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1.1 Acid rain in Asia: the problem

What is acid rain? Acid Rain is a term used to describe the result of atmospheric chemical
reactions of pollutants such as SO, and NO, with naturally occurring atmospheric water and
oxygen. The popular term "Acid Rain" includes both the wet deposition and dry deposition
(SO, gas) on the environment. Anthropogenic emissions of acid rain precursors occur during
the combustion of fossil fuels, especially coal, for energy production in the power, transport,
industrial and residential and commercial sectors. The impacts of these emissions are felt at
the local, national and regional scales, via air quality deterioration at the local level, and via
the impacts of acid rain on ecosystems at the national and regional levels.

Acid rain has been an issue of widespread concern in Europe and North America for more
than 15 years. Because of the heavy utilization of fossil fuels in industrial countries in the
second half of this century, the acidity of rain has increased markedly, damaging lakes, soils,
forests, and materials in many countries. In response, a number of countries have carried out
major programs of monitoring, damage assessment, modeling, and analysis of various
technical and economic strategies for mitigating the effects of acid deposition.

Although policy-makers in Europe and North America are still attempting to resolve issues
related to the choice and implementation of acid rain control strategies, progress has clearly
been made in decreasing acid deposition. This progress is based on a number of steps,
including energy conservation and efficiency improvements, a shift away from using fossil
fuels containing large quantities of acid rain precursors, deployment of emission control
technologies, and existing or anticipated national and regional laws and agreements. In the
Asia region, emissions of acid rain precursors are currently at high levels and expected to
increase further given the rapid growth in energy consumption.

Growth in energy consumption in Asia. Many Asian countries have experienced rapid
economic growth during the last two decades and this trend is expected to continue.
Accompanying rapid economic growth is a gargantuan appetite for energy. At current
growth rates, Asian energy demand is doubling every twelve years -- as compared to the
world average of every twenty-eight years. The demand for electricity is growing even
faster: two to three times faster than GDP for most of the rapidly industrializing East Asian
countries and up to two times faster for most of South Asia. The amount of new investment
being planned in the Asian power sector during the 1990s is two-thirds of all the power-
related investments being made in the development world during this period. Over 80
percent of all energy is derived from fossil fuels and 95 percent from fossil and biomass
fuels. Coal is the dominant energy source (58 percent in East Asia, and 39 percent in South
Asia), and is expanding at 6.5 percent per year, a rate which exceeds regional economic
growth.
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Local impacts of emissions. Local air pollution is becoming a serious problem and high
pollutant deposition levels are being measured in an increasing number of locations (Rodhe
et al., 1988; Bhatti et al., 1991). Most of the air pollution problems identified in the nations
of Asia are confined to localized areas of high emissions, usually associated with the densely
populated metropolitan regions such as Bangkok, Beijing, Bombay, Calcutta, Delhi, Hong
Kong, Jakarta, Kuala Lumpur, Manila, Shenyang, and Seoul and pollutant concentrations in
most of these cities regularly exceed the World Health Organization (WHO) recommended
limits for particulate matter and sometime for SO,. Additional monitoring in these areas may
uncover a more widespread pollution problem than is presently observed.

Transboundary impacts of emissions. The projected development of fossil fuel energy
systems (mostly involving coal combustion), would entail greatly increased emissions of a
wide range of substances of concern including, most prominently, acidifying compounds and
greenhouse gases (Foell and Green, 1991). Because these would likely be emitted from large
energy facilities with high stacks, they could decrease local effects but increase the
long-range transport of these acidifying substances to potentially sensitive geographical areas.
Table 1.1 shows the current and projected emissions of sulphur dioxide (SO,) for Europe,
USA, and Asia . The total projected SO, emissions for the Asian countries in 2000 and 2010
are 54 and 76 million tons, respectively. These estimates far exceed the estimated emissions
of North America and Eastern/Western Europe combined.

Table 1.1 Current and projected SO, emissions by region

Region/country 1990 2000 2010
Europe 38 22 14
USA 21 15 14
Asia 34 53 78
China 22 34 48
India 4.5 6.6 10.9
Other 7.5 12.4 19.1
Sources:
Europe: Cofala, J., Schépp, W., 1995: Assessing Future Acidification in Europe. Note

prepared for the 15th Meeting of the UN/ECE Task Force on Integrated
Assessment Modelling, May 1995, The Hague. IIASA, Laxenburg, Austria.

USA: Estimates obtained from National Acid Precipitation Assessment Program
' (NAPAP) Integrated Assesment. Draft Sept. 1990.

Asia: Reference scenario from Chapter 7 of this report.



Acid rain in Asia. Figure 1.1 gives an overview of the acid rain situation in Asia as
estimated before the start of this study (Bhatti et al., 1991). Relative sulfur dioxide emissions
in 1985 by country or region are indicated by vertical bars. Emissions are significant in
China, India, Japan, and the Koreas and are small but growing very rapidly in several other
countries of South and Southeast Asia. Deposition patterns of emissions are largely
determined by wind flow patterns, shown by arrows in the figure. In winter (January) the
flow is generally from the land mass to the ocean, while in summer (July) the reverse occurs.
Typical monitored values of pH are shown in the circles. Low pH values, (e.g., 4.5) occur
in Japan and Southern China where emissions are large; elsewhere the pH values are 6 to 7.

Because of the paucity of monitoring sites, the probability of low pH’s at other unsuspected
locations is high.




SUMMARY OF
ACID '
DEPOSITION
IN ASIA

a Emissions
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® Typical pH
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Figure 1.1 Summary of Acid Deposition in Asia (Bhatti et al., 1991)
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Status of research. In Asia, where recognition of this phenomenon is just beginning, very
little research has been conducted on the levels and impacts of acid deposition. However,
available monitoring data show that the acidity of rainfall has been rising dramatically in
some areas of the region. The degree to which this increased acidity is affecting Asian
ecosystems is unknown at present. However, given the North American and European
experience, impacts can be expected to be significant. Some of the ecosystems of the Asia
region are similar to those found in areas of North America and Europe where the majority
of the research on acid deposition impacts has been conducted. Thus, in some cases it should
be possible to extrapolate the potential effects found in these western nations to the
corresponding ecosystems of Asia. However, many other environments in Asia are very
different from those for which acid deposition impacts have been studied, and research will
have to be conducted to analyze and assess the relative vulnerability of these various
anthropogenic and natural environments to acidic inputs.

Nevertheless, based on knowledge of the various components (i.e., soils, flora, fauna,
climate, etc.) of the ecosystems in question, their relative vulnerability to acidic inputs and
their distribution in the Asian region, it is possible to attempt to predict the potential effects
of acidic deposition (Bhatti et al., 1991). For a given area to be at high risk from
acidification, a number of conditions must be present simultaneously. First, the area must
be receiving or at risk of receiving high levels of deposition. Second, the soils of the area
must be sensitive to acidification, and the area must have vegetation, fauna, aquatic
organisms, man-made materials and/or large human populations vulnerable to increased
inputs of acidity. One attempt to assess these risks for the Asian region showed Japan,
Korea, Southern China, and the mountainous regions of South-east Asia with the mountain
zones of Southwestern India to be at greatest risk (Bhatti et al., 1991) (see Table 1.2).

In most Asian countries there does not seem to be either a strong scientific or a public
constituency to address the potentially serious problems in the future for long-range transport
and deposition of sulfur and nitrogen species, and for the consequent damage to ecosystems,
health, and materials.

In addition to their global implications, the long-term and regional/local implications of these
atmospheric emissions touch not only the natural environment, but also have far-reaching
implications for important commercial and cultural activities such as forestry, agriculture,
and tourism. The political ramifications of transboundary environmental pollution in Asia are
also likely to be serious.
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Table 1.2 Vulnerability of various Asian regions to acid deposition risk factors

High High deposition Sensitive Sensitive High risk
emis- soils vegetation and
sions materials
Region Current | Future Current Future
NE China X X X X
Japan, Korea X (winter mostly) X (winter X X X
mostly)
S China X X (winter mostly) X (winter X X X
mostly)
SE Asia X X X (local areas, X (local areas, X (mountain X (mountain X (mountain
summer mostly) summer mostly) areas) areas) areas)
SE Asian islands X X X (isolated, local) X (isolated, X (mountain
local) areas)
N India X X X (summer) X (Himalayan
foothills)
SW India (borderline acidity) X (winter) X X (mountain (borderline in
areas) mountain areas)
NE India X X (summer) X
Sri Lanka, Mal- {borderline acidity) X (winter)
dives
Siberia, N Mon- X (summer) X
golia

Why RAINS-ASIA? In light of this outlook, the time has come to develop an integrated
program of assessment and policy analysis for the purpose of analyzing long-term strategies
for acid rain problems at national and at Asia-wide levels. A key component of such a
program entails the application of the analytic and policy development experience gained in
the West to this emerging issue in Asia. An analytical tool has been built to help
decision-makers project future trends in emissions, estimate the regional consequences for
acid deposition levels, evaluate the vulnerability of natural and artificial systems, and
estimate the costs and effectiveness of alternative mitigative actions that might be taken. Such
a policy analysis exercise can start to raise environmental awareness in the region and begin
a dialogue that could help ameliorate (or prevent the worsening of) an environmental problem
in the early stages.

The role of the World Bank. World Bank involvement would help the ongoing process of
assisting countries in the Asia region incorporate environmental considerations into the
developing strategies. The Bank is active at the national levels through assistance to countries
to prepare and implement National Environmental Action Plans, and at the global level
through partnership in the Global Environmental Facility. Increasingly, the Bank is beginning
to assist countries work together to understand the causes and impacts of regional or common
environmental problems and explore mitigatory options, as a means to facilitating countries
meet their obligations under international or regional treaties. Further, by using RAINS-
ASIA, the Bank should be able to minimize the acid rain related environmental consequences
of its work in the power and industrial sectors in Asia, and adopt a environmentally pro-
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active development strategy.
1.2 Project history

This project has its institutional genesis in 1989. At that time there was a small but growing
recognition of the potential air pollution problems resulting from the massive growth of fossil
fuel use in Asia. In response to the above concern, an effort to explore mechanisms to bring
together a group of prominent scientists to assess the magnitude of the problem and to
recommend needed actions began. This resulted in the convening of a small group of
international specialists on acid rain at Asian Institute of Technology (AIT) in Bangkok,
Thailand in November, 1989, with the financial support of the U.S. Department of Energy.
The objectives of this small workshop were to assess the status of existing or potential acid
rain issues in several Asian countries; to review relevant experiences in Europe and North
America; and if appropriate, to begin to plan and design a follow-up research/action
program.

First conference in 1989. The AIT workshop brought together a considerable body of
international knowledge and experience dealing with acid rain problems. The participants
were chosen to represent the entire spectrum of issues and expertise, ranging from energy
technologies and pollutant emissions, all the way through the cause-effect chain to the
ultimate damage of natural and manmade systems. Participants from Asia included
specialists from several of the Asia countries with greatest concerns about acid rain,
including China, India, Thailand, Indonesia, and Korea, the United Nations Environmental
Program (UNEP), and several energy/environment scientists from AIT.

As a result of its review of the current and future situation in Asia, the workshop concluded
that acid deposition had the potential to cause significant damage in Asia. In China there
already appeared to be considerable evidence of the effects. The participants were greatly
concerned by the implications of the planned initiatives for accelerated development of
massive fossil-fuel energy systems in many Asia nations, which could entail greatly increased
emission of acid deposition precursors. Because these would likely be emitted from large
energy facilities with high stacks they could increase the transport of these acidifying
substances to sensitive geographical areas.

Based on the above conclusions, the Workshop participants recommended the development
of an intensified monitoring program in Asia and the development of a program for research
on pollutant transportation/transformation and on the impact of acid depositions on natural
and man-made systems. Inaddition the participants strongly recommended that an integrative
program of assessment and policy analysis be developed for the purpose of analyzing
long-term strategies for acid rain problems at national and Asia-wide levels. This initial
conference became the first of a series of "Annual Conferences on Acid Rain and Emissions
Reduction in Asia".

Second conference on Acid Rain. In November 1990, an expanded group of prominent
experts attended a "Second Annual Conference on Acid Rain and Emissions Reduction in
Asia" at AIT under the broader sponsorship of the U.S. Department of Energy, the World
Bank, UNEP, and ESCAP. It had the objective of reviewing the problem in more depth, and
if appropriate, to lay out a detailed program and plan of action. At this conference, several
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papers were presented and discussed (AIT 1990) which provided a further quantified
understanding of the current status and potential of the acid rain problem in Asia. Major
results included: (1) a survey paper (Bhatti, et al. 1991) which gave a broad perspective
of the issues; and, (2) the first Asia-wide estimate of acid precursors through the year 2010
(Foell and Green, 1991).

Based on the discussions at this Conference, a phased integrated policy analysis framework
was planned. The plan included personnel and resource requirements, schedules, institutional
statements of interest and responsibilities from approximately 14 institutions through Asia,
Europe, and North America. In the addition, for the first time, the conference produced a
Proceedings, containing several papers presented at the conference (Foell and Sharma,
1991). A major outcome and follow-up of this conference was a growing awareness of the
potential acidification and air pollution problems in Asia. This included increased interest
within national governments and research organizations, as well as in the international
community, including UNEP, ESCAP, ADB and the World Bank.

World Bank - Asian Development Bank involvement. In early 1991 the World Bank
expressed interest in a project which focussed on the development of a policy-oriented
assessment tool to address acid rain related issues. Based on the earlier discussions the
possibility of adapting to Asia the RAINS model, developed by IIASA for acid rain
assessment in Europe was explored. At the third annual conference, held at AIT in
November 1991, with environmental officials of the World Bank and ADB in attendance,
detailed project plans and agreements were developed for a so-called RAINS-ASIA project.
Using the RAINS model as the analytical framework for the project, the conference produced
a specific written proposal to the two multilateral banks as discussed below. In addition a
Conference Proceedings was published laying out major technical frameworks for the
anticipated research (Foell and Green, 1992).

1.3 Goal of the projects

In recent years, integrated assessment models have been utilized for international negotiations
on acid rain. The purpose of these models is to provide negotiators or regulators with a full
regional picture of the problems associated with the entire causal process from energy
systems and emissions through to the ultimate impact on natural and man-made systems. The
model user can analyze the regional and national implications of various scenarios, which
include options for energy use, control strategies, and mitigation policies. Such an effort for
the acid rain problem in Europe has led to the Regional Acidification INformation and
Simulation (RAINS-EUROPE) model. This model has increasingly been used for policy
analysis under the Convention on Long-range Transboundary Air Pollution (United Nations,
Geneva). Most recently the RAINS-EUROPE model has been used in the negotiations that
led to the signing of the Second Sulfur Protocol. This Protocol contains SO, emission
reduction requirements for the 33 Signatories which have largely been based on calculations
with RAINS-EUROPE.

In 1992 the World Bank commissioned several research institutes to develop the first phase
of a complete assessment methodology of the acid rain impacts for Asia, as done for Europe.
To achieve this goal in phase 1 of the project, the experience collected in the construction
and use of the RAINS-EUROPE model was used to create RAINS-ASIA. Additional
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expertise on the specific Asian situation was added to the research team. RAINS-ASIA was
aimed to be an integrated acid rain and emissions policy analysis model for the development
of national and regional policy perspectives in Asia. The model design includes the entire
causal chain from energy systems and emissions through to the ultimate impact on natural
and man-made systems.

Similar to the RAINS model for Europe, RAINS-ASIA consists of three modules, each
describing a part of the cause-effect chain. The modular structure of RAINS-ASIA will
allow for easy replacement of individual modules when knowledge progresses. The four basic
modules of the RAINS model are:

Regional Energy Scenario Generation Module (RESGEN)
Energy and emissions module (ENEM)

Atmospheric module (ATMOS)

Impacts module (IMPACT)

Ll o 2w

The RAINS-ASIA model covers the countries of East, South, and South-East Asia, with
particular focus on China, India, Thailand, and North and South Korea (10° South to 55°
North in latitude and 60° to 150° East in longitude). The temporal range of all the model is
1990 - 2020 with time resolution of one year. RAINS-ASIA has been implemented on a PC.

In addition, the Regional Energy Scenario Generator (RESGEN) has been developed.
RESGEN output is directly linked to RAINS-ASIA.

1.4 Terms of Reference for the Program

The development of the RAINS-ASIA model took place as a collaborative effort involving
several international institutions. The RAINS-ASIA program included development of
several components:

(a) Energy and Emissions Module and Energy Economic Analysis;
(b) Atmospheric Transport and Deposition Module;

(c) Ecosystem Sensitivity Evaluation and Mapping for Asia;

(d) Critical Load Evaluation and Model Integration Modules; and,
(e) Asian Countries Data Collection and Institutional Development.

Separate consulting contracts were prepared for each of these components. The first four
components were funded through the World Bank while a separate contract for the fifth
component was prepared by the Asian Development Bank (ADB). This report is for the
model development projects financed by the World Bank. The results of ADB Asian
Countries data gathering effort project through AIT has been reported in a separate report.
A. ENERGY AND EMISSIONS MODULE

The Energy and Emissions module development for RAINS-ASIA included:

(i) Development of a policy-based energy/emissions module for front-end interfacing with
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RAINS-ASIA. The model structure shall be based on the definition of the regions of interest
and the level of sub-country analysis necessary to produce the required gridded energy and
emission data for baseline and scenario emission inventories.

(ii) Construct a detailed protocol to define the methodology for data collection of country
and sub-country specific data on Asian energy and economic systems.

(iii)  Create a preliminary emissions inventory for the Asian region for a base year on the
basis of 1° by 1° grid resolution. This emissions inventory shall differentiate between the
location of point and area sources as needed for the atmospheric transport calculations and
shall try to incorporate season variations in emission patterns.

(iv)  Integrate all appropriate collected and assimilated data into the energy/emissions
model.

(v) Develop baseline and future energy/emission scenarios, based on the revised regional
sub-country energy/emissions model. This includes initial model runs, model testing, and
development of the baseline energy/emissions scenario.

Energy/Economic Analysis
The Energy/Economic Analysis for RAINS-ASIA included the following:

(i) Provide important national information on which to base a thorough analysis of the
potential for energy conservation, efficiency and fuel substitution;

(i)  Apply a "top-down" econometric model of energy and emission to a few Asian
countries, particularly China, India, S.Korea and Indonesia;

(iii)  Identify and evaluate information needed for the development of alternative scenarios
and develop insight into the analysis of economic impacts of efficiency improvements and
fuel substitutions; and,

(iv)  Initiate an analysis at macro scale of the institutional, financial and resource
constraints to fuel substitution and energy sector development.

B. ATMOSPHERIC TRANSPORT AND DEPOSITION MODULE

The Atmospheric transport and deposition sub-module development for RAINS-ASIA
included:

(1) Develop an acid deposition dispersion model for use in Asia. The Asian domain shall
consist of the window bounded by 10° South to 55° North latitude, and 60° to 160° East
longitude and should treat emissions from elevated sources.

@i1) Select model parameters (dry deposition velocities, reaction rates, dispersion

parameters) which are appropriate for Asian applications. Asia specific parameters must take
into account high levels of dust, and tropical conditions. Sensitivity calculations shall be
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performed to identify key input parameters.

