes that the elasticity will keep
the constant value 1.0 in the future and the turnover projection is as follows:

Table 3.9 UED Projection: Passenger Transport
(Unit: UED Bpkm, Population Million, GNP Billion Constant 1980 US$)

Year 1980 1990 2000 2010 2020 2030 2040 2050
Population 987 1143 1250 1340 1410 1450 1480 1500
GNP/p 304 616 1200 1850 2500 3150 3900 4800
Growth Rate 732 690 442 306 234 216 210
Turnover 228 563 1198 1978 2813 3645 4607 5748
pkm/p 231 492 958 1476 1995 2514 3113 3832
Growth Rate 785 690 442 306 234 216 210
Elasticity 1.07 100 100 100 100 1.00 1.00

2)Freight Transport In this sub-sector, elasticity of frejght transport tumover vs.
GNP has becn used for the projection. The results are listed in Table 3.10.

Table 3.10 UED Projection: Freight Transport
(Unit: UED Btkm, GNP Billion Constant 1980 USS$, Intensity tkm/US$)

Year 1980 1990 2000 2010 2020 2030 2040 2050
GNP 300 705 1500 2479 3525 4568 5772 7200
Growth

Rate 892 784 515 3.56 2.63 2.38 2.24
Turmover 1203 2621 5182 8563 12149 15750 19927 24855
Growth

Rate 765 706 515 3.56 2.63 2.38 2.24

Intensity 4.01 372 350 3.50 3.50 3.50 3.50 3.50
Elasticity 091 090 1.00 1.00 1.00 1.00 1.00
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4. ANALYTICAL RESULTS OF BASELINE CASES

For all assumed scenarios, the baseline projections are different only in the supply
sector along with the different constraints of natural uranjum resources. That means the
results of supply sector in the P cases are same between scenario BASE1 and BASE3 with
expanding nuclear power capacity, and same between scenario BASE2 and BASE4 with
limited nuclear energy utilization. The baseline CO, emission projections are also different
because of these differences. As for the demand side, all the four scenarios have the
same trends. The detail results of the baseline projection are given in the following
section.

4.1 Demand Sector

As mentioned above, the development of final energy consumption in the demand
sector are same in the baseline projections among scenarios BASE1-BASE4. The final
energy demand will increase from 29.34 EJ in 1990 to 85.96 EJ in 2050. Their average
annual growth rate is 2.17%. In the sub-sectors, the share of encrgy use by service and
transportation changes greatly from 2.79% and 6.24% in 1990 to 10.89% and 20.77%
in 2050. The final energy consumption by sectors and energy types are shown in Fig. 4.1
and 4.2.

Scenario: BASI—4

R
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Fig. 4.1 Baseline Projection: Final Energy Consumption by Sectors(Unit: EJ)

4.2 Supply Sector
4.2.1 Primary Energy use

Primary energy use in scenario BASE1 and BASE3 is different from that in BASE2
and BASE4 by the different share of nuclear utilization.

In the scenario BASE1 and BASE3, the primary energy supply will increase from
37.46 EJ in 1990 to 137.4 EJ in 2050. The share of coal utilization will increase from
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gas N oil
Because of the electricity consumption in the final energy will increase from 6.3%
in 1990 to 26.2% in 2050, the electricity generation will grow quickly in the future from
2.23 EJ in 1990 to 25.9 EJ in 2050. The coal fired power plants will still play the
leading role while the oil and gas fired power plants lose the competition. For the nuclear
power plants, it is limited not by the economic factor but the resources constraints, i.e.

4.2.2 Electricity Generation
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The evolution of CO, emission from different sectors is also shown in the above
figure. The main increase of CO, emission comes from conversion sector of energy
carriers, i.e. the electricity generation sector. In scenario BASE2, BASE4, because of
no imported natural uranium, large amount of nuclear electricity in scenario BASEL, 3 is
replaced by coal power plants. The emission is 0.73 BtCO, more than that of scenario

BASE1, BASE3 in 2050.