(i)  Select base year for calculation of annual deposition. Special attention to be paid to
select representative meteorological conditions.

(iv)  Calculate annual sulfur deposition (wet, dry and total) on a grid to grid basis for a
complete annual cycle. Sulfur dioxide and sulfate surface concentrations shall also be
calculated.

(v) Develop appropriate post processing tools to calculate the transfer matrices needed
by the RAINS model, calculate country-to-country matrices, and display the data on regional
and sub-regional basis.

(vi) Identify observational data in Asia on sulfur dioxide and sulfate ambient
concentrations, and precipitation sulfate, for use in model verification. Preliminary model
performance evaluation shall be initiated.

(vii) Obtain data on the base-cation composition of anthropogenic and natural aerosol
components in Asian countries. Locate regions of natural emissions and identify seasonal

dependence. This information shall be used in future studies estimating base-cation deposition
in Asia.

(viii) Establish a network of scientists and principal contacts in Asia to coordinate the
development and application of the atmospheric model in Asia.

(ix)  Deliver the dispersion model for use as tool to study long range transport of air
pollutants in the Asia region. This model shall be used outside of the RAINS-ASIA model.

C. ECOSYSTEM SENSITIVITY EVALUATION AND MAPPING

The development of an Ecosystem Sensitivity Evaluation and Mapping for Asia module for
RAINS-ASIA and included:

1) Enhancement of data collection, digitization, GIS manipulation and production of
interim maps for review and assessment. Activities will include: collection of maps and
digital data; land use data; soil type, geology, precipitation, evaporation, and GIS
manipulation; and methodology refinement.

(i), Organize a scoping meeting on the final methodology including establishment of
sensitivity and critical load relationship criteria.

(iii)  Participate in workshops to discuss sensitivity mapping and assignment of critical
loads for the region.

(iv) - Coordinate with other components including critical load maps preparation.
D. CRITICAL LOAD EVALUATION AND MODEL INTEGRATION MODULES

The work on the Critical Load Evaluation module for RAINS-ASIA included the following:
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(1) The sensitivity of Asian ecosystems shall be described by means: of preliminary
computed critical loads. A review and contacting of the Asian institutes for the exchange of

methodologies, maps and data for critical load evaluation shall be initialized during the
project;

(1))  Expansion of the application of critical load assessment methodology in Asia in
collaboration with Asian scientists working on other components. The methodology for the
computation of critical loads in Asia shall be examined using existing data which will be
digitized and made available through other project component, and data from China, Japan,
and Korea if available and appropriate. The results of this effort shall be disseminated for

review of the methodology including background maps developed under another component
of the project;

(ili)  Organize a scoping meeting on the final critical load assessment methodology and
carry out preliminary evaluation of critical loads and maps for the region;

(iv)  Compute critical loads for grid cells in Asia and, if appropriate, use sensitivity classes
for the verification and regional extrapolation of the computed critical loads. The result of
this activity shall be an applicable map of critical loads which can then be incorporated into

RAINS-ASIA;

(v) Disseminate critical loads maps to other consultants and organizations;

(vi)  Conduct a workshop to evaluate and review the results of the critical load and
background maps; and

(vii)  Submit the critical loads map to the Model integration task manager for incorporation
into RAINS-ASIA.

Model Integration

The Model Integration module consisted of the following tasks:

(i) The RAINS-ASIA model will consist of several modules. The linkage among all
modules shall be established under this component. The RAINS-EUROPE model shall be
modified to accommodate the changes necessary to implement RAINS-ASIA. Cooperation
and coordination with other consultants will be a key to the success of this component;

(ii)  Redefine the region of interest from Europe to Asia by developing a grid matrix and
geographic map for the Asian region and integrate this matrix and map into the RAINS

format;

(iii) - Input Asian technological information on combustion and control technologies and
adapt the RAINS-EUROPE cost functions for Asia;

(iv)  Adapt base year emissions inventory and baseline scenario to reflect the needs of
modeling for Asia;
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(v)  Change the RAINS-EUROPE user interface to meet the Asian policy requirements;

(vi)  The RAINS model is capable of assessing scenarios such as emission level changes
through technical measures or alterations in energy consumption patterns. A preliminary

energy scenario shall be incorporated from the other components to illustrate the operation
of RAINS-ASIA;

(vii) Deposition patterns and first assessments of these patterns by comparison to critical

loads shall be computed and displayed geographically. Emission and energy scenarios shall
be displayed graphically; and,

(viii) A manual for RAINS-ASIA shall be developed.

E. ASIAN COUNTRIES DATA COLLECTION AND INSTITUTIONAL
DEVELOPMENT

Work under this task included collection of data on socio-economic indicators and energy
characteristics (see Chapter 3.3), monitoring sulfur dioxide in East Asia (see Chapter 5.6),
and organizing an IMPACT task meeting (see Chapter 6, Annex 5). This work was carried
out under a separate contract from the Asian Development Bank.

Workshops planned in Terms of Reference

Three major workshops to coordinate various components were planned during for the
project. These activities are described below.

(i) Task Group & Project Coordination/Progress Workshop, Four months after project
start To be held in Asia. The first major workshop is planned at the end of the fourth month
of the project. This workshop shall serve two specific purposes: working group meetings
for the four components and a project coordination meeting. At this meeting, the
methodologies of the working groups shall be discussed and finalized, critical data gaps shall
be identified, and task-specific activities refined as necessary.

(i1) Model Integration Workshop. Nine months after project start. After nine months, the
preliminary individual RAINS-ASIA components shall be delivered to the model integration
team. At this workshop, the individual components shall be presented to the group, and
these components shall be interfaced within the RAINS-ASIA model. All protocols regarding
units, formats, and component details shall be discussed at this time. The plans for testing
the assembled RAINS-ASIA model, and finalization of the base case RAINS-ASIA
simulation, shall be determined at this meeting.

(iii)  Preliminary Results and Program Progress Meeting, twelve months after project start.
This project conference, held in the twelfth month of the project, shall be to review the first
complete initial results using RAINS-ASIA. This meeting shall contain all key members of
the project team. Results from the four major components shall be reported, along with the
integrated RAINS-ASIA products. Further developments, refinement in the type and display
of model outputs, plans for additional model testing, and final selection of scenarios shall be
discussed at this time.
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1.5 Major meetings and workshops held during the project

The project has met several times to discuss progress and interact with scientists from Asian
countries. A brief overview of the project meetings is listed below. Apart from these
meetings, the various tasks leaders met with Asian scientists to improve input and discuss
tentative results. These meetings are discussed in the respective chapters in this report.

June 1992: Start of the project (kick-off meeting); timetable; definition of final
products (Madison, Wisconsin, USA)

November 1992: 4th Annual Conference on Acid Rain and Emissions in Asia
(Bangkok, Thailand)

April 1993: Integration meeting; interim results of sub-modules; first version of the
software (Laxenburg, Austria)

September 1993: Presentation of interim report to the World Bank Task Managers
(Washington, D.C., USA)

February and July 1994: Integration meeting; second version of software; scenario
development (Laxenburg, Austria)

October 1994: Scenario development and final report meeting (Beijing, China)

November 1994: Symposium on Acid Rain and Emissions in Asia (Bangkok,
Thailand)

May 1995: Peer Review Meeting (Washington, D.C., USA)
1.6 Team and network in Asia

This project has been carried out by a team of experts from Asia, Europe and the United
States. This broad-based effort has been co-coordinated by the Asia Technical Department
of the World Bank and the Asian Development Bank. The project has been organized into
four major tasks: Energy and Emissions; Transport, Deposition and Monitoring; Ecosystem
Sensitivity; and Integration. Each task involved a team of Asian and European/USA
scientists. For each task there is an Asian project leader and focal center(s) to support the
development of the RAINS-ASIA model and to facilitate networking among scientists and
analysts in Asia. A unique team of experts from Europe and the United States, has been
assembled for the project. The team members were specifically selected for their extensive
experience and dedication to the subject of acid rain in Asia. Participating institutes for the
project:

Contract Management:
World Bank -- Jitendra Shah

Asian Development Bank  -- Ali Azimi
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Project Management:

USA/Europe Leen Hordijk, Wageningen Agricultural University, Netherlands
Wesley K. Foell, Resource Management Associates, USA

ASIA

Energy and Emissions Module:

S.C. Bhattacharya and R.M. Shrestha, Asian Institute of Technology, Thailand

USA/Europe Project Leader:

Asia

Institutions:

Project Leaders:

Focal Points:
Japan

India

China
Thailand
Bangladesh
Indonesia
Philippines
Pakistan
Myanmar
Vietnam
South Korea
Malaysia

Wesley K. Foell, Resource Management Associates,
USA

Resource Management Associates, USA
Argonne National Laboratory, USA
ECON Energy, Norway

S.C. Bhattacharya and R.M. Shrestha, AIT

University of Tokyo

Tata Energy Research Institute

Research Center for Eco-Environmental Sciences
Dept. of Energy Development and Promotion
Bangladesh Council of Scientific and Industrial Research
Institute of Technology at Bandung

Department of Energy

Pakistan Atomic Energy Commission

Ministry of Energy

Institute of Energy

Korean Institute of Energy Economics
University Sains Malaysia, Penang

Atmospheric Transport and Deposition Module:

USA/Europe

Asia

Project Leader:

Project Leader:

Institutions:
Japan

Hong Kong

South Korea
South Korea
China

Greg Carmichael, University of Iowa, USA

Manju Mohan, Indian Institute of Technology, India

Central Research Institute Electric Power Industry
Kyushu University

Royal Observatory

Ajuo University

Korean Institute of Science and Technology
Research Center for Eco Environmental Sciences

Monitoring Network Collaborators:

India

Indian Institute of Technology
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Nepal

South Korea
Thailand -
Malaysia
Indonesia
Taiwan -
Hong Kong
Vietnam
Bangladesh
China -
Sweden -

t

Impacts Module:
USA/Europe Project Leader:

Institutions:

Asia Project Leader:

Institutions:
South Korea
Bangladesh
Japan -
Vietnam
Taiwan -

Integration of RAINS-ASIA

USA/Europe Project Leader:

Nepal Meteorological Services

Ajou University

Environmental Research and Training Center
Malaysia Meteorological Agency

Institute of Technology at Bandung

Taiwan National University

Hong Kong Polytechnic

Institute of Chemistry, Hanoi

Jahangirnagar University

Research Center for Eco-Environmental Sciences
Swedish Environment Research Institute

Jean-Paul Hettelingh, RIVM, Netherlands

Stockholm Environment Institute, England
University of Lund, Sweden
GEODAN, Netherlands

Zhao Dianwu, Research Center for Eco-Environmental
Sciences, Beijing, China

Kyong-gi University

Jahangirnagar University

National Institute for Environmental Studies

Institute of Chemistry, Center for Research of Vietnam
Taiwan National University

Markus Amann, IIASA. Austria

Other Institutions from which individuals have participated in the Project

Thailand - King Monkuts Institute of Technology, Thonburi

- Electric Generating Authority of Thailand

- Thailand Development Research Institute
Australia - University of Technology Sydney, CSIRO
USA - Oak Ridge National Laboratory; East-West Center
International - UNEP

- ESCAP
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2. INTEGRATED ASSESSMENT

Authors:
Markus Amann, Janusz Cofala, Leen Hordijk

2.1 Introduction

An analysis of acid rain (or of any other environmental policy issue) can be carried out in
several ways. In general one can distinguish between "a single issue" analysis and an
integrated analysis. The first kind is often used to determine if and how much acid rain
contributes to forest damage in a particular area, to analyze the deposition pattern of
emissions from a number of sources, or to make a cost-effectiveness analysis of the
possible options to reduce the emissions of a given source. This "single issue" analysis

has proven to be of great value to enhance better understanding of the problems related to
acid rain.

In many countries in Europe and North America, large multi-year and multi-million dollar
research programs have been carried out from which analyses of this have been drawn.
However, next to this type of analysis the need was felt in some countries to develop a
more comprehensive analysis of all aspects of acid rain. This analysis is denoted as
Integrated Assessment (IA). This analysis would be particularly useful if expensive
abatement programs were to be developed that would have a large effect on various
economic sectors of the country or would even affect the country’s international compet-
ing position.

Although integrated assessment is more than ’operating an integrated model’, it is
frequently so that IA has been identified with building a large model. We would like to
stress that in our view IA is a process rather than a model building effort alone. The
model is one of the tools for IA, certainly not the IA itself. However, one of the major
steps is frequently the construction of an integrated model.

2.2  Integrated assessment of air pollution in Asia

In large parts of Asia, air quality is rapidly decreasing. Impacts are most visible on a
local scale at some hot spots: In 1990, 12 of the 15 most polluted cities in the world (i.e.,
highest levels of particulate matter) were in Asia, imposing significant threats to human
health. However, air pollution is not only a local problem; many pollutants (such as
sulfur dioxide or nitrogen compounds) stay in the atmosphere several days before they are
deposited on the earth’s surface. During this time wind moves the air and thereby also the
pollution over distances of several hundreds to thousands of kilometers, dispersing
emissions over large areas. Many sensitive ecosystems in Asia face now, after the sharp
increase of emissions experienced in the last decade, an excess of their tolerable exposure
limits to pollution, which ultimately will result in significant damage to these (natural and
agricultural) ecosystems, for example in southwest China.

At an early stage such latent impacts and injuries are difficult to identify. However, if
nothing is done the current pace of economic development in this region will be accompa-
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nied by a strong growth of emissions and wide-spread damage will only be a question of
time. An early detection of the upcoming problem will enable the consideration of a full
range of countermeasures - out of which the most cost-effective could be selected to avoid
costly damage.

The analysis and finally the proper choice of measures, however, is a complex task.

Many different aspects should be taken into account:

- the future dynamics of economic growth in different regions

- the planned strategies to satisfy the implied demand for energy

- the associated emissions of air pollutants

- the available technical options and the costs of reducing emissions

- the spatial dispersion of emissions through the atmosphere

- the regional sensitivities of ecosystems (such as agricultural crops, natural forests,
etc.) and human health towards air pollution

- the practical implementation of strategies (setting technological standards, econom-
ic incentive instruments, etc.)

Restricting the scope to a few single aspects from the list above may provide an incom-
plete or even wrong analysis. An integrative view considering the full variety of aspects is
essential for the correct understanding of the air pollution problem and for developing
cost-effective strategies to reduce the problem.

Integrated assessment models help to structure the problem in a consistent way. Such
models apply confirmed scientific evidence of the various disciplines to the specific
situation in a region (based on reviewed high quality data bases). By putting the various
aspects into relation to each other such models are valuable tools for gaining insight into
costs and benefits of alternative approaches to reduce impacts of air pollution. Therefore,
they are most useful both on the national level (e.g., in exploring environmental impacts
of future power expansion plans or in the process of preparing decisions on the site of
new emission sources) and on the international level when considering international
cooperative solutions to avoid or reduce environmental problems caused by air pollution.

2.3 Relevant policy questions

Air pollution may be viewed from a variety of angles with different questions posed to an

assessment analysis. There is an interest in obtaining answers to questions of general

nature, such as

- What will be the emissions in the future ?

- How do they depend on the pace and structure of economic development ?

- Could the anticipated emissions eventually cause threats to sensitive ecosystems ?

- If they are of concern, which ecosystems in which regions are endangered ?

- What are the technical options to control emissions ?

- - And how much would it cost ?

- Are there options other than emission control technologies to keep emissions at an
acceptable level, e.g., improvements of energy efficiency?

In practice, interest is often not only focused on questions of such general nature, but
poses the same questions for a specific region. Obviously, answers will depend crucially
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on the country or region under consideration, i.e., the answers might be different in

different parts of Asia. A regional model covering all of Asia with a uniform, consistent

and internationally accepted methodology will not only provide site-specific answers in

the national context, but also important information on international problems such as:

- What is the impact of emissions of a certain country on its neighbors?

- To what extent can strategies focusing solely on domestic emissions solve the air
pollution problem in a country?

- What are the gains to be made by international cooperation?

Before devoting attention to transboundary pollution problems, however, most countries
tend to focus their interest more on domestic policies. Integrated assessment could also
some of the questions arising in such a context:

- Where are the sensitive ecosystems in a country?

- Which (present and future) emission sources make contributions to sulfur depositi-
on at these locations?

- To what extent can emission control measures alleviate the exposure?

- At what cost?

- What are the acidification impacts of national power expansion plans (considering
also the development in neighboring countries?

- If a specific (future) emission source (such as a planned power station) puts
significant load on sensitive ecosystems, are there any ways to prevent the problem
by moving the location to less sensitive sites?

- Or by installation of flue gas treatment at these locations?

- To what extent can emission control measures elevate the exposure?

- At what cost?

- Which potential problems could be avoided by low energy strategies?

- etc.

Integrated assessment models have been developed to provide information on many
aspects of a particular problem, and thereby enable the user to generate answers to the
types of questions listed above.

2.4  The concept of integrated assessment of air pollution in Asia

To provide a tool for the integrated assessment of air pollution in Asia, as a first step the
general air pollution problem has been confined to the acidification problem, primarily
caused by emissions of sulfur dioxide (SO,). The assessment framework includes the
major relationships and (physical) linkages between the activities causing emissions, the
technical and economic characteristics of the emission sources and the technical and
economic potential for control, the atmospheric dispersion of sulfur compounds and the
regional sensitivities of natural and managed ecosystems towards deposition of sulfur. A
series of models covering the various aspects of the acidification problem are implement-
ed on a computer in a user-friendly way to enable also inexperienced users to operate the
assessment framework and to gain basic insight into the air pollution problem in Asia.
Without any doubt all of the problem areas mentioned above are extremely complex
subjects to explore, involving a large variety of influencing factors. Detailed models have
been created to describe:

II-3



- the dynamics of future energy consumption,
- atmospheric dispersion of pollutants, and
- acidification of soils under the specific conditions prevailing in the region.

Details on each of these models are provided in the respective sections of this report.
Based on voluminous data sets these models have been implemented for Asia and
represent current up-to-date information on the various aspects of the pollution problem

Integration of all aspects maintaining the full range of details for each sector is difficult to
implement and would result in an unmanageable conglomerate of models and data. To
create a practical tool for strategy analysis, a crucial step in the model development was
the identification of a simple representation of the relations between the policy input
variable of the modules (e.g., economic development for the energy module, annual
emissions of the atmospheric module and deposition for the impact module) and the
output variables (annual emissions of the energy module, deposition of the atmospheric
module and protection of an ecosystem for the impact module). For the final implementa-
tion of the integrated tool, these simple relationships are then connected with each other
into an overall assessment framework allowing the comparative analysis of alternative
energy and emission reduction strategies.

Another important feature of the implementation is its user-friendliness. This means that
the model is operational on standard personal computers. The model uses standard user
interfaces similar to Microsoft Windows. The individual modules are set up in such a way
that inexperienced users are guided through the logical sequence of steps necessary for
creating and evaluating emission control scenarios. On-line 'help’ is available to the user
at any time to quickly receive advice on available options and further procedures. Special
attention has been devoted to the graphical representation of model results (e.g., time
development of emissions, deposition patterns, protection of ecosystems, etc.). Conse-
quently, the model is not only a tool for the actual analysis of air pollution control
strategies, but has also an important educational function in transfer of knowledge to a
wide audience in the region.

Although the model is basically intended to provide a general picture of the air pollution
problem in Asia, limitations had to be accepted when developing a first version. Most
notably, its initial implementation focuses mainly on the potential acidification problem in
Asia, and excludes other air pollution-related problems, such as urban air quality, global
climate change, tropospheric ozone and others. Consequently, the project’s first phase
focused on capturing the major pathways of sulfur dioxide (SO,) emissions, ignoring for
~ the moment the potential contributions to the acidification problem made by nitrogen
oxides and ammonia. Similarly, other pollutants’ species causing different problems
(CO,, particulate matter, volatile organic compounds, etc.) are excluded as well from the
first model version.
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Despite the wide range of facets of the acidification problem considered in the model,
some limitations had to be accepted also. To keep the first implementation managable, the
model restricts itself to the description of the major physical flows of sulfur in the
biosphere. A number of economic aspects intrinsically linked with the air pollution
problem, such as the potential role of economic instruments for reducing emissions or the
monetary benefit evaluation of avoided environmental damage, have not been incorporated
into the current analysis. It is important to note, however, that the framework describing
the physical flows of sulfur emissions, available now after the first phase, provides a
unique and indispensable basis for any future analysis of such aspects.

2.5 The RAINS model - an overview

The initial version of the °’Regional Air Pollution INformation and Simulation’
(RAINS)-model was developed as a tool for the integrated assessment of alternative
strategies to reduce acid deposition in Europe (Alcamo et al., 1990). The model has
found prominent application as a scientific support tool during the international negotia-
tions on the new sulfur protocol to the Convention on Long-range Transboundary Air
Pollution (Amann, 1993; Hordijk, 1991). Recently, a protocol was signed by 33 countries
committing themselves to (country-specific) emission reduction obligations as calculated
with the RAINS model.

For purpose of study in Asia, the model has been extensively modified and further
developed (version RAINS 7.0) to be applicable to this region of the world, provided that
appropriate databases are prepared. The RAINS 7.0 model describes the pathways of
emissions and mechanisms of acidification in the environment for sulfur dioxide, which is
a major acidifying component. The structure of the model is presented in Figure 1. The
various sub-models are organized into four modules, each of which addresses a different
part of the air pollution/acidification process:

1) the Regional Energy Scenario Generator (RESGEN) module, which estimates
energy consumption parameters based on socioeconomic and technological assump-
tion

2) the Energy and Emissions (ENEM) module, which uses these scenarios to calcu-
late sulfur emissions and the costs of selected control strategies

3) the Deposition and Critical Loads (DEP) module, which consists of

4) the ATMOS atmospheric transport and deposition submodule, which calculates the
levels and patterns of sulfur deposition resulting from a given emission scenario

5) the IMPACT module, which calculates ecosystem critical loads and their environ-
mental effects, based on these sulfur deposition patterns.

To capture the full spatial scope of the problem (the long-range characteristics of sulfur

dioxide transport in the atmosphere), the geographical model domain covers Asia from
60° E to 160° E and 60° N to 10° S (see Figure 2). Although the model’s geographic
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scope is broad, it is nevertheless detailed in coverage, treating individually a total of 94
separate regions in 23 countries. Twenty-two of these regions are major metropolitan
areas, while international sea lanes constitute one region. The model uses 1990 data as a
base year, and calculates future energy levels, emissions, and environmental impacts
through the year 2020 in ten-year time steps.

The major data bases in the model have the following dimensions:
- 6 end-use consumption sectors

- 17 fuel types

- 355 large point sources of emissions

- 31 ecosystem types

The Regional Energy Scenario Generator (RESGEN) Module

The RESGEN module estimates present and future energy supply and sectoral energy
consumption for a wide variety of socioeconomic and technological assumptions. It
incorporates an elaborate database on energy demand and supply for the 94 regions for
the base year (1990) and necessary information to develop scenarios up to the year 2020.
Given a set of specifications concerning current and future conditions (using either the
extensive socioeconomic data base in the model, or from user-specified assumptions and
energy data), RESGEN calculates energy scenarios for the period 1990 to 2020.

In this module, energy consumption is disaggregated into industrial, transportation,
residential, commercial, agricultural, and "other" sectors. The description of the energy
supply and transformation system distinguishes the major sources of emissions, including
electricity generation, oil refining, and other energy sector operations with combustion of
fossil fuel.

This framework can be used for rough estimates of future energy demand- and supply
trends for a variety of socio-economic and technical assumptions, but cannot substitute for
more detailed analysis of energy development.

Using RESGEN, a user can select, review, and modify a number of key parameters at the
sub-country (regional) level, including:

- socioeconomic data: rates of population growth and GDP growth (broken into
three components: industrial, agricultural, and commercial/other).

- growth rates of energy demand among the six end-use sectors

- energy intensity: i.e., the energy demand per unit of output for each of the six
end-use sectors

- mix of fuels used in each sector: Since SO, emissions are highly dependent on the
type and characteristics of the fuel(s) used, the model considers a total of 17
different fuel types, including various qualities of coal, other solid fuels, fuel oil,
natural gas, renewable sources, hydro, and nuclear.

- fuel characteristics, such as the sulfur content of various fuels.
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: electricity supply systems characteristics, including the size, technology, and
location of individual power plants

A major component of the work in the development of RESGEN was the creation of the
national and regional energy data base, drawn heavily from the contributions from the
Asia network of research institutions established for the project.

Energy and Emission (ENEM) Module

The Energy and Emissions (ENEM) module of the RAINS-Asia module uses the informa-
tion on energy demand, types of fuels used and location of major sources of emissions
developed by the RESGEN module, and estimates the resulting amounts and patterns of
SO, emissions, and the costs of various control options.

With ENEM, the model user can calculate SO, emissions and investigate a number of
different emissions control options, focussing on reducing the sulfur contained in fuel,
either before, during, or after combustion. Emissions are separated into low-level (area)
sources and high-level (large point sources). The user can select emissions control
techniques to be applied to particular large point sources, in specific economic sectors, or
in certain geographical regions.

The following control measures are included:

use of low sulfur coal, either from naturally occurring low-sulfur coal types, or by
some degree of coal washing

- use of low-sulfur heavy fuel oil, either from low-sulfur crude or oil desulfurized
during refining

- use of diesel oil (gasoil) with lower sulfur content

- desulfurization during the combustion process (e.g., limestone injection or
fluidized bed combustion processes)

- desulfurization of the flue gas after combustion

Regional and national potentials for emission control and the associated costs are estimat-
ed on the basis of detailed data on the most commonly-used emission control technolo-
gies. The cost evaluation is based on the international operating experience of pollution
control equipment by extrapolating it to the country-specific situation of application.
Important country-specific factors with strong impact on abatement costs are the charac-
teristic sulfur content of fuels, plant capacity utilization regimes, boiler sizes, etc. These
cost estimates for specific fuel types, economic sectors and abatement technologies are
combined with the projected pattern of energy consumption. The RAINS model provides
“national cost curves” that rank the abatement measures according to their cost-effective-
ness. Due to country-specific factors such as energy use patterns and technical infrastruc-
ture, national cost curves show significant differences among countries.
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Atmospheric Transport and Deposition (ATMOS) Sub-Module

The ATMOS suv-module provides estimates of ambient levels of acid precursors and acid
deposition loading throughout the region under study as a function of changing emissions.
The projection of acid deposition for future emissions scenarios is based on a transfer
matrix for long range transport, which is calculated by using an atmospheric transport/de-
position model.

For Asia the deposition fields are calculated with the National Oceanic and Atmospheric
Administration (NOAA) BAT (Branching Atmospheric Trajectory) model. BAT is a
three-layer model which calculates the dry and wet deposition of SO, and sulfate from a
particular source, as the pollutant is transported by the meteorological fields. The amount
of deposition is calculated along the trajectories determined by the meteorological
conditions. Running these trajectories for an entire year allows calculation of annual
deposition throughout the region resulting from a particular source. Repeating the
calculation for all sources allows the total deposition from the regional emissions to be
calculated.

As inputs, the BAT model requires the area and point source emission rates of SO, (from
ENEM), meteorological winds and temperature, precipitation rates, and estimates of the
dispersion coefficients, dry deposition velocities, and wet scavenging coefficients. The
BAT model calculates the chemical conversion rates based on simple first-order rate
constants, the dry deposition rate as a function of the surface concentrations and the dry
deposition velocity, and the wet scavenging as a simple function of precipitation rate.
The BAT model is run for each elevated (high stack) and low level (area) source estimat-
ed by the ENEM module. Sulfur deposition is calculated on the grid, and the contribution
of each source to the grid is calculated.

The results are aggregated to provide source/receptor information for each of the 94
sub-regions, the acid deposition patterns in the study region, and further aggregated to
provide country-to-country source/receptor information.

Environmental Impact and Critical Loads (IMPACT) Sub-Module

The IMPACT sub-module assesses the sensitivity of various ecosystems (their “critical
loads™) to acidic deposition, and compares this information to the deposition data
generated by the ATMOS module. Critical loads are in essence the maximum long-term
deposition levels which can be tolerated without damage. This process identifies the most
sensitive areas which are at greatest risk of damage (e.g., yield loss, growth reduction,
and change of biodiversity). By estimating critical loads for various regions and ecosys-
tems, and comparing these natural sensitivities to deposition levels, the IMPACT module
allows users to assess the environmental effects of different energy and emission scenari-
0s, answering questions such as:

- What regions and ecosystems are most sensitive to acid deposition?

- What is the geographic scope and extent of ecosystem damage which results from
a particular energy scenario?
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- What environmental benefits would be realized if a particular emission control
strategy were implemented?

Two complementary approaches are used to estimate critical loads for a wide variety of
different ecosystems: the definition of relative sensitivity classes, and the steady-state
mass balance method. The objective of applying two methodologies was to:

- consider a large number of biogeochemical factors to determine the sensitivity of
ecosystems,

- assess the reliability of each method by comparing the broad geographical
distribution of results from each method, and

- extend the geographical scope of the assessment of ecosystem sensitivity to include
areas where data are insufficient to calculate critical load values directly.

2.6 Implementation

The first of the above modules, RESGEN, is available as a DOS-based user-friendly
software package for use on a PC. It provides a powerful tool for the user to create a
wide range of scenarios and to export them conveniently into the RAINS-Asia model. It
can also be used as a stand-alone regional energy scenario generator, independent of its
ability to export data to RAINS-Asia.

The outputs of the other three modules, ENEM, ATMOS, and IMPACT, described
above, are combined together into a microcomputer-based policy analysis model, RAINS
7.0. The model allows users to describe emissions in current and future years on
regional, country or sub-country basis, follow these emissions through the acid deposition
processes, and assess the potential of those emissions to impact critical ecosystems.
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3. ENERGY MODULE

Authors: Collin Green, John Legler, Ashok Sarkar, Wes Foell

With contributions from: Markus Amann, Janusz Cofala, Torlief Haugland, Ram Shrestha, and Sribas
Bhattacharya

3.1.Introduction

3.1.1 Background

Energy policies and energy technologies are a primary driving force behind the problems
arising from air pollution emissions in Asia. It is, therefore, important that RAINS-ASIA®
have an energy module designed to examine a broad range of policy and technology scenarios
at the regional, national, and international levels. Figure 3.1 depicts the RAINS-ASIA flow
chart; the energy module component described in this section is highlighted in gray.

In particular, because of the spatial nature of dispersion of energy-related air pollutants, an
analytical framework that will permit subcountry analysis, i.e., regional analysis, needs to
be established. Thus, one of the major distinguishing characteristics of the Energy Module
is its regional disaggregation. For the past two years work on the module has focussed on
the regional aspect of the analysis. This is the first time there has been an effort of this
magnitude to carry out regional energy analysis on an Asia-wide basis.

Policy issues strongly shaped the design of the energy module and its requisite database.
One major set of policy questions relates to how changes in the energy demand of various
components of the economy in any given country, and in Asia as a whole, alter acid
deposition patterns. Thus, the energy module contains six end-use energy sectors:
residential, commercial, industrial, transportation, agriculture, and non-energy use of fuels.
There are two energy conversion sectors: electric utilities and non-electric energy, such as
petroleum refineries. Development policies that affect energy use in any of these sectors may
have significant effects on the pattern and quantities of future acid deposition.

Another set of policy questions relates to energy supply management and emission controls.
Emissions can be reduced by strategies such as increasing the efficiencies of energy use,
shifting to fuels with lower emissions, or implementing emission control measures. The
module permits the user to examine, at the sector level, the effects of energy demand
changes, energy supply management policies, and technological control policies.

Still another set of policy questions relates to the spatial distribution of economic activity,
energy facilities, and emissions. With the module, scenarios of future energy use can be
made on the smallest subcountry scale that the current database permits. This provides the
basis for assigning the responsibilities for the acid deposition to specific regions and will help
identify energy strategies for reducing deposition below critical levels for important regions.
The Energy Module explicitly identifies large point sources of emissions at specific locations
in Asia. Therefore, the location of energy facilities, e.g., power plants, is amenable to
analysis within the RAINS-ASIA framework.
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The year 1990 was chosen as the Base Year. This choice was based on the availability of
key socioeconomic and energy data. Time intervals of ten years are used in the analysis,
extending through the year 2020. The thirty-year horizon (1990, 2000, 2010, 2020) is
consistent with the five- to ten-year implementation periods for major energy facility
investments (e.g., power plants). It also extends over a time period during which expected
growth of economic activity and population is likely to raise energy consumption in Asian
countries to the same range as that of today’s highly industrialized nations.

The general design of the Energy Module is based on an earlier country-specific, five-sector
energy/emissions module developed by Foell and Green for 13 major developing countries
in Asia, (Foell and Green, 1991). In that framework, national atmospheric emissions were
linked to energy in a "bottom-up" approach. The present module is a regionalized
modification of that approach. The software implemented in the FOXPRO® language is
called RESGEN®, the Regional Energy Scenario Generator.

3.1.2 Specific Objectives

The specific objective of the Energy Module is to generate regional energy scenarios with
an output format consistent with the spatial- and time-dependent input data requirements of
RAINS-ASIA. As shown in Figure 3.1, RESGEN interfaces directly with RAINS-ASIA by
providing the input files for the energy scenarios to be analyzed. The achievement of this
specific objective required the following subtasks:

e The establishment, with the assistance of the Asian Institute of Technology (AIT), of a
RAINS-ASIA Energy Network of research institutions to collaborate in the development
of a regional energy and emissions database and energy scenario development.

Because of the new and unique nature of the energy module and its associated regional
databases and resultant scenarios, it was decided to develop a network of collaborating
research institutions in Asia. AIT, under contract to the Asian Development Bank, played
the main role in establishing this network and in coordinating the collection the databases.
This network served not only to facilitate the data-collection process in the countries, but
also served as a convenient vehicle for establishing ties to key institutions and potential
RAINS-ASIA users. Twelve Asian institutions are participating in the RAINS-ASIA
Energy Network. These institutions are listed in Table 3.1.

® The development, in conjunction with AIT and the RAINS-ASIA Energy Network, of a
regional socioeconomic and energy database for the twenty-three Asian countries.

The specification of regional energy scenarios required a new regional database which is
consistent with the spatial- and time-dependent input data requirements of RAINS-ASIA.
Because many of the countries in Asia do not have regional (subcountry) information
readily available in a convenient, standardized format, the project had to devote special
attention to the creation of this database. A set of 94 subcountry regions are defined for
Asia, including 22 megacities (metropolitan areas with populations greater than two
million) and one region representing the international shipping routes (sea lanes) of Asia.

e The development, with the assistance of AIT, of two Asia-wide socioeconomic/energy
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scenarios: a Base Case scenario and a Low Energy scenario.

Integration and assimilation of Asian regional energy consumption, large point sources,
and socioeconomic data for scenario development is a continuing process. In Phase I of
the project, two energy scenarios were developed, based on information from the RAINS-
ASIA Energy Network. The scenarios are a Base Case Energy Scenario and an
alternative Low Emissions Energy Scenario.

The design, programming, and testing of a user-friendly Regional Energy Scenario
GENerator (RESGEN).

RESGEN has been developed in the ®FOXPRO database language for generating regional
energy scenarios and converting the output files of these scenarios into the specific
databases required by RAINS-ASIA. RESGEN estimates energy use for six end-use
sectors and two energy conversion sectors, for 23 countries plus one region for
international shipping lanes, and for seventeen fuel types. A methodology based on
regional population and gross regional product (GRP) distributions is used to allocate
energy use to the land-based subcountry regions within the respective countries. The
scenario generator produces an inventory of present and future large point sources (LPS)
at latitude and longitude coordinates. User-friendly software has been developed for
handling, reviewing, and modifying the large regional databases associated with the use
of RESGEN.
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Table 3.1 Names of the 12 National Contact Persons

1.Prof. Hajime Akimoto

Research Center for Advanced Science and
Technology,

University of Tokyo

JAPAN

2.Dr. R.K. Pachauri

Tata Energy Research Institute
INDIA

3.Prof. Zhao Dianwu
Research Center for Eco-Environment
Sciences,

Academia Sinica
CHINA

4.Dr. M. Soedomo

Energy and Environment Section,

Section for Research on Energy Institute
Teknologi Bandung

INDONESIA

5.Dr. Lim Koon Ong

Associate Professor and Deputy Dean,
School of Physics,

University Sains Malaysia,
MALAYSIA

6.Dr. A.M. Khan
Pakistan Atomic Energy Commission,
PAKISTAN

7.Ms. C.C. Cabacang
Department of Energy
PNPC Complex
PHILIPPINES

8.Dr. Itthi Bijayendrayodhin

Department of Energy Development and
Promotion (DEDP),

THAILAND

-5

9.Dr. Muhammad Eusuf
Member (Science and Technology)
Bangladesh Council of Scientific

and Industrial Research,
BANGLADESH

10.Dr. D.N. Tung
Thermal Power Department
Institute of Energy
VIETNAM

11. Dr. Hoesung Lee

Korean Institute of Energy Economics and
Promotion

REPUBLIC OF KOREA

12.U Soe Myint

Director, General Energy Planning
Department

Ministry of Energy

Yangoon

MYANMAR



3.1.3 Major Capabilities and the Use of RESGEN

RESGEN allows the user to change the input components within its framework for the
purpose of creating new scenarios. With the goal of meeting the specific objectives discussed
in section 3.1.2 above, RESGEN has been designed to address the following issues within
its framework:

Ability to change socioeconomic parameters

Ability to change sectoral energy demand intensities
Ability to change sectoral fuel fractions

Ability to add, delete, or move large point sources

A brief summary of the main options in the RESGEN model follows. A complete
description of the options and the use of the RESGEN model is presented in the RESGEN
software manual (Legler, ef. al. 1995).

Socioeconomic Module

Socioeconomic (SE) assumptions provide the basis for the development of energy/supply
scenarios. SE assumptions are developed on a country basis. Within each Country SE
Assumption exists subnational details (for those countries with more than one region). Both
the national and subnational SE assumptions are important in RESGEN in the development
of regional energy scenarios.

Input options available to the user for the development of an SE scenario include:

1) Growth rates of national and regional population.

2) Growth rates of gross domestic product (GDP) and regional domestic product (GRP).