4.4 Scenarios Indicators

The Table 4.1 gives scveral important scenario indicators of the P case's results.

Table 4.1 Baseline Projection: Scenarios Indicators

Year | 1990 2000 2010 2020 2030 2040 2050
BASE1, BASE3:

TPE/GNP(MJ/USS) 5313 3767 3035 2631 2349 21.02 19.08
FE/GNP(MI/USS$) 4161 2666 2018 1713 1510 1339 11.94
CO, per capita(t) 208 326 412 485 535 58 637
CO, per GNP(kg/US$) 337 272 223 194 170 149 133
BASE2, BASE4:

TPE/GNP(MI/USS$) 5313  37.67 3038 2635 2354 2112 1923
FE/GNP(MJ/US$) 4161 2666 2018 1713 1510 1339 11.94
CO, per capita(t) 208 326 414 490 543 605 685
€O, per GNP(kg/US$) 337 272 224 196 172 155 1.43
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4.5 CO, Intensity of Primary Energy Use
4.5.1 Fossil Fuel Share and Mix

In 1990, the fossil fuel share of total primary energy consumption is 77.3%, and
it will ise to 83.6% in the scenario BASE], 3 and 88.8% in the scenario BASE2, 4 in
2050. .

Table 4.2 Baseline Projection: Fossil Fuel Share of
Primary Energy Consumption(Unit: %)

Year 1990 2000 2010 2020 2030 2040 2050
BASE1, BASE3 773 839 86.2 87.3 86.2 85.3 83.6
BASE2, BASE4 773 83.9 86.6 87.9 87.3 87.9 88.8

The fossil fuel mix is shown in Fig. 4.7.

Scerario: BASE1,2  Scenario: BASE2, 4

i ] v L] ‘/j‘ T 1
1908 2018 2239, 2058
Boil Nooa. BI s

Fig. 4.7 Baseline Projection: Fossil Fuel Mix
4.5.2 Nuclear and Renewable

In the P case, the nuclear energy use is constrained mainly by the natural uranium
resources. Both LWR and VHTR can be selected by MARKAL, but the LMFBR has no
economic competition. In the scenario BASE1, BASE3 where imported natural uranium
is available, the LWR reaches the upper-bound 30 GW in 2020 and 132 GW in 2050.
The VHTR reaches the upper-bound 10 GW in 2050. In the scenario BASE2, BASE4
with no imported natural uranium, the LWR will grow to 37 GW in 2030 and then is
decreasing to 24 GW in 2050 while the VHTR reaches the upper-bound 10 GW in 2050.

For the renewable energy utilization, the traditional fuel of biomass will decrease

by the exogenous constraint. The hydraulic power increases from 36 GW in 1990 to 243
GW in 2050 according to China's energy planing. The other commercial renewable energy

— 923 —
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(geothermal, solar, wind, etc.) assumed to be 1064 PJ in 2020 and 2186 PJ in 2050.

Scenario: BASEL,3 Scenario: BARSE2,4
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Fig. 4.8 Baseline Projection: Nuclear Energy Use(Unit: GW)
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Fig. 4.9 Baseline Projectibn: Renewable Energy Use(Unit: EJ)
4.5.3 CO, Intensity of Total Primary Energy
The CO, intensity of primary energy is given in Table 4.3.
Table 4.3 Baseline Projection: CO, Intensity of PE(Unit: ktCO,/PJ)

Year 1990 2000 2010 2020 2030 2040 2050
BASE1,3 63.36 7209 7335 7376 7224 7081 6949
BASE2,4 6336 7209 7374 7440 7324 7342 74.24
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5. CO, EMISSION REDUCTION

5.1 QOverview
5.1.1 Maximum Reduction

For all sceparios, the profiles of CO, emission reduction as the results of E cases
and M cases, compared with P cases are shown in Fig. 5.1.
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Fig. 5.1 Overview of CO, Emission Reduction(Unit: BtCO,)

The maximum CO, reduction occurs in the M case of scenario BASEL, ie. from
9.55 BtCO, to 6.39 BtCO, in 2050. The net reduction is 3.16 BtCO, which is almost 1.3
times as much as the emission in 1990. For the scenarios BASE2-4, the net CO,
reduction is 3.03, 2.72 and 2.44 BtCO, respectively. In the following sections, SCENario
BASE1 is selected to analyze changes of the energy system due to the CO, reduction.
Because M case uses the cumulative CO, as the objective function and the results have
no economic meaning, the comparison has been made between P case and E case.

5.1.2 Changes of Scenarios Indicators

When CO, cmission is reduced, all major indicators of the scenarios will be
changed. The comparison of this change in 2050 of P case and E case in scenario
BASEL1 is shown in Table 5.1. :

Table 5.1 Changes of Scenarios Indicators in 2050

Cases  TPE/GNP(MI/USS)  FE/GNP(MI/USS) _ CO/GNP{kg/USS) CO./Capitafl)  Fossil Fucl Share{%)  COJ/TPEQVPT)
P 19.08 11.94 1.33 6.37 83.6 69.49
E 17.29 11.10 0.93 4.48 70.1 53.96
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in the P case to 48.6% in 2050. In the same year the nuclear power and hydraulic power
12.9% and 13.3% in the P case to 18.9% and 19.7% in the E case
respectively. Oil and gas, the other renewable power also increase in the E case.

increase from

5.2.3 Nuclear

Both nuclear and renewable energy increase in the E case of scenario BASE]L. The
results are compared in Fig. 5.5 and Fig. 5.6. For the nuclear, LMFBR is selected in
the E case with the capacity 40 GWe in 2050, The increase of LWR is contributed by
of LWR co—generation. The total nuclear utilization of E case is 202 GW

the technology
in 2050.

1983 2818 2832 2858 1932 2919 2832 2058
st Nomnssys Bcor Ane SHe B ren

Fig. 5.4 BASElL: Changes of Installed Capacity of
Electricity Power Plants(Unit: TW)

and Renewable Energy
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Fig 5.5 BASEL: Changes of Nuclear Utilization(Unit: GW)
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Fig. 5.6 Changes of Renewable Energy Utilization(Unit: EJ)

The total utilization
, about 19.3% of the total primary energy.

The other renewable energy such as solar,

As to the utilization of renewable energy, the hydraulic power reaches the upper—
1, commercial biomass, etc. also increases in the E case.

bound 360 GW in 2050 in the E case.
of renewable energy is 24.0 EJ in 2050

geotherma

5.3 BASEIl: Demand Sector Impacts

5.3.1 Final Energy Consumption
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Fig. 5.7 BASE1: Changes of Final Energy Consumption(Unit: EJ)
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while the solid fuels decrease from 33.0% to 12.5% in 2050. The use of electricity and

heat increases from 27.3% to 31.0%. Fig. 5.7 shows the comparison.

5.3.2 Sectoral Fuel Mix

5.9 and 5.10.

consumption and fuel mix of agriculture and industry, service

Sectoral final energy
and residential, transportation are shown in Fig. 5.8,

The final energy consumption by agriculture and industry does not change greatly
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Fig 5.8 BASEI: Changes of Final Energy use and Fuels

Mix by Agriculture and Industry(Unit: EJ)
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Fig. 59 BASEIL: Changes of Final Energy Use and Fuels
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Fig. 5.10 BASE1l: Changes of Final Energy Use and Fuels
Mix by Transportation Sector(Unit: EJ)

except for some fuel switching from liquid to solid. In the service and residential scctor,
the total final energy consumption decreases largely from 28.3 EJ of the P case to 24.1
EJ of the E case in 2050. Solid fuels are replaced by electricity, heat, and gaseous
fuels. The transportation sector will continue to depend on the liquid fuels even in the
E case, except for gas fuel in 2050. ‘