3) Sectoral fractions of GDP and GRP for the commercial, agricultural, and industrial
sectors.

End-use Demand Module

End-use demand scenarios are first developed at the national level and are linked to a specific
SE scenario. Allocation of energy demand to the regional level is accomplished by relating
the growth in regional sectoral energy consumption to the growth in regional socioeconomic
parameters. Energy consumption is disaggregated into six end-use sectors. The RESGEN
program allows the user to develop a separate energy demand scenario for each sector.
Sectoral energy demand scenarios are developed by relating sectoral energy demand to the
development of sectoral energy intensity and an SE scenario.

Input options available to the user for the development of a sectoral energy demand scenario
include:

1) Sectoral Energy Intensities
National energy use in petajoules (PJ) is calculated by entering an energy intensity
for each sector and for each of the scenario years 2000, 2010, and 2020. These
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energy intensities are multiplied by a socioeconomic factor (e.g., population is the
socioeconomic factor for the residential sector) which gives national sectoral energy
use.

2) Sectoral Fuel Fractions
National sectoral energy use is disaggregated into 15 fuels by inputting fuel fractions
for each of the sectors for each of the years 2000, 2010, and 2020.

Electricity Supply Module

The electricity supply module is demand driven. The demand for electricity is met by
specifying the electricity generation fuel mix at the national level and, subsequently,
specifying the electricity generation by specific LPS and regionally disbursed area generation
sources.

The main input options available to the user for the development of electricity supply
scenarios are:
1) The electricity generation plan
The three major input assumptions which form the electricity generation plan are:
own use and transmission and distribution losses, net electricity import or export, and
the electricity generation fuel mix.

2) Development of LPS and area generation sources.
The major input assumptions include the contribution to total electricity generation
by LPS and the specific location, capacity, efficiency, and input fuels of each LPS.
Parameters that pertain to area sources which may also be modified to include
regional distribution of non-fossil electricity generation, regional distribution of
electricity generation area sources, and the electricity generation efficiency of area
sources.

Thus the RESGEN model provides a user-friendly method for creating new energy scenarios
for direct input to RAINS-ASIA. New energy scenarios can be developed by modifying
either of the two existing reference scenarios developed as part of this Project - the Base
Case energy scenario and the Low energy scenario - or by developing new energy scenarios
from alternative, user-supplied assumptions. An export option in RESGEN creates all the
relevant energy and fuel characteristics databases required as inputs by RAINS-ASIA and
writes these files in the appropriate target RAINS-ASIA directory. Upon launching RAIN-
ASIA, the new energy scenario from RESGEN may then be selected and initialized in the
RAINS-ASIA program, and the analysis of emissions and environmental impacts can be
initiated.
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3.2 Overview of Methodology

3.2.1 General Discussion

This section provides a description of the methodology used by the Energy Module to create
regional energy databases and to generate regional energy scenarios. RESGEN utilizes a
simulation approach for generating regional energy scenarios. A simulation structure was
chosen for several reasons. First, it provides a great deal of flexibility in both the modeling
process and in its application to policy analysis. In a large interdisciplinary and multi-
institutional project such as RAINS-ASIA, this flexibility is extremely important. Second,
the simulation structure lends itself to the scenario-generation approach that is useful in
addressing questions of the "what-if" type.

Initially, considerable attention was given to choosing the appropriate level of detail in the
analysis of sectoral energy consumption. Although it would have been possible to
individually analyze a large number of end-use energy consumption processes and include
them in RESGEN, it was decided that this level of detail would necessitate an unreasonable
effort to collect the requisite data at the regional level. Thus, the sectoral analysis was
carried out on an aggregated basis, using an energy intensity coefficient or a per capita
energy-use coefficient.

The goal of RESGEN is to estimate energy consumption contributing to emissions of SO,
on a subcountry scale. The RESGEN model covers 23 Asian countries, plus a single area
representing the international sea lanes. Because the location of SO, emissions is an
important consideration in calculating acid deposition, the model resolves these countries into
94 subcountry regions (largely corresponding to internal administrative and geographic
boundaries) and 355 LPS. A map of the 94 regions is shown in Figure 3.2 and described
in Table 3.2. A map showing the locations of the 355 LPS is shown in Figure 3.4 Output
from the model consists of regional and LPS energy consumption scenarios for each country.
This information is available for input to the RAINS-ASIA model, where emissions of SO,
are computed, acidic deposition is calculated, and environmental impacts are assessed.
RESGEN, in tandem with RAINS-ASIA, allows policy makers considerable flexibility to
explore a range of subcountry, national, and international policy options to control or
mitigate acid deposition impacts.

While there are other highly detailed sectoral energy demand models, e.g. MEDEE-S
(REDP, 1989) and WISE (Foell, et al., 1981), these models typically require a vast amount
of highly disaggregated input data for each country or subcountry region. The effort
required to gather spatially disaggregated data of this type is not justified for the purposes
of this model at this time. However, in the future, the results of more detailed energy
analysis could possibly be used as direct input to RESGEN.

Within the framework of RESGEN, the following components of the energy system are
explicitly defined and specified in the scenarios:

Socioeconomic activity (population and sectoral economic output)
¢ End-use sectoral energy demand
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Energy conversion and supply systems, including large power plants
¢ Primary energy sources, e.g., fuel types and characteristics.

Regions

The geographic scope of the model is Asia, which is here defined to include 23 countries and
the international sea lanes (Table 3.2 and Figure 3.2). The countries have been further
subdivided into a total of 94 subcountry regions which roughly correspond to administrative
and/or political boundaries within each country. Of these 94 regions, 22 are large
metropolitan areas with current populations near or in excess of two million inhabitants.
China, with 27 regions (mostly based on province boundaries) and India, with 20 regions
(mostly based on state boundaries) account for approximately half of the regions. Most of
the remaining countries are composed of one region.
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Table 3.2 Country and Region Names and Abbreviations*

Country Name |Country Region Name Region
(Group) Abbreviation Abbreviation
BANGLADESH/|[BANG DHAKA DHAK
B REST OF COUNTRY REST
BHUTAN/C BHUT ]WHOLE COUNTRY BHUT
BRUNEIL/C BRUN [WHOLE COUNTRY BRUN
CAMBODIA/C (CAMB [WHOLE COUNTRY CAMB
CHINA/A CHIN BEIJING BEIJ
CHONGQING CHON
FUJIAN FUII
GUANGDONG-HAINAN GUAH
GUANGXI GUAX
GUANGZHOU GUAZ
GUIYANG GUIY
GUIZHOU GUIZ
HEBEI-ANHUI-HENAH HEHE
HUBEI HUBE
HUNAN HUNA
INNER MONGOLIA:NEI MONGOL-NINGXIA |IMON
JIANGSU JINU
JIANGXI JINX
NE PLAIN:HEILONGITANG-JILIN-LIAONING [NEPL
SHANGHAI SHAN
SHENYANG SHEN
SHAANXI-GANSU SHGA
SHANDONG SHND
SHANXI SHNX
SICHUAN SICH
TAIYUAN TAIY
TIANJIN TIAN
WEST: TIBET-QINGHAI-XINJIANG UYGUR |WEST
WUHAN WUHA
YUNNAN YUNN
ZHEJIANG ZHEJ
HONG HONG WHOLE COUNTRY HONG
KONG/C
INDIA/A INDI ANDHRA PRADESH ANPR
WEST BENGAL BENG
BIHAR BIHA
BOMBAY BOMB
CALCUTTA CALC
DELHI DELH
E.HIMALAYAS:ASSAM-NE HIGHLAND EHIM
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Country Name |Country Region Name Region
(Group) Abbreviation Abbreviation
GUJARAT GUJA
INDIA/A INDI HARYANA HARY
KARNATAKA-GOA KARN
KERALA KERA
MADRAS MADR
MAHARASHTRA-DADRA-NAGAR MAHA
HAVELI-DAMAN-DIU
MADHYA PRADESH MAPR
ORISSA ORIS
PUNJAB-CHANDIGARH PUNJ
RAJASTHAN RAJA
TAMIL NADU-PONDICHERRY TAMI
UTTAR PRADESH UTPR
W.HIMALAYAS:JAMMU-KASHMIR-HIMACH | WHIM
AL PRADESH
INDONESIA/A |INDO JAKARTA JAKA
JAVA JAVA
REST OF COUNTRY REST
SUMATRA SUMA
JAPAN/A JAPA CHUGOKU-SHIKOKU CHSH
CHUBU CHUB
HOKKAIDO-TOHOKU HOTO
KANTO KANT
KINKI KINK
KYUSHU-OKINAWA KYOK
KOREA- KORN WHOLE COUNTRY KORN
NORTH/C
KOREA- KORS NORTH NORT
SOUTH/A PUSAN PUSA
SEQUL-INCHON SEOI
SOUTH SOUT
LAOS/C LAOS WHOLE COUNTRY LAOS
MALAYSIA/B |MALA KUALA LUMPUR KUAL
PENINSULAR MALAYSIA PENM
SARAWAK-SABAH SASA
MONGOLIA/C |MONG WHOLE COUNTRY MONG
MYANMAR/B |MYAN WHOLE COUNTRY MYAN
NEPAL/C INEPA WHOLE COUNTRY NEPA
PAKISTAN/B |PAKI KARACHI KARA
LAHORE LAHO
NW FRONTIER PROVINCES-BALUCHISTAN |[NMWP

PUNJAB

II-11

PUNJ




Country Name |Country Region Name Region
(Group) Abbreviation Abbreviation
SIND SIND
PHILIPPINES/B |PHIL BICOL-VISAYAS-MINDANAO BVMI
LUZON LUZO
METRO MANILA MANI
SEALANES  [SEAL [INTERNATIONAL SHIPPING ROUTES |SEAL
SINGAPORE/C [SING |WHOLE COUNTRY |SING
SRI LANKA/C |SRIL ]WHOLE COUNTRY SRIL
TAIWAN/C TAIW WHOLE COUNTRY TAIW
THAILAND/B |THAI BANGKOK METROPOLITAN REGION BANG
CENTRAL VALLEY CVAL
NE PLATEAU NEPL
N HIGHLANDS NHIG
S PENINSULA SPEN
VIETNAM//B |VIET NORTH: RED RIVER DELTA-HANOI NORT
SOUTH: MEKONG RIVER DELTA-HO CHI SOUT
MINH CITY
NOTES The 22 italicized entries under “Region Name” represent urban areas.
Group A: This group contains the five Asian countries which have the largest present or
potential emissions of SO,. Data for each country were gathered by a National
Contact Person member of the Trans-Asia Energy Network.
Group B: This group contains the next seven countries with significant SO, emissions. Data
were also gathered for each country by a National Contact Person member of the
RAINS-ASIA Energy Network.
Group C: The final group of countries in Asia are all single-region countries. Data collection

and database development were less involved, and national published statistics could
be relied upon for the majority of the data. For this reason, these countries were not
represented in the Network by a National Contact Person. AIT assumed the
responsibility for the database development for these countries.
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3.2.2 General Structure of RESGEN

Figure 3.3 shows a schematic of the RESGEN model. The figure highlights the links
between the various input parameters and how they are used to compute regional and LPS
energy consumption. It should be noted that throughout the model, energy supply is assumed
to meet energy demand; in other words, the model is demand constrained, not supply
constrained. National energy scenarios for each sector are developed at the country level.
Fuel consumption is then apportioned to subcountry regions using historical regional
distributions, and regional socioeconomic projections.

The following is a discussion of the important factors and procedural steps used in the
development of regional energy scenarios.

National socioeconomic information is the input to a national energy demand model
which is structured according to the six end-use energy sectors.

National sectoral energy demand is calculated according to the scenario assumptions
relating to technology.

Energy use is then apportioned to the subcountry regions, based upon regional
socioeconomic base-year data and future regional socioeconomic scenarios.

Regional sectoral energy use is disaggregated into individual fuel types, according to
regional fuel fractions of the base year and future sectoral fuel mix assumptions.

The outputs of the energy demand analysis define the energy supply requirements.
Energy supply is assumed to meet energy demand. Electricity generation is the only
supply component analyzed in detail, because it plays the largest role in air pollution
emissions. Major power plants are represented as LPS. Demand for electricity,

aggregated at the national level, determines the requirement for future electricity
generating plants.

Power plants of specific types, fuels, and sizes are located at predefined locations,
identified by specific latitude and longitude coordinates.

Remaining electricity demand is assumed to be met by small, dispersed electricity
generating sources whose fuel mix and regional distribution is controlled by the user.

The resulting energy scenario, defined by the above seven steps, includes data points for

the base year (1990) and for the scenario years 2000, 2010, and 2020. The output data
are converted to databases in the requisite RAINS-ASIA format.
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3.2.3 Detailed Discussion

Sectoral end-use energy consumption
Sectoral energy consumption is disaggregated into six end-use energy consumption sectors
which are residential, commercial, agricultural, industrial, transportation, and non-energy.

Each end-use energy sector is modeled in a similar way.

Sectoral end-use energy demand is given by :

ED,, = SE;, x EIjklt_t’ x evolElL,, (1)
where:
j = country index.
k = sectoral index.
t = time index (tg represents the time step for calculations).
ED = sectoral end-use energy demand.
SE = socioeconomic variable (e.g., population, GDP).
El = sector energy intensity.
evolEI = evolution of the sector energy intensity over the period (t-t) to t expressed as (1

+ the average annual rate of change).

Fuel type fractions are determined for the base year from national level sectoral energy use
data. Estimates of future sectoral fuel use are based on trends and/or assumptions about
future population and economic growth, sectoral distribution of economic growth,
urbanization rates, changes in energy intensity, and changes within the fuel fractions.

Sectoral energy use by fuel type is given by:

EU,, = ED,, x FF,, )
where:
j= country index.
k = sectoral index.
t = time index (t, represents the time step for calculations).
f= fuel type index (e.g., diesel, hard coal, natural gas, etc.).
EU = energy use by fuel type.
FF = fuel fraction.

National sectoral energy use figures are allocated to sub-country regions according to the
socioeconomic parameter believed to be best correlated with energy consumption. Two
major assumptions in this process are that the regional fuel fraction variable in the future
(Fijl.ﬁ) will be similar to the base-year regional fuel fractions, and differences in energy
intensities will continue to reflect differences present in the base year.
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Regional (subcountry region) fuel use is given by:

EUjyp = EUpy % FEjyp @)
subject to:
zf:FFf e = 1 3 XI:FF, g = 1 @
where:
EU.
FF, = —& &
EUjklt
EU,, = EU,, x SEF,, (6)
and

] = country index.

k =  sectoral index.

1 = region index.

SEF = socioeconomic-based regional fraction, defined as:

i )

ke

SEF,, =

Discussion of the major end-use energy sectors follows.
Residential sector

Estimates of residential energy consumption are based on population and per capita
residential energy intensity forecasts. Rural and urban households are aggregated. National
energy demand in future years for residential energy is estimated as the product of population
and the annual residential energy intensity (i.e., the energy used in residential applications
per individual, per year). Estimates of future residential energy use are based on trends
and/or assumptions concerning future population growth, urbanization rates, changes in the
residential energy intensity, and changes within the fuel fractions.  Although energy
intensities are functions of household income level, the efficiency of residential appliances,
the pattern of appliance use, and other direct and indirect factors, these are not considered
explicitly in the model.

National residential energy use figures are allocated to subcountry regions based on the
percent of total population in each region and the base-year, residential fuel-use distribution.
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Regional energy intensities are assumed to change proportionally to changes in the national-
level residential energy intensity.

The residential model is useful in examining the following types of questions related to future
energy/emissions patterns:

e What are the effects of increasing standards of living (represented by increases in per
capita energy consumption) on energy use and emissions? How would the energy use

and emissions levels change if per capita energy use increased to levels found in
industrialized countries?

e What are the effects, on energy use and emissions, of policies encouraging fuel
substitution, such as rural electrification programs?

Commercial sector

The key variable in the commercial sector model is gross income generated by the
commercial and service sectors. National commercial sector energy demand is estimated
from its gross domestic product and a commercial sector energy intensity (i.e., the energy
required by the commercial sector to produce a unit of commercial sector GDP). As with
residential energy intensity, commercial energy intensity incorporates a variety of detailed
direct and indirect factors, such as building type, that are not considered explicitly in the
model. Fuel-mix fractions for the base year are determined from national level, commercial
energy-use data. Estimates of future commercial fuel use are based on trends and/or
assumptions about future commercial sector GDP growth, changes in the commercial energy
intensity, and changes in the sector’s fuel mix.

National commercial energy use figures are allocated to subcountry regions based on the
percent of total commercial GDP in each region and the base year commercial fuel use
distribution. Energy intensities for each region are assumed to change proportionally to
changes in the commercial energy intensity at the national level.

The commercial sector model is useful in examining the following types of policy questions:

. To what degree do changes in the rate of economic growth affect commercial energy
use and emissions?

¢ Incombination with the other "intermediate" sectors (e.g., agriculture and industry), how
might gross sectoral shifts in economic output affect emission patterns?

¢ How might policies to encourage energy efficiency and/or fuel shifts to lower emission
fuels affect emissions?
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Agricultural sector

The agricultural sector is modeled similarly to the commercial sector. The key variable in
the agricultural model is gross income generated by agricultural production. National energy
demand is estimated from input data on the agricultural sector’s share of GDP and an
agricultural sector energy intensity (i.e., the energy required by the agricultural sector to
produce a singularity of agricultural GDP). As with both the residential and commercial
energy intensities, the agricultural energy intensity incorporates a variety of direct and
indirect factors, such as efficiency differences depending on farm size and management, that
are not considered explicitly in the model. From national-level agricultural energy use data,
fuel fractions are determined for the base year. Estimates of future agricultural energy use
are based on trends and/or assumptions about future agricultural sector GDP growth, changes
in the agricultural energy intensity, and changes in the fuel fractions.

National agricultural energy use figures are allocated to subcountry regions based on percent
of total agricultural GDP in each region. Agricultural energy intensities for each region are
assumed to change proportionally to the changes in the national-level agricultural energy
intensity.

The agricultural sector model is useful in examining the following types of policy questions:

® To what degree do changes in the rate of economic growth affect commercial energy use
and emissions?

e How might policies to encourage energy efficiency and/or fuel substitution by lower
emission fuels affect emissions from the agricultural sector?

Industrial sector

The key variable in the industrial model is the share of GDP generated by industry. In this
initial version of RESGEN, all industries are aggregated into a single industry.

National industrial energy demand is calculated from industrial gross domestic product and
an industrial energy intensity (i.e., the energy required by industry to produce a unit of
industrial output). As with the previously discussed sectors, the industrial energy intensity
combines, into one coefficient, a whole set of technological and non-technological factors,
such as differences in process efficiencies and energy management, which are not considered
explicitly in the model.

From national industrial energy-use data, fuel fractions are determined for the base year.
Estimates of future industrial energy use are based on trends and/or assumptions about future
industrial GDP growth, changes in the industrial energy intensities, and changes in the fuel
fractions.

National industrial energy-use figures are allocated to subcountry regions based on the
fraction of total national industrial GDP within each region.

The industrial energy model will be useful in addressing several key policy questions such
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as:

o What are the effects on energy use and emissions of policies encouraging fuel
substitution, such as increased use of electricity and/or natural gas?