5.4 Tradeoff Between Cost and Emission

Tradeoff réIationship between discounted system cost and CO, emission is analyzed
by this study. The tradeoff relationship analysis use the following function as the
objective function:

OBJ = PRICE+ C(n) X ENVCDE

with PRICE: Total Discounted System Cost
ENVCDE: Total CO, Emission

C(n) is the weight of CO, emission relative to the system cost, and can be interpret
as the marginal cost of total CO, emission reduction. In this study, six cases, i.e. P1-P6
are analyzed and the comesponding values of C(1)~C(6) are 1, 3, 10, 25, 50, 100
US$/TCO,. P case can be regarded as a case with C(0)=0 US$/TCO, compared with
above cases. The results are shown in Fig. 5.11. -

From P case to P1 case, with a low marginal cost of total CO, emission reduction,
i.e. 1 US$/TCO,, the total CO, emission can be reduced 9.6% form 418 BtCO, to 378
BtCO,. The total discounted system cost increases only 0.09% from 11115.9 BUSS to
11130.3 BUSS. o S '

From P1 case to P6 case, the total CO, emission can be reduced 13.2% from 378
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BtCO, to 328 BtCO, with a high marginal cost of total CO, emission reduction, i.e. 100
US$/TCO,. The total discounted system cost increases 5.8% from 11130.3 BUSS to
11777.8 BUSS.

This figure indicates that large amount of CO, emission reduction is possible with
a low marginal cost of total CO, emission reduction, but the unit CO, emission reduction
cost will becomes higher if CO, emission reduction is taken more severely.

Discounted Systen Cost Qe $

12
P§ Po P4 P3 P2 Pl P
1.8 o o o A L ] n & * |
1.6 |- -
a
1.4 I~ -
A
L]
1.2 b —
a A .
11

320 330 340 350 360 370 380 330 400 410 420 430

Cupulative C0y Emission(Billion Ton)

Fig. 5.11 BASEL: Tradeoff Relationship between Cost and Emission

The CO, emissions by sectors from case P~P6 in 2020 and 2050 is shown in the
Fig. 5.12, 5.13.
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Fig. 5.12 BASEI1l: CO, Emissions by Sectors of
Case P-P6 in 2020(Unit: Billion Ton CO,)
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6 CONCLUSIONS AND DISCUSSION

By using MARKAL model, the study has made analyses on China's energy system
and it's CO, emission reduction. MARKAL is a bottom-up model which takes a
disaggregate approach to modelling energy system from supply side to demand side,
considering many individual alternatives and their costs. It describes the impacts of such
alternative investments on energy supply and demand through scenario analyses with
possible and potential futures. Bottom-up approach focuses on the demand for energy
services first, which can be satisfied finally through an integrated analyses of supply and
demand in energy system. Bottom-up approach aims at a solution: usually the least—cost
strategies for providing specified emergy services. Applied to the greenhouse gases
problem, they answer the question: How much it will cost to reduce greenhouse gases
emission[16]. MARKAL is a powerful tool for developing least-cost national energy
strategies and analyzing energy and environment issues.

The annual CO, emission from national energy system can be calculated by the
Prof. Kaya formula: :

COo.
GNP X TPER % TFOS X 2

CO, = CAPITA X
CAPITA © GNP * TPER = TFOS

with CAPITA: Population
GNP : Gross National Production
TPER : Total Primary Energy Requirement
TFOS : Fossil Primary Energy Consumption

From above formula, we can see the total amount of CO, emission from the
national energy system is determined by the social, ecomomic, energy factors and
environmental through technologies. The population and GNP are external to the
MARKAL model, so the GNP/CAPITA is independent of the model. The TPER, TFOS
and CO, are calculated by the MARKAL model. .

Also the obvious measures for CO, emission reduction can be derived from this
formula: ' :

1)Reduce the amount of primary energy consumption per unit of GNF;

2)Reduce the share of fossil energy in the total primary energy consumption;
3)Reduce the average CO, emission per umit of fossil energy.