* To what degree can emissions be reduced by the introduction of energy efficiency
improvement and demand-side management?

e To what degree do changes in the rate of economic growth affect industrial energy use
and SO, emissions?

Transportation sector

The transportation model follows the same methodology as the sectors described above. The
key variable used to estimate transportation energy use is population. Data on national
transportation energy use by fuel type in the Base Year and population scenarios provide the
information used to calculate future national energy demand for transportation. Because
economic forces undoubtedly play a large role in the development of the freight
transportation sector, their influence on future energy consumption must be taken into
consideration by the user when developing future scenarios for the transportation energy
intensity. Using national transportation energy-use data, fuel fractions are determined for
scenario years based on historical trends and assumptions about the fuel mix in future years.

National transportation energy-use figures are allocated to subcountry regions based on the
percent of total population in each region. Transportation energy intensities are assumed to
change proportionally to the national-level transportation energy intensity.

The transportation sector model is useful in examining several key types of policy questions
including:

e How do changes in the rate of population growth and the intensity of transportation
energy consumption affect emissions?

e How might policies to encourage energy efficiency and/or alternative modes of
transportation affect emissions?

Non-energy use

Energy consumption in this sector includes the consumption of lubricants, heavy oil fractions
(e.g. asphalt for road construction), and fuel used as chemical feed stocks. Non-energy
consumption implies that these fuels are consumed by processes other than combustion, and
thus, consumption of the fuels in the sector does not contribute to emissions of SO,. Because
the growth of fuel consumption for this sector is more strongly linked to the development of
specific industries than to the development of GDP, the fuel consumption in the non-energy
sector is input exogenously by the model user for each scenario year.
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Energy supply sector
Electricity generation sector

The electricity generation sector is characterized by the assumption that demand will
determine supply. Demand for electricity is aggregated at the country level and is estimated
by summing the electricity demand for each of the end-use energy sectors. Development of
scenarios depicting future electricity generation systems requires detailed data on the present
electricity system (e.g., existing plant locations and types, plant capacities, conversion
efficiency, capacity factors, age, expected lifetime, and data regarding system
transmission/distribution losses).

Future electric generation scenarios are developed by an iterative process. First, future
trends in system-wide characteristics including primary fuel mix, auxiliary power
consumption, imports/exports of power, and electricity grid transmission and distribution
losses are defined. Second, future plants are either selected from a list of LPS electric
generation technologies, or the capacity of existing generating plants is expanded. The data
that define the future power plants include input fuel type, capacity, capacity factor,
conversion efficiency, and expected lifetime. In future years plants are added to the system
until electric demand and fuel mix targets are reached.

The geographic location of new plant capacity is a scenario variable. Thus, electric supply
planning data can be utilized to determine the sites, and perhaps types, of generating plants.
Based on the constraints imposed by the atmospheric source-receptor transfer matrix in
RAINS-ASIA, there is a maximum of 332 unique locations for large point sources in the
model and a total of 355 LPS (some LPS share locations). These locations are shown on the
map in Figure 3.4.

If specific information regarding the location of future plants is not available, or the locations
are not included in the list of available LPS location, simplifying assumptions are necessary
to locate the new capacity additions within the country. The simplest method employed is
the "expanding plant model” where future capacity is assumed to be added to existing
capacity. Another option is to assume that additional fuel consumption for electricity
generation is not due to LPS, but "area" generating sources. In this instance, primary fuel
consumption for electricity generation is allocated to specific regions and assumed to be
uniformly distributed across each region.

1) National electricity demand

NEID, = Ek: EUy,, (8)
where:
EU = energy use by fuel type
f, = fuel index for electricity.
j= country index.
k = sectoral index.

II-21



t = time index (t, represents the time step for calculations).
NEID = national electricity demand.

2) Required electricity generation to meet demand

REIGEN, = [NEID, + (1 - SYSLOSS,)] -/+ IMPEXP, ®
where:
REIGEN = electricity generation required to meet demand.
SYSLOSS = system losses + auxiliary consumption (fraction of net generation).
IMPEXP = net import (-) or export (+) of electricity

3a) Electric generation by existing LPS capacities

ELPSGEN,, = (OP, x ELPSCAP,, x ELPSCF,) 10)
where:
p= LPS plant index.
ELPSGEN = electricity generation by existing LPS plant.
OP = operation index; =1, for t < tgpe
= 0, otherwise.
ELPSCAP = existing LPS plant capacity.
ELPSCF = existing LPS plant capacity factor.

3b) Electric generation by existing non-LPS (area sources) capacities

EAREAGEN,, = EAREACAP, x EAREACF, 1)
where:
EAREAGEN = generation by existing non-LPS plants.
EAREACAP = total existing non-LPS plant capacity for each region.
EAREACF =  average existing non-LPS plant capacity factor.

4a) Electric generation by new LPS capacities

NLPSGEN,, = (OP, x NLPSCAP,, x NLPSCF,) (12)
where:
p= LPS plant index.
NLPSGEN = electricity generation by new LPS plants.
OP = operation index; =1, for ty, <t < teure
= 0, otherwise.
NLPSCAP = new LPS plant capacity.
NLPSCF = new LPS plant capacity factor.
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4b) Electric generation by new non-LPS (area sources) capacities

NAREAGEN,, = NAREACAP,, x NAREACF, (13)

where:

NAREAGEN = generation by new non-LPS plants.
NAREACAP = total new non-LPS plant capacity for each region.
NAREACF =  average new non-LPS plant capacity factor.

5) Additional new generation required to meet demand

ADDGEN, - REIGEN, - ¥ (ELPSGEN,, + NLPSGEN )

Jpt

) (14)
-y (EAREAGEN,, + NAREAGEN,)
1
where:
ADDGEN =  additional new generation required
6) Allocate additional new required generation to generation fuel types
ADDGENjﬁ = ADDGEth X ELFracjﬂ (15)

where:
ADDGEN =  additional new generation by generation fuel type
ELFrac = generation fuel fraction for electric generation, and

;ELFracm =1 (16)

7) Selection of new LPS plants and/or new LPS capacity to add to existing LPS plants

New LPS or capacity expansions at existing LPS are added by an iterative process. First,
a location is chosen from the available site list. Second, a new LPS plant type is selected
from a database of possible "LPS reference plants". Input data required to define each plant
are: fuel type, unit capacity, number of units, plant capacity factor, age/lifetime, auxiliary
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consumption, and plant efficiency. Additional capacity can be added to an existing LPS by
increasing the number of units added in a given year. However, only one type of plant may
be added to a given LPS each year.

LPS plants or capacities are added until the desired generation fuel mix is achieved and the
electricity demand is met. If, however, the new LPS generating capacity is insufficient to
meet electricity demand, the shortfall is met by assuming the requirements are small non-LPS
(area sources) facilities. These small, non-LPS facilities’ aggregate-generation fuel mix
achieves the goal of the total-generation fuel mix specified in the variable array ELFrac. The
regional location of these small area sources is user-specified.

8) New area source generation by primary fuel type

NAREAGEN,, = (ADDGEN,, - ZNLPSGEijﬁ) x NAREAFrac;, 17)
P

where:
pC 1 for all plants, p, found in region, 1.
NAREAGEN = new area source generation by primary fuel type
NLPSGEN = electricity generation by new LPS plants added iteratively from the list
of reference plants.
NAREAFrac = regional generation fraction for non-LPS electric generation, for which
zz: NAREAFracy, = 1 ; zf: NAREAfracy, = 1 (18)

9) Primary fuel use for electric generation

PEU, = Y (ELPSGEN,, x HR) + Y (EAREAGEN,, x HR)

P ! 19)
+ Y (NLPSGEN,, x HR) + le (NAREAGEN,,, x HR))
P
where:
PEU = primary energy use by fuel type for electricity generation.
HR = average heat rate for LPS and non-LPS.
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3.3 RESGEN and RAINS-ASIA Databases
The generation of regional energy scenarios in Asia has required the development of a unique
regional database. Because many of the countries in Asia do not have regional (subcountry)

information readily available, this database had to be created.

3.3.1 Institutional Process

AIT, Resource Management Associates (RMA), and the International Institute for Applied
Systems Analysis (IIASA) had the main responsibility for creation of the databases used in
this project. The four major elements of the data base for each country are:

Socioeconomic Database
Energy Database

Fuel Characteristics Database
Large Point Source Database.

The modeling approach followed by the RAINS-ASIA project required "regional" or sub-
country data. Because of the new and unique nature of these regional databases and resultant
scenarios, a network of collaborating Asian research institutions was needed to assist in
collecting data and developing the databases. AIT, under contract to ADB, played the main
role in the establishment of this network and in the coordination of the primary data
collection, and database creation. This network, the RAINS-ASIA Energy Network, serves
not only to facilitate the data collection process in the countries, but also serves as a
convenient vehicle for establishing ties to key institutions and potential RAINS-ASIA users.

Twelve Asian institutions actively participate in the network. For identification purposes,
each country’s representative in the network is referred to as the National Contact Person
(NCP). Refer to Table 3.1 for the names of the 12 National Contact Persons and their
respective institutions.

The initial databases developed for the project to date are the result of an inter-institutional
process. Each country database was created in a sequential process, generally beginning with
the collection efforts of the NCP. Intermediate data processing and modification were
carried out by AIT, RMA, and IIASA. The process included considerable feedback and
iteration between the organizations.

e Initial country databases were produced by the NCP and submitted to AIT. For most of
the countries, these databases were developed in the form of a hard copy of documented
and referenced reports, tables and appendices.

e These databases were input by AIT into spreadsheets and reviewed for consistency with
other published data. These data are published in the ADB report Acid Ran and
Emissions Reductions in Asia (AIT, 1995).

¢ The socioeconomic, energy and fuel characteristics databases developed by AIT were
transformed into a form consistent with the structure needed by RESGEN (RMA, 1993)

and were sent to RMA for review and further modification. The LPS databases were
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transmitted to IIASA where these data were supplemented with -data from the
International Energy Agency (IEA) Asia Coal Data Base (Maude, ef al., 1994) and input
in to a format consistent with the RAINS-ASIA data requirements. These data were then
transmitted to RMA.

® These workable, secondary databases were used as inputs to RESGEN and provide the
basis for the development of regional energy scenarios for the RAINS-ASIA model.

3.3.2 Data Requirements

The Energy Module of the RAINS-ASIA model is very data-intensive. As described in
Chapter 2 and shown on the main RAINS-ASIA flow chart (Figure 3.1), the country
databases are comprised of two main types of data: Base Year data and Scenario data.
ITIASA has produced an internal Working Paper which describes the field-by-field database
content and format required as input to the RAINS-ASIA model (Bertok, et al/, 1993). RMA
has written a follow-up document which assists the data collector in interpreting the IIASA
document and provides specification for additional data as required by the RESGEN energy
scenario generator (RMA, 1993). The discussion below briefly summarizes these detailed
Ieports.

Scope

Geographic Definitions

The complete RAINS-ASIA database consists of a total of twenty-three (23) country
databases and one database for international shipping lanes. The countries included in the
database are shown in Table 3.2.

Data for each of the 23 countries and the international shipping lanes is stored at the
disaggregated regional level. The 94 regions in RAINS-ASIA were defined in collaboration
with the members of the RAINS-ASIA Energy Network, AIT, and representatives from the
World Bank and ADB. The regions were chosen using the following criteria:

e Alignment with administrative or geographic boundaries within countries

* Level of present and potential future emissions

e Separate identification of fast-growing and/or very large urban agglomerations
(Megacities)

e Total manageable number of regions to be approximately 100.
Ninety-three regions are land-based and represent a whole or part of one of the countries
listed in Table 3.2; the 94™ region is reserved for international shipping lanes. A complete

listing of the regions included in RAINS-ASIA and their associated countries is also shown
in that table.
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Temporal Definitions
Data for RAINS-ASIA are reported for one base year and three scenario years:

Base Year: 1990
Scenario Years: 2000, 2010, 2020

Some historical data pertaining to the time-period for the construction of boilers at Large
Point Sources is reported for time-periods prior to 1990. For a more detailed explanation
see Bertok, er al. (1993). Projected values for years between the scenario years are
determined for data presentation purposes by linear interpolation.

Database Description of the RESGEN Databases
Socioeconomic Database

Regional databases were developed for population and GDP. Population data were collected
for historic years at 1980 and 1990. Regional projections and population figures were
provided by AIT and the RAINS-ASIA Energy Network for the scenario years 2000, 2010,
and 2020.

GDP and GRP are disaggregated into three sectors: industry, agriculture, and
commercial/other. GRP databases for each sector were collected for historic years at 1980
and 1990. Sectoral GRP projections were provided by AIT and the RAINS-ASIA Energy
Network for the scenario years 2000, 2010, and 2020.

Energy Database

Fuel and Sector Definitions - A total of 17 different fuel types are considered. These fuel
types along with a brief description are listed in Table 3.3.

Energy data are classified into eight major categories. These categories include the major
energy supply and consumption sectors of the economy, and data are commonly available for
these classifications in most published energy statistics. The major categories considered are:

Fuel Conversion and Loss
Power Plants

Residential
Commercial/Other
Agricultural
Transportation

Industry

Non-energy Use

Fuel Characteristics Data

Sulfur dioxide emissions from fuels are highly dependent on fuel quality. Regional-level fuel
characteristics databases were developed for each of the 23 countries. The fuel
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characteristics are needed to calculate emissions from area sources (i.e., non-point sources
and small point sources). Data collected on fuel characteristics includes: the calorific value
and sulfur content and the percent of the original sulfur in the fuel retained in the ash
following combustion for the solid fuels. Fuel characteristics are collected separately for
each energy sector where fuel is combusted (i.e., fuel characteristics are not collected for the
non-energy use and fuel conversion and loss categories).

Large Point Source Data for Power Plants

In general, an LPS is any emission source, at a fixed location, for which individual data are
collected. Specifically, for the development of this database, a large point source is defined
as an emitting complex with:

total electric output capacity = 300 MW, [electric power plants], or
total thermal input capacity = 900 MW, [industrial plants], or
¢ annual SO, emissions greater than 20,000 metric tons.

The above LPS definition is arbitrary, and was chosen only to limit the number of existing
LPS modeled to about 355. The data collected for the LPS database are detailed and
comprehensive. For a complete description of these data, consult Bertok, et al. (1993).

3.3.3 Status of Regional Database

A workable regional database has been created for Asia and used successfully to create
regional energy scenarios with the RESGEN model. This represents the first subregional,
Asia-wide database of its type. It provides a foundation for future RAINS-ASIA applications
and case studies. The quality of the data varies somewhat from country to country.
Comparison of national aggregations of the AIT-developed Base Year regional databases with
other sources of national statistics (e.g., IEA and ADB data) shows that, for some countries,
additional work is required to develop consistency between official national energy statistics
and the regional database (see Table 3.4). An iterative process of evaluation and revision
of the databases is underway within the RAINS-ASIA Energy Network. It is recommended
that additional work of this type be carried out concurrently with any further studies
undertaken.
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Table 3.3 Fuel Types and Brief Descriptions

NOTE:

Fuel Fuel
Code

Brown coal/lignite, high quality BC1

Brown coal/lignite, low quality BC2

Hard coal, high quality HC1
Hard coal, medium quality HC2
Hard coal, low quality HC3
Derived coal (coke, briquettes) DC
Other solids, low sulphur 0OS1
Other solids, high sulphur 082
Heavy Fuel oil HF
Medium distillates (diesel oil, MD
light fuel oil)

Light fractions (gasoline, LF
kerosene, naphthas, LPG)

Natural Gas GAS
Renewables REN
Hydro HYD
Nuclear NUC
Electricity ELE
Heat (steam and hot water) HT

The two categories for other solids include biomass fuels such as firewood, plant residue,
charcoal, and animal wastes as well as garbage for incineration. In countries such as India or
Bangladesh, “OS1" is used for wood and vegetable waste and “OS2" is used for dung.

The “Renewables” category includes solar, small-scale hydro, wind, geothermal, etc. Because
these fuels do not emit SO,, biomass fuels are included in OS1 or OS2.
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Table 3.4 Base Year (1990) National Primary Energy Consumption Data Source
Comparison [all data in PJ]

RAINS-ASIA IEA ADB

Country Total Commercial Total Commercial Commercial
BANG 805.3 306.3 307.2 327.9 168.3
BHUT 22.5 1.6 na na na
BRUN 61.8 61.1 na 86.8 86.0
CAMB 101.0 51.0 na na na
CHIN 30254.7 30254.7 29909.2 29300.1 27369.2
HONG 422.1 421.4 427.9 440.9 438.6
INDI 15811.7 7424 .7 8331.0 10573.5 7825.8
INDO 3793.2 2439 .4 2290.1 3283.9 1845.8
JAPA 17865.5 17865.5 na 15869.9 15867.9
KORN 1764.1 1764.1 na 1843.5 1803.7
KORS 3593.9 3560.5 3810.3 3538.0 3510.2
LAOS 38.1 5.1 na na na
MALA 1059.8 998.0 780.4 799.8 709.5
MONG 151.1 140.3 na na na
MYAN 309.2 63.9 80.7 274.3 85.8
NEPA 269.6 21.5 17.2 194.9 15.4
PAKI 1435.6 1131.3 1274.1 1328.2 1044.6
PHIL 585.1 585.1 643.5 1035.7 664.7
SEAL 163.0 163.0 na na na
SING 342.4 342.4 na 407.5 407.5
SRIL 190.3 82.8 89.1 176.7 87.2
TAIW 2094.0 2094.0 2126.9 2104.6 2104.6
THAI 1688.5 1192.0 1254.6 17987.1 17468.7
VIET 771.8 287.1 297.3 555.3 309.7
TOTALS 83594.3 71256.8 51639.5 90128.6 81813.2

NOTES: “Total” includes biomass; “Commercial” does not include biomass.

See Table 3.2 for country abbreviations.
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3.4 Energy Scenario Assumptions

3.4.1 Socioeconomic Factors

Socioeconomic factors are used to estimate the national energy demand for each end-use
sector and to apportion end-use fuel consumption to the regional level. The two major types
of socioeconomic variables considered are population and GDP.

All energy scenarios are developed from socioeconomic scenarios. A socioeconomic scenario
consists of a set of assumptions regarding the regional growth of population and GDP over
the time period from 1990 to 2020.

Population

Regional population scenarios are developed through exogenous assumptions of the annual
growth rates of total regional population for three time periods: 1990 to 2000, 2000 to 2010,
and 2010 to 2020. The use of region-based assumptions for population allows the model to
simulate shifts in the distribution of national population such as those exemplified by urban
migration. Population data at the regionally disaggregated level required by RESGEN was
not available through internationally recognized sources such as the United Nations or the

World Bank. As a result, the data and assumptions used to develop the base-case regional
~ and national (shown in Table 3.5) population scenarios for each country were obtained
through the RAINS-ASIA Energy Network.

Gross Domestic Product

GDP is disaggregated into three sectoral components: industry, agriculture, and commercial/
other. This level of economic aggregation is necessary to capture the structural shifts in the
economies of many developing countries. Currently, many developing countries in Asia are
experiencing rapid industrialization while agricultural output remains essentially stable. As
these economies develop over the next several decades, it is anticipated that the contribution
of the services sector to the total economic production will rise, and industry will decline
slightly (see Table 3.6). Economic developments will profoundly impact the overall
intensities and the resulting SO, emissions.

GRP scenarios are developed for each of the three sectors for each region. Exogenous
assumptions regarding the annual growth rates of each region’s sectoral GRP are developed
for three time periods: 1990 to 2000, 2000 to 2010, and 2010 to 2020. The use of region-
based economic assumptions allow the model to simulate differing levels of economic growth
and industrialization regionally. Flexibility in implementing these types of assumptions is
useful to policy makers interested in exploring targeted regional economic and industrial
expansion plans such as the special economic zones in China. Finally, national-level GDP
is calculated by aggregating the sectoral GRP values of each region. The data and
assumptions used to develop the base case regional and national economic scenarios for each
country were obtained through the RAINS-ASIA Energy Network.

Although the socioeconomic scenario development process is an approximation, it adequately
provides the spatial accuracy required for regionally allocating emission sources for the long-
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range transport calculations. When completed, the impacts of the population and GDP
assumptions combine to provide a consistent regional socioeconomic scenario for each
country. This socioeconomic scenario is then used to provide the basis for an energy demand
scenario.
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Table 3.5 Base Case Population Scenario Assumptions: National Totals

NOTE: POP = Population in millions AAGR = Average Annual Growth Rate

Country 1990 2000 2010 2020

Base Year POP AAGR POP AAGR POP AAGR
BANG 106.12 126.00 | 1.73% 148.00 | 1.62% 170.00 | 1.40%
BHUT 1.43 1.94 | 3.10% 247 | 2.44% 3.07 | 2.20%
BRUN 0.25 0.32| 2.50% 0.40| 2.26% 0.48 | 1.84%
CAMB 8.57 11.32| 2.82% 14.80 | 2.72% 19.40 | 2.74%
CHIN 1171.94 1324.48 | 1.23% 1453.42 | 0.93% 1535.44 | 0.55%
HONG 5.80 6.04| 0.41% 6.44 | 0.64% 6.86 | 0.63%
INDI 847.18 1048.27 | 2.15% 1294.04 |  2.13% 1597.43 | 2.13%
INDO 192.05 228.22 | 1.74% 263.47 | 1.45% 296.30 | 1.18%
JAPA 123.50 126.80 | 0.26% 128.99 |  0.17% 126.89 | -0.16%
KORN 21.77 26.11 | 1.83% 29.32| 1.17% 31.92| 0.85%
KORS 42 .87 46.79 | 0.88% 49.68 | 0.60% 50.58 | 0.18%
LAOS 4.14 559 | 3.05% 720 2.56% 871 | 1.92%
MALA 17.75 24.56 | 3.30% 31.36 | 2.47% 39.95 | 2.45%
MONG S212 2.68| 2.37% 3.30| 2.10% 4.27| 2.61%
MYAN 40.78 49.10 | 1.87% 58.47| 1.76% 68.54 | 1.60%
NEPL 18.92 24.12 | 2.46% 30.76 |  2.46% 39.22 | 2.46%
PAKI 110.40 145.90 | 2.83% 187.00 | 2.51% 239.80°| 2.52%
PHIL 60.68 75.22 | 2.17% 87.20 | 1.49% 94.68 | 0.83%
SING 2.71 3.00| 1.02% 3.24| 0.77% 350 0.77%
SRIL 16.99 19.38 | 1.32% 21.45| 1.02% 23.75 | 1.02%
TAIW 20.20 2323 | 1.41% 25.56 | 0.96% 25.57 | 0.00%
THAI 56.30 64.11 | 1.31% 7111 | 1.04% 77.86 | 0.91%
VIET 65.18 80.50 | 2.13% 91.00 | 1.23% 108.69 | 1.79%
TOTAL 2937.65 3463.68 | 1.66% 4008.68 | 1.47% 457291 | 1.33%

NOTE: Country abbreviations are defined in Table 3.2.
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Table 3.6 Base Case Gross Domestic Product Scenario Assumptions: National Totals

NOTE:GDP is expressed in Billions of 1990 $US AAGR = Average Annual Growth Rate

Country Economic Base Year 2000 2010 2020
Sectos 1990GDP ™Gnp | 4AGR | GDP | AAGR | GDP | AAGR
BANG | Industry 3.56 547 4.39% 11.90 | 8.08% 2425 | 7.38%
Agriculture 8.24 1642 | 7.14% 2380 | 3.78% 3395 | 3.62%
Commerc/other 10.60 14.60 | 3.25% 23.80 | 5.01% 38.80| 5.01%
TOTAL 22.40 36.49 | 5.00% 59.50 | 5.01% 97.00 | 5.01%
BHUT | Industry 0.09 0.16 | 5.92% 029 6.13% 052] 6.0/%
o Agriculture 0.13 0.23 | 5.87% 0.41| 5.95% 0.75| 6.23%
Commerc/other 0.09 0.16 | 5.92% 0.29| 6.13% 0.53| 6.22%
TOTAL 0.31 0.55| 5.90% 0.9 | 6.05% 1.80 | 6.16%
BRUN | Industry 0.13 0.15| 1.44% 026 5.65% 0.41| 4.66%
Agriculture 0.07 0.10| 3.63% 0.17| 5.45% 027 4.73%
Commerc/other 1.87 276 | 3.97% 4.78 | 5.65% 742 4.50%
TOTAL 2.07 3.01| 3.81% 5.21| 5.64% 8.10 | 4.51%
CAMB | Industry 0.30 0.66| 8.20% 1.18 ] 5.98% 1.93| 5.04%
- Agriculture 0.51 1.13 | 8.28% 2.03| 6.03% 3.31| 5.01%
Commerc/other 0.75 1.66 | 8.27% 2.97 | 5.99% 4.84| 5.00%
: TOTAL 1.56 3.45| 8.26% 6.18| 6.00% | 10.08| 5.01%
CHIN Industry 146.18 | 32621 8.36% 59439 | 6.18% | 1019.10] 5.54%
Agriculture 90.07 | 159.65| 5.89% 215.06 | 3.02% 334.15 | 4.51%
Commerc/other 84.94 | 262.00| 11.92% 587.62 | 841% | 1023.25| 5.70%
TOTAL 321.19 | 747.86 | 8.82% | 1,397.07| 6.45% | 2376.50| 5.46%
o Industry - 29.95| - 50.62| 5.39% 70.87 | 3.42% 119.77 | 5.39%
! Agriculture 0.19 0.32| 5.35% 045| 3.47% 0.76 | 5.38%
Commerc/other | 39.96 |  67.53| 5.39% o4.55| 3.42% | 159.78| 5.39%
TOTAL 7010 | 118.47| 5.39% | 165.87| 3.42% | 28031 5.39%
[INDI Industry 69.98 | 108.50 | 4.48% 204.50 | 6.54% 387.40 | 6.60%
Agriculture 65.60 | 106.64 | 4.96% 152.41 | 3.64% 218.04 | 3.65%
Commerc/other 72.90 | 182.24 | 9.60% 343.95 | 6.56% 649.91 | 6.57%
TOTAL 208.57 | 397.38| 6.66% 700.86 | 5.84% | 1,255.35| 6.00%
INDO Industry 56.57 94.25 | 5.24% | 13528 3.68% |  194.85] 3.72%
- Agriculture 236 | 3022 3.06% 3673 | 1.97% | 4361 1.73%
Commerc/other 54.47 95.65| 5.79% 138.95 | 3.80% 200.81 | 3.75%
: TOTAL 133.40 | 22012 | 5.14% | 310.96 | 3.52% | 439.27| 3.51%
[TAPA Industry 1151.53 | 1548.12| 3.00% | 1943.97 2.30% | 2438.93[ 2.29%
Agriculture 64.95 77.20 | 1.74% 73.40 | -0.50% 71.23 | -0.30%
Commerc/other 1189.10 | 2786.62| 8.89% | 3716.42| 2.92% | 4877.85| 2.76%
TOTAL 2,405.58 | 4,411.94| 6.25% | 5,733.79 | 2.66% | 7,388.01| 2.57%
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Country Economic Base Year 2000 2010 2020

Sector 1990GDP —hp |AAGR GDP |AAGR GDP

KORN Industry 12.74 1494 | 1.61% 17.75 | 1.74% 21.88
Agriculture 7.87 7.28 | -0.78% 643 | -1.23% 7.14
Commerc/other 7.39 11.97 | 4.94% 17.58 | 3.92% 21.98

TOTAL 28.00 34.19 | 2.02% 41.76 | 2.02% 51.00

KORS Industry 110.21 225.69 | 7.43% 398.50 | 5.85% 600.48

Agriculture 22.03 26.90 | 2.02% 33.16 | 2.11% 37.84
Commerc/other 121.43 231.03 | 6.64% 39443 | 5.49% 590.58
TOTAL 253.67 | 483.62| 6.67% 826.09 | 5.50% | 1228.90
LAOS  |Industry 0.15 0.23 | 4.37% 033 | 3.68% 0.48
Agriculture 0.50 0.73| 3.86% 1.06 | 3.80% 1.56
Commerc/other 0.21 031 3.97% 0.46 | 4.03% 0.68
TOTAL 0.86 1.27 | 3.98% 1.85 | 3.83% 2.72
IMALA | Industry 11.58 30.55 | 10.19% 70.66 | 8.75% 14634 [ 7.5:
Agriculture 5.43 7.05| 2.65% 824 | 157% |  14.16
Commerc/other 12.30 21.15| 5.57% 38.86 | 6.27% 75.52
TOTAL 29.31 58.75 | 7.20% 117.76 | 7.20% 236.02
MONG | Industry 0.91 1.55 | 5.47% 264 | 5.47% 4.49
Agriculture 0.32 0.55| 5.57% 0.94 | 5.51% 1.59
Commerc/other 0.63 1.07 | 5.44% 1.82 | 5.46% 3.10
TOTAL 1.86 3.17 | 5.48% 540 | 5.47% 9.18
MYAN |Industry 2.33 345] 4.00% | 5.14] 407% | 7.56] 3.93
Agriculture 1346 | 16.82| 2.25% | 21.03| 2.26% | 2628 2.25
' Commerc/other 7.46 9.70 | 2.66% | 12.61| 2.66% | 16.40| 2.66
- TOTAL 2325 2997| 2.57% | 38.78| 2.61% | 5024
NEPA | Industry 0.38 0.67| 5.84% 1.19] 5.91%
Agriculture 1.63 2.51| 4.41% 3.87 | 4.42%
Commerc/other 0.91 1.37 | 4.18% 205 | 4.11%
TOTAL 2.92 4.55 | 4.54% 711 | 4.56%
Industry 8.92 18.07 | 7.31% 36.18 | 7.19%
PAKI Agriculture 9.21 13.58 | 3.96% 19.66 | 3.77%
Commerc/other 17.31 31.81| 6.27% 5779 | 6.15%
TOTAL 35.44 63.46 | 6.00% 113.63 | 6.00%
s Industry 19.46 2485 2.48% 63.07] 9.76% |
PHIL | Agriculture 8.51| 1151 307% | 1686| 3.89% |
' Commerc/other 934 | 3433| 13.90% | 86.95| 9.74% |  9a:
TOTAL 331| 7069 6.60% | 166.88| 8.97% | 185.4
Industry 10.96 2321 7.79% 45.10 | 6.87%
SING Agriculture 0.09 0.06 | -3.97% 0.05 | -1.81%
Commerc/other 19.90 3946 | 7.09% 72.97 | 6.34%
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I1-37

Country Economic Base Year 2000 2010 2020
Sector 1990GDP [™"Ghp [ AAGR | GDP | AAGR | GDP | AAGR
TOTAL 30.95 I 62.73 | 7.32% 118.12 | 6.53% 189.45 | 4.84%
|| SRIL Industry 1.92 279 3.8!1% 3.64 | 2.70% 4.75| 2.70%
Agriculture 1.79 260 | 3.80% 339 | 2.69% 442 | 2.69%
Commerc/other 3.88 5.63 | 3.79% 7.34 | 2.69% 9.59 | 2.71%
TOTAL 7.59 11.02 | 3.80% 14.37 | 2.69% 18.76 | 2.70%
TAIW Industry 65.76 92.12 | 3.43% 156.44 | 5.44% 215.03 | 3.23%
Agriculture 6.53 6.28 | -0.39% 11.17 | 5.93% 16.54 | 4.00%
Commerc/other 83.17 11096 | 2.92% 204.86 | 6.32% 319.78 | 4.55%
TOTAL 155.46 209.36 | 3.02% 372.47 | 5.93% 551.35 | 4.00%
THAI Industry 30.22 64.49 | 7.87% 120.45 | 6.45% 207.24 | 5.58%
Agriculture 11.04 14.96 | 3.09% 19.21 | 2.53% 2249 | 1.59%
Commerc/other 45.09 9531 | 7.77% 171.77 | 6.07% 218.74 | 2.45%
_ TOTAL 86.35 174.76 | 7.30% 31143 | 5.95% 448.47 | 3.71%
VIET Industry 2.60 787 11.71% 23.09 | 11.36% 55.97 | 9.26%
Agriculture 4.69 86.60 | 33.86% 13.50 | -16.96% 2175 | 4.88%
Commerc/other 5.67 1533 | 10.46% 3930 | 9.87% 86.66 | 8.23%
TOTAL 12.96 109.80 | 23.82% 75.89 | -3.63% 164.38 | 8.04%
Industry 1,736.43 | 2,644.62 | 4.30% | 3,906.82 | 3.98% | 5,677.71| 3.81%
ilsts Agriculture 334.27 | 574.38| 5.56% 643.82 | 1.15% 883.33 | 3.21%
TOTALS | Commerc/othe | 1,789.37 | 4,022.65 | 8.44% | 6,022.12 | 4.12% | 8,623.42| 3.66%

r
TOTAL 3,871.11 | 7,256.61 | 6.49% |10,591.97 | 3.85% |15,206.95| 3.68%
NOTE: Country abbreviations are defined in Table 3.2




3.4.2 Technology

Technological factors related to energy use are incorporated primarily in energy intensities,
which are used to indicate sector-wide levels of energy demand per unit of socioeconomic
activity. The energy intensities contain a wide variety of technological and behavioral
information that is difficult to quantify separately without a much more detailed subsectoral,
end-use energy data base. For example, changes in the industrial energy intensity reflect
efficiency improvements in industrial equipment and processes, shifts in output between
different industrial sectors, in-plant management schemes for energy conservation, etc. The
energy intensity indicators are developed at the national level. Assumptions concerning their
future evolution are reflected in each scenario. A sample of the industrial energy intensity
assumptions are presented in Table 3.7.

3.4.3 TFuel Types

There are seventeen types of fuels contained in the model framework. A detailed list of these
fuel types is given in Table 3.3. Disaggregation of energy into such a great number of fuels
is done for several reasons. First, the emissions of SO, from the combustion of fossil fuels
are highly dependent on the characteristics of the fuel. Explicit consideration of the major
fuels responsible for SO, emissions [six types of coal, three types of liquid fuels (oil), and
two types of other solid fuels] decreases the uncertainty associated with calculating emissions
using a single emission factor per type of fuel. Second, flexibility in representing a wide
variety of fuels simplifies the process of representing official country energy plans in the
model. Scenario assumptions regarding fuel consumption are made on a sectoral basis for
each country and scenario year.

Data on fuel characteristics of each of these fuels have been compiled by the RAINS-ASIA
Energy Network. These data include: higher heating value (PJ/tcn), sulfur content (%), and
sulfur retention in ash following combustion (fraction of original sulfur present). These fuel
characteristics are used in the RAINS-ASIA model to calculate the uncontrolled emission
factors for SO, from each fuel for each region. Additional information on these parameters
is presented in Chapter 4.

3.4.4 Regional (Subcountry) Fuel Allocation Assumptions

Regional socioeconomic data and projections as well as historic regional fuel distributions
are used to allocate future estimates of national fuel demand to the regions. Sites of
significant energy consumption in energy conversion, such as large power plants, are located
geographically as LPS by specific latitude and longitude coordinates for existing plants,
capacity expansions, and new power plants. The allocation procedure for energy
consumption varies for each energy demand sector, according to the socioeconomic
parameter believed to be best-correlated with energy consumption. For example, end-use
residential energy consumption is distributed to the regions in proportion to the distribution
of population, while industrial energy consumption follows the distribution of industrial GRP.
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Table 3.7 Industrial Energy Intensity Assumptions for the Base Case

Note:  INDEI = Industrial Energy Efficiency in Gigajoules per $1,000(US 1990) Industrial GDP AAGR = Average Annual
Growth Rate
| Country | Base Year 2000 2010 2020
1990 INDEI | AAGR | INDEI AAGR INDEI | AAGR
BANG 40.79 3200 -2.40% 25.00 -2.44% 20.00 | -2.21%
BHUT 2.16 12.39 | 19.09% 1236 |  -0.02% 12.37| 0.01%
BRUN 18.41 20.00 0.83% 21.00 0.49% 2200 047%
CAMB 66.67 50.00 | -2.84% 45.00 -1.05% 40.00| -1.17%
CHIN 109.85 81.00| -3.00% 60.00 -2.96% 4420 | -3.01%
HONG 1.48 1.34 | -0.99% 1.34 0.00% 1.10| -1.95%
INDI 40.83 | 35,00 -1.53% 29.00 -1.86% 24,00 | -1.87%
INDO 9.81 11.00 [ 1.15% 1200 | 0.87% 13.00 | 0.80%
JAPA 4.78 40 | -1.77% 3.37| -1.70% 2.85| -1.66%
KORN 85.48 120.70 3.51% 139.90 1.49% 158.00 1.22%
KORS 11.53 9.50| -1.92% -8.00 -1.70% 6.70 | -1.76%
LAOS 9.87 11.00 1.09% 13.00 1.68% 15.00 1.44%
MALA 19.39 16.00 | -1.90% 13.00 | -2.06% 11.00 | -1.66%
MONG 46.22 35.00 | -2.74% 27.00 | -2.56% 21.00 | -2.48%
MYAN 5.07 50 | -0.14% 48 | 041% 45 | -0:64%.
NEPL 17.53 1740 | -0.07% 17.20 -0.12% 17.00 | -0.12%
PAKI 30.71 2750 -1.10% 24.50 -1.15% 22.0 -1.07%
PHIL 7.27 9.8 3.03% 7.00| -331% 10.00 | 3.63%
SING 13.21 12.00 | -0.96% 11.00 | -0.87% 10.00 | -0.95%
SRIL 10.01 17.74 5.89% 17.64 -0.06% 17.83 | 0.11%
TAIW 10.43 11.00 0.53% 9.00 ~1.99%- 9.00 | 0.00%
THAI 12.41 11.40 | -0.85% 10.70 | -0.63% 10.30 | -0.38%
VIET 60.42 24.45 | -8.65% 20,00 | -1.99% 18.00 | -1.05%
ASIA 17.06 17.14 0.05% 15.91 -0.74% 14.56 | -0.88%
AVERAGE

NOTE: Country abbreviations are defined in Table 3.2
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3.4.5 Power Supply Assumptions

The assumptions that characterize future electricity supply can be grouped into three general
categories: system-wide, electricity generation, and LPS. System-wide assumptions include
parameters such as the percentage of generated electricity lost in transmission and
distribution, the own-use percentage of auxiliary consumption, and the level of international
imports or exports of electricity to neighboring countries. These assumptions have been
developed individually for each of the 23 countries covered in the model.