China's future energy consumption will increase in order to power her social and
economic development. The primary energy mix is determined by the energy resource and
technology utilization structure: The CO, emission will continue to increase even under
the emission constraints in China's energy system. But the CO, emission per capita will
only be 6.37 tCO, in the P case of scepario BASEL and 4.48 tCO, in the E casc of
scenario BASE] in 2050, which are very lower compared with those of industrialized

countries.

The energy conservation and . efficiency improvements shows a great deal of
contribution to CO, emission reduction in this study. The total primary energy
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consumption per unit of GNP in the P case of scenario BASE1 will decrease from 53.13
MI/US$ in 1990 to 19.08 MI/US$ in 2050, and can be reduced in the E case of scenario
BASE1 to 17.29 MI/US$ in 2050. For the final energy usc per unit of GNP, in the P
case of scenario BASE1 it will decrease from 41.46 MJ/US$ in 1990 to 11.94 MJ/US$
in 2050. In the E case, it will decrease to 11.10 MJ/USS$ in 2050.

The nuclear and renewable energy will play important roles in the CO, emission
reduction. The total share of nuclear and renewable energy in the total primary energy
consumption increase from 16.4% in the P case of scenario BASEL to 29.7% in the E
case of scenario BASEL in 2050. If taking into account of the limited resources capacity
of hydraulic power and the realistic utilization of other rencwable resources, then the role
of nuclear energy in the CO, emission reduction is irreplaceable in the future for China.

The role of fuels switching from coal to oil and gas is limited because oil and gas
resources constraints in this study. And large amount of fuels switching from coal to oil
and gas is unrealistic for China. From this point of view, the technology substitution by
introducing nuclear and renewable energy technologies become more important for China
in the CO, emission reduction.

This report gives a overall profile of China's encrgy-related CO, emission and its
control strategies and is the first study by using MARKAL model to investigate the CO,
issuc in China's encrgy system to the year of 2050. The results depend on assumptions
about futurc fuels price, discount rate, projection of useful energy demand and the
flexibility of the modelled China's Reference Energy System. Sensitivity analysis is useful
for understanding of China's energy development and its CO, problem. Because of
author's limited available time in JAERI and data sources, the following idea of further
rescarches can not be realized but is necessary for the future study:

Dimprovement on the Database of China's Reference Energy System: As the
MARKAL model is a demand push model. Its accuracy of amalytical results depends
much on the database of each technology and useful demand projection. For the ETSAP's
countries, - they already have more than one decade's experience in improving on their
databases. If we want to use MARKAL to formally analyze China's energy system, a
more accurate, consistent and high quality database is important. In this report, the cost
of CO, emission reduction have not been analyzed in detail for the reason of data's
availability. In order to accurately estimate the cost of CO, emission reduction in China's
energy system, the data of energy carriers' prices and costs of technologies should be
evaluated in more accurate,  consistent detail. -

2)Reviewing Options to Reduce CO, Emission: According to the obvious  measures
for CO, emission reduction derived from above formula, . there are a lot of technological
options which can be analyzed by using models of the MARKAL type. They can be
selected as the following ways: _ '

a. Represented as the technological process in MARKAL - model;

b.. Different- exogenous assumptions in the different scenario;

c. Sensitivity analysis performed in variant cases.

In this study, the options like additional savings the end-use sectors, recycling of
carbonaceous material, CO, removal from electricity generation plants, etc., have not
been modelled in China's Reference Energy System. These options should be taken into
account in the case of vigorous emission reduction and their costs can be compared with
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other choices.

3)Analysis on the Impacts of CO, Emission Reduction Strategies on China's
Economic Development: There are many macro-economic impacts of the CO, reduction
strategies such as additional cost for implementation of CO, reduction measures, impacts
on capital investment and the effects on the level of energy demand. Now it is possible
to make such analysis by using hard-linked MARKAL-MACRO model{12] or MARKAL~
MACROEM model[20]. This will be more meaningful to China because the most
important thing is to minimize the effects on her economic development while reducing
CO, emission.
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