Auxiliary consumption as well as transmission and distribution losses are significant problems
for many of the developing countries in Asia. Several countries, including Bangladesh,
China, India, Indonesia, and Pakistan, have total electricity losses exceeding 15%. Base
Case assumptions for the future assume no change or only moderate improvement of 1% per
year in this parameter. The Low Energy scenario assumes that improvements in these losses
will take place at the rate of 1% - 2% per year.

The electricity generation fuel mix for the Base Case scenario was taken from published
reports on power sector development plans for most of the major countries and information
provided through the RAINS-ASIA Energy Network. Although official plans often do not
extend beyond 2000 or 2010, the trends developed in these plans were continued through the
year 2020 to develop the Base Case.

For the development of the Low energy scenario, it was assumed that the electricity savings
realized in the end-use sectors would be translated to capacity reductions in the electricity
supply sector according to the following rule. For the Low energy scenario, capacity
additions of high-emission fuels such as lignite and hard coal are curtailed first until
electricity supply and demand are again in balance. If these fuels were not available for
reductions, oil-fired capacity was removed. This fuel phase-out scheme helps demonstrate
the potential for SO, emissions reduction.

The model disaggregates electricity production into two categories: LPS and area sources.
Emissions from LPS are assigned specific latitude and longitude coordinates within a specific
region. Area-source electricity production is assumed to be generated by small, dispersed
plants or plants which have low SO, emission characteristics (e.g., hydro, nuclear, natural
gas, and some oil-fired plants). As with the other area-emission sources, emissions from
area electricity generating sources are dispersed across the region to which they are assigned.

The model identifies 355 LPS at 332 unique locations. Eighty percent of the LPS are located
in three countries: China (133), India (47), and Japan (19). The distribution and location of
the 355 LPS sites is shown in Figure 3.4. A complete listing of the LPS can be found in the
model. The development of the LPS scenarios for both the Base Case and Low scenarios
were derived from several data sources, including the RAINS-ASIA Energy Network;
Mannini, et al, 1990; Maude, ef al, 1994; and ADB, 1993. In most situations, assumptions
regarding LPS, beyond published planning horizons (typically 2010 and 2020), were based
on the judgement of the RAINS-ASIA team regarding expansion possibilities of existing plant
sites.
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3.5 Energy/Economic Analysis

3.5.1 Overview

The building of the energy scenarios, as described in section 3.2, follows a “bottom-up”
approach. Price and macroeconomic assumptions are introduced only implicitly into the
analysis, rather than in an overall economic framework. To give an additional foundation
and perspective to the scenario generation process, the Norwegian firm ECON conducted
analytical work relevant to the energy-efficiency and fuel-substitution potential for some of
the major energy-consuming countries. In addition, ECON carried out a “top-down”
analytical approach, based upon an energy model ECON-ENERGY.

Both ECON’s “bottom-up” and “top-down” work provided valuable input into the scenario
generation process. Although they provided information at the national level only, that
information was based on detailed technical- and economics-based analyses of energy
efficiency and fuel substitution potentials. This analysis was done primarily to provide
background for four major developing Asian countries; i.e., China, India, Indonesia, and
South Korea. Together, they represent close to 90% of fossil fuel consumption in Asia,
excluding Japan. The results of the analysis have also proven useful for scenario generation
work for the other countries. The ECON work provided a complementary analysis which
helped establish the scenario assumptions and parameters on energy efficiency. In addition,
the ECON work provided a description of actual and planned systems of natural gas trade
in the Asian region, including both liquid natural gas (LNG) and pipeline trade. This work
is described in detail in a separate report (ECON, 1994) and is briefly summarized below.

3.5.2 China country description

Primary energy demand in China is dominated by coal, not only for electricity generation
but also for industry. Oil use is constrained, and private transportation is very limited.
Natural gas has only limited use in China and nuclear was not yet included in energy supplies
in 1990. Of the vast hydro resources in China, only about 10% are exploited.

The aggregate energy intensity in China is higher than in any other large country. It was 2.5
times the level in India in 1990 and 3.5 - 4 times higher than levels in Indonesia and South
Korea. There is a trend toward a lower energy intensity in China. From 1978 to 1990, the
average GDP growth rate was 9%, while primary energy consumption grew 4.5% per
annum. Technological improvements, including improvements in managerial procedures,
account for some of the decline in the energy intensity. However, the most important factor
in this decline is the structural change of the economy, including changes in the composition
of foreign trade.

The current and future structure of China’s energy use is largely determined by the available
indigenous resources. Coal is the most abundant domestic energy source, and it will
continue to play a dominant role in the total supply picture. While hydropower is an
important energy source, earlier expectations for oil and natural gas finds have proved too
optimistic. In 1992, coal production was 1,130 million tonnes representing nearly 30% of
world production. The attractiveness of coal is based on a vast resource base and low
extraction costs. Coal supplies are, however, hampered by an inadequate infrastructure, and
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the railway system presents a chronic bottleneck in the coal supply system. Plans for further
expansion of the railway system are ambitious, but transport may remain as much of a
problem for the coal supply system over the next decade as it was in the 1980s.

Natural gas has been produced primarily to cover local use. In recent years, some encou-
raging new discoveries have been made, and a doubling of production by 2000 seems

feasible. However, natural gas will still remain a minor product in the Chinese energy
balance.

Exploiting the large hydro potential involves confronting a number of environmental factors
including silting of river deltas and the erosion and silting of dams. Furthermore, several

of the proposed large projects could involve farmland flooding and forced migration of large
numbers of people.

While two nuclear plants have recently become operational, plans for building more have
been scaled down compared to the ambitions of the early 1980°s. The major obstacle to the
development of nuclear power is the investment required.

The average thermal efficiency of China’s coal-fired power plants is about 29%. This is due
both to continued use of out-of-date technology and to plant sizes, which are too small to
capture economies of scale. A major part of the capacity, added as recently as the 1980s, is
well below international efficiency standards, again, largely due to plant size. Transmission
losses in China are estimated to be around 15% - slightly worse than the best of the
developing countries (e.g., Brazil and South Korea at 12-13%) and significantly better than
the worst. Losses in the rural parts of the system vary dramatically and have not been
systematically monitored. Broad estimates indicate that losses in the rural areas (33%) are
more than twice the losses in urban areas (15%).

China has a substantial potential for improvements in industrial energy efficiency. The most
important energy consuming sectors - iron and steel, cement, and chemicals - all have a
much higher specific energy consumption than observed in developed countries. These
sectors’ relatively low energy efficiency is linked to the quality of equipment and the size of
plants, resulting in a relatively low quality of product produced. This is also the case for
other less energy intensive industries. Main energy consuming equipment such as boilers and
electric motors have much lower efficiency than could be obtained by using advanced
international technology. For the existing industry as a whole, an average energy intensity
reduction of about 30% could be reached over the forecast period (to 2020). In addition, the
growth in industrial production will be highest for sectors having a much smaller energy
intensity than the current average. The combination of a change in the sector composition
of the economy and efficiency improvements within each industry could result in a reduction
of the industrial energy intensity of up to 60% of the 1990 level by 2020.

Commercial energy use has been growing at a rate of about 4.5% per annum in the 1980’s.
Much of the growth is due to the substitution of coal for biomass fuels in rural areas. Coal
is the dominant fuel for urban space heating and cooking in China. Efficiencies of coal use
for cooking and heating are generally low. Even urban houses are poorly insulated and there
is an inherent waste in using coal in cooking stoves. Cooking stoves are often kept alight
continuously. Improved design of stoves as well as better coal/briquette quality could
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improve efficiency. Applying higher insulation standards in new buildings would
significantly improve energy efficiency.

Transportation in China is dominated by rail, and coal use represents a high share of total
energy consumption. Economic reforms in the 1980’s resulted in rapid increases in both
passenger and freight transportation. However, the level of per capita energy demand for
transport in China remains extremely low. Railway construction has been the major task
of transportation development over the past decade, with an emphasis on shifting from coal-
steam to diesel and electric locomotives. There is scope for considerable improvement in
the technical efficiency throughout the transportation system in China; there is also the
potential for a substantial increase in both the demand for transportation and in transportation

energy intensity as personal incomes rise and restrictions on private vehicle purchases are
eased.

3.5.3 India country description

India’s energy use is also coal-dominated, but to a lesser extent than in China. Coal is the
primary fuel in electricity generation but has less importance in industry. The demand for
oil for transportation is more important than in China. Industry oil use is also more
widespread. Most of the natural gas is used in chemicals industry for fertilizer production.
An important energy source in India is biomass, which was not included in the ECON
analysis. Forty-five percent of all energy consumption is biomass. The aggregate energy
intensity increased moderately during the 1970s, while a downward trend was observed in
the 1980s. Energy intensity in industry and in the commercial/residential sector declined
steadily throughout the 1970s and 1980s.

The overall performance of Indian electricity utilities is relatively poor. This is due to
inadequate management and staffing qualifications and the weak financial situation of the
utilities. Conversion losses in thermal power stations are considerable because of frequent
start-up and shut-down and low-load factors. Average transmission and distribution losses
in Indian utilities increased from 16% in 1971 to 19% in 1985 and have since stabilized at
this level. Apart from pilferage, the most important reasons for the high losses are
inadequate investments in transmission and distribution systems and a high share of low-
voltage lines. Efficiency improvements could be obtained by better managerial practices, by
amelioration in the coal supply systems, and by measures to increase the load factors.

The energy-intensive sectors of India’s industry - iron and steel, aluminum, cement, and
fertilizers - have been growing rapidly. Energy demand in these sectors accounts for about
60% of total industrial energy demand. Because most energy-intensive industries are using
energy inefficiently, there exists a significant opportunity for efficiency improvements. Lack
of proper instrumentation and control systems, poor capacity utilization, erratic power supply
from state grids, and outdated equipment are the major reasons for industrial inefficiency.
The potential for improving the energy efficiency of the energy-intensive sectors is on the
order of 40% - 50%.

In India, the growth in energy used by the residential/commercial sector has been stronger
than in China, because of a continued substitution of non-commercial fuels with oil (primarily

kerosene) for cooking. The role of non-commercial fuels, particularly animal dung, has
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traditionally been much more important in India than in China. Total commercial energy
requirements in the household sector show a strong correlation with GDP. Electricity and
petroleum consumption have increased at rates greater than GDP growth.

Total freight transportation in India has grown at an average of 5.4% per year over the past
two decades, whereas passenger traffic has grown at a yearly average of 6.8% over the same
period. Rail-based traffic for both freight and passengers has been steadily decreasing. As
in China, there has been an active policy over the past two decades to shift from energy
intensive coal-based locomotives to those powered by diesel fuel and electricity. While
private ownership of cars is still rare in India, there has been a recent surge in the number
of two-wheelers. The fuel efficiency of India’s truck and car fleet is very low compared to
those of developed countries. This can be expected to change as India begins to open the
vehicle market to foreign joint ventures.

India has the potential to increase its use of natural gas. Most natural gas reserves and
production facilities are located offshore in two major areas close to the Western coast
(Bombay High and South Basin). The gas fields are connected to the 1,900 km pipeline
system running through the western and northern parts of the country. In consideration of
the reserves available, the current production potential, and the volumes of gas currently
being flared, there is scope for natural gas replacing oil and coal in many applications.

The hydro potential, which is economically exploitable, is 84 gigawatts (GW). Some 12 GW
have already been developed, and an additional 7 GW are under development. The hydro
electric share of total electricity generation has declined markedly from 45% in 1965 to 28%
in 1991. It is likely that this decline is because its gestation period is considerably longer
than that of thermal capacity.

Currently India has nine nuclear units with a total capacity of 1.7 GW. The original target
of an expansion to 10 GW by year 2000 has been abandoned in favor of a more modest
target of 5.7 GW of nuclear capacity by the turn of the century. However, even this target
may be too optimistic in view of the shortage of state funds for new electricity-generation
capacity.

All coal deliveries for power generation are from domestic sources. For economic and
environmental reasons, however, imports of steam coal for new power stations near the coast
are being considered.

3.5.4 Indonesia country description

Indonesia has an per capita income which is higher than in China and India, but it is less
industrialized and has a lower energy intensity. Oil is the dominant fuel both in electricity
generation and in industry. In addition natural gas plays an important role. The aggregate
energy intensity in Indonesia increased in the 1970s through the beginning of the 1980s.
Since then, the energy intensity has remained almost stable. The intensity in 1990 is about
70% higher than it was in 1971. It is, however, still 30% lower than in India and less than
one-third of the level in China, measured at official exchange rates. Growth in energy
consumption has been driven primarily by a rapid industrialization and by large investments
in infrastructure. Electricity demand grew quickly in the 1980s. Substitution of non-
commercial fuels by commercial fuels has also played an important role in the increase of
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energy intensity.

Because Indonesia has built most of its power plants recently, electricity is generated effic-
iently. Despite growth in the contribution from coal and natural gas, oil still accounts for
an important share in power generation. Transmission and distribution losses remain high.
In the 1975-1985 period, losses averaged between 21% and 25%. Because Indonesia consists
of a string of islands, the country lacks an integrated national electricity grid. The
government- owned utility has made an effort to extend electricity supplies to rural as well
as urban areas. Investments in upgrading the transmission and distribution system could
reduce losses. On the other hand, increased rural electrification tends to increase losses, in
particular in the distribution grid. Some reductions in average losses are expected, but the
reductions will be relatively small in the period approaching 2000, due to substantial
extensions of the rural grids. In the longer term, when the targeted rural electrification has
been achieved, the improvements in the technical performance of the transmission and
distribution grids could gain more weight in reducing average losses.

The most important energy consuming sectors of Indonesia’s industry are fertilizers, iron and
steel, cement, sugar, and textiles. Important potentials exist for reducing the energy intensity
of industry. It has been estimated that efficiency improvements in the iron and steel industry
could increase steel production from 1.3 million tonnes in 1989 to 2.5 million tonnes by the
end of the decade, without increasing natural gas use. The fertilizer industry, which accounts
for about half of the natural gas use in Indonesia, has the potential of improving its efficiency
by 30% - 40%.

In Indonesia, the average urban household consumes four times more commercial fuels and
15 times more electricity than the average rural household. Rural homes, however, consume
nine times more biomass. Low-income households in cities still draw most of their energy
from biomass. Total energy demand in the residential/commercial sector increased 5.5% per
annum in the 1980s, with the strongest growth in electricity demand.

Per capita transport energy consumption in Indonesia is very low. In 1986, motorbikes and
mopeds accounted for 70% of the vehicle fleet in Indonesia. Automobile ownership is still
low. The main goal of transportation policy is to improve the road transportation capacity
in order to keep pace with the needs of rapid industrialization and to extend the road network
to the peripheral areas of the country. In order to preserve the supply of oil for export,
private passenger transportation is discouraged by means of a high tax on gasoline.

Natural gas is the most important energy source when considering substitution with a less
polluting fuel. The recoverable proven and potential reserves of gas are about 91 trillion
cubic feet. About 57% of the production is devoted to LNG, which is exported. Domestic
sales account for about 14% of the gross production - the balance being flaring or own-use
by operators. Natural gas, apart from LNG, has been treated as a by-product of oil
exploration. Domestic gas sales are promoted by the government which directs the state-
owned oil and gas producer to supply gas to a few major industries at prices below cost.
Fertilizer, steel, and cement industries dominate the domestic use of gas. A number of small
and medium-sized fields which could, in principle, supply the domestic market have not yet
been developed. Expansion of domestic gas utilization is justified by the relatively low
economic costs of developing some of these fields.
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The electricity utility is planning to increase hydropower capacity from the 2,300 MW in
1992 to about 6,800 MW in 2004. Total hydropower potential has been estimated at 75,000
MW for the country as a whole

3.5.5 South Korea country description

In South Korea, rapid economic growth and industrialization has resulted in an equally rapid
growth in energy demand. The most notable changes in the fuel mix since the early 1980s
are the growth in the share of oil, the introduction of nuclear power on a large scale, and the
onset of liquid natural gas importation. In the electricity sector, policies have been directed
at a diversification of the fuel mix from oil to nuclear power, natural gas, and coal. Nuclear
now represents 48% of total electricity generation against 9% in 1980, LNG represents 9%
(0% in 1980), and coal, of which most is imported steam coal, represents 18% (6% in
1980). During the 1970s, energy consumption grew at a rate of more than 10% per annum,
while the GDP growth rate was 8% leading to an increase in energy intensity. Since the
second oil price shock in 1979, energy intensity has been declining.

There has been a profound restructuring of the energy use for electricity generation in South
Korea. Nuclear power has experienced a rapid expansion and now accounts for 48 % of total
power generation. LNG imports started in 1986 and gas now accounts for 9% of power
generation. Large-scale coal use in electricity generation is a relatively new phenomenon.
Because of the rapid expansion in the electricity capacity, and because investments in new
plants have been concentrated on large-scale projects, the overall thermal efficiency of the
system is relatively high. Transmission and distribution losses are small, around 6%.
Transmission distances are short, and there is a high concentration of population and
industry.

South Korea’s industrial sector dominates its energy use. Between 1975 and 1990 total
energy use increased 3.5 times. Growth of industrial production has been high and
concentrated on energy-intensive sectors, particularly in the 1970s. In the 1980s, production
growth was slower and concentrated on the less energy-intensive segments of industry. It
is likely that industrial production growth will occur primarily in the least energy-intensive
sectors. This, in combination with energy efficiency improvements in particular industries
will result in a decline in South Korea’s aggregate industrial energy intensity.

Rapid economic growth in South Korea has been followed by a noticeable shift in the
residential/commercial sector energy consumption from low-quality fuels such as anthracite
and firewood, to oil products, town gas, and electricity. Government promotion of district
heating systems in the largest cities will contribute to energy efficiency improvements.
Increased penetration of natural gas for heating will reduce the energy intensity of the
residential sector, because of its higher efficiency compared to other fuels.

Private car ownership is increasing rapidly in South Korea, driven by strong growth in real
personal incomes and the removal of restrictions on private car purchases. While the
efficiency of the vehicle fleet is very good, the transportation energy per capita will likely
increase substantially as the suppressed demand for personal transportation is absorbed.

There has been a major shift in the energy mix away from oil to nuclear power, coal, and
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LNG in power generation. Nuclear plants under construction and committed to be
constructed will double the nuclear capacity by 2000. Additional nuclear capacities are
planned to come on-stream after 2000. Because of environmental considerations and the
desire to reduce dependence on oil, there is a planned increase in the use of natural gas for
power generation in industry and in the residential sector.

3.5.6 Gas Trade in Asia

Strong economic growth in parts of Asia combined with an increasing awareness of the
environmental problems, is already leading to increased demand for gas in the region, and
will continue to do so in the foreseeable future. Until pipeline systems are designed and
built, this means that the already dominant position that Asia holds in LNG trade, accounting
for close to three quarters of world trade, will grow even stronger. Both regional pipeline
systems and LNG trade require massive investments and have considerable lead times.
Several pipeline projects for gas to India and to China from the Middle East (where gas
reserves are abundant) are being considered. In East Asia, several major pipeline project
proposals are under examination. Some of those can be seen as parts of a future giant
regional grid. Considerable growth in LNG trade is probable due to the strong increase in
energy demand and the uncertainty surrounding major pipeline projects in the region. New
finds and expansion of existing fields in the region may provide a considerable share of the
consumption increases, but it is generally believed that an increase in imports from the
Middle East is also necessary.

3.6 Energy Scenario Results

The previous sections of this chapter have summarized the RAINS-ASIA Energy Module.
Two energy scenarios have been developed using the RESGEN model to demonstrate the
methodology and to provide input to RAINS-ASIA for the purpose of calculating SO,
emissions scenarios, acid deposition scenarios, and the anticipated impact of these scenarios
on the Asian environment. These scenarios and results are described in subsequent chapters.

The Base Case energy scenario is based, as much as possible, upon official country
projections of energy consumption. While it is clear that “official” country projections of
energy consumption are often exaggerated or optimistic forecasts, the RAINS-ASIA team felt
it was important to include these forecasts in the model scenarios in order to demonstrate the
potential environmental consequences of such scenarios, thus gaining the confidence of
government energy and environmental planning agencies. When the necessary data were
unavailable at the level required by RESGEN, business-as-usual trends were followed. In
this case it was assumed that each country would follow the existing energy policies, without
introducing additional measures to improve the quality of the environment, such as energy
efficiency measures of fuel substitution to reduce emissions of acidifying pollutants.

The Low energy scenario demonstrates an energy pathway which incorporates reductions in
energy intensities and fuel substitution. This scenario explores the possible reduction of
emissions through a strong effort to use energy more efficiently and a shift to lower-emission
fuels in the power sector. The efficiency improvements deemed possible through 2020 are
based on general improvements in technology and on the experiences of industrialized
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countries during the pertod 1973 - 1983, as they responded to the sharp rise in energy
prices. The purpose of the Low energy scenario is to demonstrate the importance and
potential of energy efficiency and fuel substitution in reducing emissions.

The results of the Base Case and Low energy scenarios are displayed in Table 3.8 and Figure
3.5 for each of the 23 countries and the sea lanes, and Table 3.9 for all 94 regions. For the
Base Case, energy consumption grows at an average rate of 4.0% per year over the 30-year
period. The average annual rate of growth is stronger in the first period (4.5%) than in the
subsequent two periods (3.8%). In aggregate, total energy consumption in Asia would be
approximately 130 Exajoules (EJ) in the year 2000 and 275 EJ by 2020.

Notable in these results is the continued dominance of China and India in the regional energy
consumption totals. In 1990, China and India accounted for approximately 55% of the total
regional energy consumption. By 2020, this percentage has risen to 60% for the Base Case.
The total contribution of Japan, however, decreases dramatically from 21% in 1990 to 11%
in 2020. The contributions of the other Asian countries remain relatively stable, at a few
percent or less, over the 30-year period.

Primary fuel consumption for the two scenarios is shown in Zable 3.10 and Figures 3.6 and
3.7. The share of coal in primary energy was about 41 % in 1990 and is projected to remain
reasonably stable in the Base Case throughout the 30-year period. Thus by 2020, total coal
consumption in the Base Case will more than triple, reaching 110 EJ, or about 3.75 billion
tons. The consumption of natural gas will increase nearly five-fold reaching 9% of total
primary energy by 2020. While the consumption of biomass fuels will continue to rise
modestly over the period studied, its contribution to primary energy will decrease from 15%
in 1990 to 8% in 2020.

Although the Low energy scenario incorporates assumptions regarding the implementation
of significant energy efficiency improvements, energy growth in the region remains at
relatively high levels. Energy growth rates for all three periods average 3.1% per year,
with the strongest growth rates experienced in the first period (3.2%). However, the Low
energy scenario results in significant net energy savings of 15 EJ below the Base Case in
2000, and 67 EJ in 2020; this results in an 11% and 24 % savings, respectively.

Consumption of coal in the Low energy scenario in 2020 is 76 EJ (about 2.59 billion tons),
a 31% reduction in total coal consumption from the Base Case. This reduction is due to the
combined effects of assumptions of improved energy efficiency and to fuel substitution in the
power generation sector away from coal to low-emission fuels such as hydro, nuclear, and
natural gas.

Figures 3.8 and 3.9 give additional insight into the energy growth in the two scenarios by
displaying the sectoral and total primary energy intensities over the scenario period. In
Figure 3.8, the domestic and transport intensities are expressed as annual per capita energy
consumption. For the industrial sector, the intensity figures are expressed as annual energy
use per unit of industrial output (measured in GDP). For both figures, all values are
normalized, with the 1990 intensity equal to one.
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Table 3.8 Total Energy Consumption by Country [Petajoules/year]

1990 2000 2010 2020
COUNTRY Base Low Base Low Base Low

BANG 805 1062 1019 1554 1427 2363 1965
BHUT 22 3 30 41 40 58 56
BRUN 62 130 122 171 149 229 178
CAMB 101 183 161 354 258 757 454
CHIN 30255 50527 43438 73518 59131 101016 75348
HONG 422 662 619 912 762 1211 980
INDI 15812 22908 20192 36932 29764 63621 48367
INDO 3793 6247 5878 9250 7768 13684 10138
JAPA 17866 22606 20187 25679 20913 28809 21535
KORN 1764 3186 2862 4980 3923 7910 5455
KORS 3594 6264 5814 9497 7794 13448 9743
LAOS 38 56 55 82 79 121 108
MALA 1060 1953 1928 3475 3186 6031 4686
MONG 151 193 178 260 212 361 266
MYAN 309 426 421 577 567 737 719
NEPL 270 357 336 467 425 615 514
PAKI 1436 2531 2359 4353 3910 7361 6391
PHIL 585 1082 948 1921 1820 3113 2401
SEAL 163 208 208 266 266 343 343
SING 342 645 641 1130 1061 1731 1522
SRIL 190 399 285 502 372 632 435
TAIW 2094 3334 2910 4796 4241 6843 5771
THAI- 1688 3292 2902 5693 4482 9326 6697
VIET 772 1186 1176 2118 1926 3801 3359
TOTAL 83594 129468 114669 188528 154476 274121 | 207431

NOTE: Country abbreviations are defined in Table 3.2
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Table 3.9 Total Energy Consumption by Region (in Petajoules)

COUNTRY | REGION | 1990 2000 2010 2020
Base Low Base Low Base Low
BANG DHAK 140 243 233]  405] 372 e12] 502
REST 665 819| 78| 1149] 1055 1751] 1463
BHUT WHOL 22| 31| 30 41 40| 5§ 56
BRUN WHOL 62| 130 122 171 149] 229 178
CAMB WHOL 101 183 161  354] 258  757] 454
CHIN BELJ 730 1272 1068| 1809]  1443]  2561] 1899
CHON 412 697|  60s| 1032]  821| 1403 1035
FUII 571 958 856|  1296]  1089]  1769] 1395
GUAH 13s|  2007] 1725 3295|2633 4690 3513
GUAX 627|  1322] 1140] 1923] 1565| 2586] 1964
GUAZ 395 610 535 877  713] 1120 810
GUIY 192 267  233]  353] 290 453] 352
GUIZ 462 759| 677|109 907 1512 1157
HEHE 4627|  7435]  6405| 11092]  8904| 14259 10618
HUBE 978]  1906]  1670] 3106] 2554 4721] 3627
HUNA 748] 1303 1155 2000] 1624| 2821] 2104
IMON 1068]  1329] 1165] 1927] 1546 2861 2061
JINU 2595|  3961] 3407| 5917| 4767| 8726 6531
JINX 489 866| 758 1333[ 1077] 1817] 1342
NEPL 5301]  8766] 7427| 11110[ 8825 15195 11315
SHAN 770| 1090 927 1628]  1295]  2250[ 1589
SHEN 256 47| 379 623|482 8% 624
SHGA 1173]  2014]  1724]  3042| 2415| 4151] 3101
SHND 1219]  2024]  1755] 3088]  2502| 4230 3060
SHNX 1223 1996| 1617| 2853] 2262| 3770| 2858
SICH 1653|  2949|  2581] 4299] 3536] 5757) 4437
TAIY 387 812  667| 1182  920]  1659| 1198
TIAN 607  1007| 41| 1559 1224] 2153| 1546
WEST 774 1443 1251 2047] 1671] 2783] 2122
WUHA 487 614|  s42] 827 678 1038 780
YUNN 718]  1584]  1398]  2440]  1991] 3466/ 2600
ZHEJ 658]  1088]  932| 1768] 1399  2377| 1710
HONG WHOL 422 662 619 912 762 1211 980
INDI ANPR 1592] 2177 1911] 3431 2669 5672|4123
BENG 1012 1436|1279 2135] 1722] 3488 2592
BIHA 1520f  2075| 1807| 3165] 2485 4878 3514
BOMB 212 354  303] 578]  461| 1018] 758
CALC 84 157 136]  288] 234 544|412
DELH 107 213 182] 475 392 1093 875
EHIM 559 727|  e48] 1022]  811] 1488] 1091
GUIJA 881|  1314] 1140] 2249] 1792 4118 3088
HARY 256 397  342]  702]  S62] 1322 999
KARN 685] 1041 919] 1734|  1419] 3130] 2459

II-51




COUNTRY | REGION | 1990 2000 2010 2020
Base Low Base Low Base | Low
INDI KERA 281 463 414 814 686] 1536 1267
MADR 79 157 125 298 228 513 376
MAHA 1376 2059 1810  3427| 2752 6165| 4654
MAPR 1547 2139 1881  3194| 2541 5130 3722
ORIS 1026 1353 1184 1981 1538] 2915|2065
PUNJ 502 813 728] 1473 1249 2852 2351
RAJA 683 1017 896 1722 1402] 3269 2593
TAMI 1230 1760 1552 2829 2279] 4980 3781
UTPR 1899 2749 2450 4416] 3621  7622] 5902
WHIM 281 507 486 997 921 1888 1745
INDO JAKA 293 462 424 691 557 1013 713
JAVA 1933 3068|  2905| 4530| 3849] 6554] 4902
REST 769 1383 12908] 2105 1752 3405 2527
SUMA 799 1334 1251 1923 1610~ 2711 1997
JAPA CHSH 2850 3502 3092 3788] 3065 4046] 3036
CHUB 3229 4370|  3893| 5055 4062 5454 4050
HOTO 2087 2684 2435] 3082 2590 3412] 2624
KANT 4277 5401 4831 6290 5115 7692 5709
KINK 3111 3844 3438] 4335 3535 4857 3635
KYOK 2313 2805 2497 3128 2546] 3346] 2483
KORN |WHOL 1764 3186 2862 4980] 3923] . 791o| 5455
KORS NORT 562 846 776]  1310[ 1065 1920 1380
PUSA 1311 1691 1585 2628 2211] 3803] 2871
SEOI 1052 2584  2390] 3799] 3050 5155 3593
SOUT 668 1143 1063 1761 1468] 2570 1899
LAOS WHOL 38 56| 55 82 79| 121] 108
MALA KUAL 147 287 282 512 471 861 669
PENM 728 1289 1279 2245 2066] 3800| 2955
SASA 185 377 367 718 649] 1369 1062
MONG WHOL 151 193] 178 260 212 361 266
MYAN WHOL 309 426| 421 577 567| 737| 719
NEPA WHOL 270 357 336 467 425 615 514
PAKI KARA 253 498 469 946 8s50] 1711 1508
LAHO 110 191 179 331 295 570 495
NMWP 256 462 416 825 744] 1411 1206
PUNJ 580 936 877] 1481 1336]  2307| 2010
SIND 236 444 418 771 686] 1362 1172
PHIL BVMI 194 345 308 629 596 1075 846
LUZO 252 530 470 961 921 1542 1206
MANI 139 207 170 331 303 495 349
SEAL |[WHOL 163 208 208 266 266 343 343
SING WHOL 342 644 641 1130[ 1061 1731 1522
SRIL WHOL 190 399 285 502 372 632 435
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COUNTRY | REGION | 1990 2000 2010 2020
Base Low Base Low Base | Low

TAIW WHOL 2094 3334 2910 4796 4241 6843 5771
THAI BANG 503 1111 987 1937 1515 3190 2262
CVAL 419 863 731 1711 1407 3254 2395

NEPL 323 472 419 669 522 915 646

NHIG 286 555 503 898 652 1210 838

SPEN 157 291 263 478 386 757 555

| VIET NORT 404 597 591 1018 926 1766 1566
SOUT 367 589 585 1100 1000 2035 1793

TOTALS 83504| 129465| 114671) 188527 154474 274116| 207432

NOTE:

The 22 italicized entries regions represent urban areas

Country and region abbreviations are defined in Table 3.2
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Table 3.10 Primary Fuel Consumption in the Asia Region [in Petajoules]

I11-54

1990 2000 2010 2020
Fuels
Base Low Base Low Base Low

BC 396.29 770.20 687.46 1624.85 1329.19 2664 .48 1917.35
HC 30881.99 49847.11 42182.05 73259.91 56654.28| 102888.68| 70671.04
DC 2641.69 3338.69 2897.78 4138.64 3309.00 4718.65 3522.37
(N 12335.72 15048.94 13844.15 18372.15 15055.83 21110.53 15498.99
HF 8591.14 11735.28 9930.23 14937.02 11888.20 19252.89 14179.41
MD 6813.56 11633.83 10294.04 18682.26 14896.00 31351.00| 22792.32
LF 10421.95 16382.50 14987.78 25317.39 21076.97 39867.58| 30733.35
GAS 5175.05 9573.52 8777.30 15127.25 13276.06 24835.88| 20814.12
REN 130.06 424.43 413.78 795.20 776.48 1716.31 1675.71
HYD 3008.80 6403.83 6349.73 9675.29 9616.01 14873.98 14791.36
NUC 3169.21 4304.56 4304.56 6594.11 6594.11 10833.81 10833.81
ELE 28.75 2.43 2.33 2.45 2.32 2.30 2.32
HT 0.00 0.00 0.00 0.00 0.00 0.00 0.00
TOTAL 83594.21| 129465.32| 114671.19| 188526.52| 154474.45| 274116.09| 207432.15

BC =  Brown Coal/Lignite GAS =  Natural Gas

HC =  Hard Coal REN =  Renewables

DC = Derived Coal (coke, briquettes) HYD =  Hydro

0s = Other Solids NUC =  Nuclear

HF =  Heavy Fuel oil ELE =  Electricity

MD = Medium Distillates (diesel oil, light fuel 0il) HT = Heat (steam and hot water)

LF = Light Fractions ( gasoline, kerosene, naphthas, LPG)
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Asia Primary Energy Intensities

Relative to 1990

1990 2000 2010 2020

=®- per Capita (01)5¥ per GDP (01) =~®~ per Caplita (02)~#~ per GDP (02) |

Figure 3.8 Asia Primary Energy Intensities

DOMESTIC = Residential Energy/per capita 01 = Base Case Energy Scenario
INDUSTRIAL = Industrial Energy/GDP 02 = Low Energy Scenario
TRANSPORT = Transportation Energy/per capita
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Asia Energy Intensities by Sector

Relative to 1990
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Figure 3.9 Asia Energy Intensities by Sector

DOMESTIC = Residential Energy/per capita
INDUSTRIAL = Industrial Energy/GDP 01 = Base Case Energy Scenario
TRANSPORT = Transportation Energy/per capita 02 = Low Energy Scenario
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Over the scenario period in the Base Case, the domestic and transport energy use per capita
grow by factors of 1.5 and 4.5 respectively; the industrial energy intensity decreases by about
15%. Increases in the energy intensity of the residential sector are driven by the growing
affluence of the population and increased access to commercial fuels. Demand for electricity
will grow faster than any other fuel. Transportation energy consumption per capita will
increase strongly in all of the countries. Rising real income levels and removals of
restrictions on private purchases of cars and two-wheelers will encourage private driving.
Furthermore, booming trade will increase the demand for transport services. The increase
in transportation fuel demand will be supported by improvements in road and highway
infrastructures. The decline in industrial energy intensity follows the historic trend where
industrial energy decreases at about 0.5% per year.

In the Low energy scenario (Figure 3.7), domestic and transport energy consumption per
capita increase more slowly; by factors of 1.3 and 3.3 respectively by 2020. Industrial
energy intensity, on the other hand, decreases more rapidly than in the Base Case scenario,
declining 45% from the 1990 figure. High growth in output, in combination with a
liberalization of the economy, will result in a modernization and a reduction in the average
age of industrial capital equipment. Performance will also improve when more resources
become available for maintenance. Furthermore, industries which in the past have been
shielded from competitive pressure will improve operational performance as market reforms
are implemented. Another reason for lower energy intensity is a change in the composition
of industrial output. In the high growth scenario, industrial production growth will be
strongest in high value added sectors like machinery and transport equipment, food pro-
cessing and electronics, which are less energy intensive than base material transformation.

Growth in electricity demand results in a rapid growth in generation capacity. New gene-
ration capacities have a higher thermal efficiency than the existing. New capacities will be
constructed with use of up-to-date technology, which has an efficiency close to that prevailing
in the industrialized world. Institutional weaknesses and managerial problems that have
plagued the electricity sector in developing countries will gradually be amended. For this
reason, the average thermal efficiency of power generation will approach the efficiency in
the industrialized world over the forecast period. Consequently, energy use in electricity
generation will increase less rapidly than the demand for electricity.

The Asia-wide total primary energy intensities (per capita and per GDP) are shown for both
the Base Case and the Low energy scenarios in Figure 3.9. In the Base Case scenario,
average energy consumption per capita increases by a factor of about 2.25 over the scenario
period reaching a value of 65 GJ per capita in 2020. Despite this increase, the figure is
about 50% of the current average for Europe and only 20% of the current per capita energy
consumption in the US. The energy intensity of the Asian economy as a whole, expressed
in terms of energy consumption per unit of GDP, decreases modestly in the Base Case
(3.5%) reflective of the business-as-usual characteristics of this scenario. All major
countries, with the exception of Indonesia and the Philippines, will have an average growth
in energy demand lower than the economic growth over the 30-year period. The decrease
in energy intensity will be largest for China (55%) and India (33%). In Indonesia, energy
intensity will increase by 10%. However, this will still be less than half the level of China’s
energy intensity in 2020. South Korea will see reductions in energy intensity of 36%. For
the Low energy scenario, the overall energy intensity improves by about 26 %, declining to
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levels close to those found in the industrialized countries in the 1980’s. However, despite
a significant decrease in both China and India in this scenario, their energy intensities remain
nearly double the Asia-wide average in 2020, still several times the values recorded in the
modern industrialized countries.

3.7 Summary and Conclusions

RESGEN provides a tool to generate regional energy scenarios with an output format
consistent with the spatial- and time-dependent requirements of RAINS-ASIA. RESGEN
interfaces directly with RAINS-ASIA by providing input databases for each scenario. The
achievement of this specific objective required the following subtasks:

1. The RAINS-ASIA Energy Network was established in collaboration with AIT. This set
of 12 research institutions supported the RAINS-ASIA team in the development of the
regional databases and scenario development. This network served not only to facilitate the
data collection process in the countries, but also served as a convenient vehicle for
establishing ties to key institutions and potential RAINS-ASIA users.

2. With AIT and the RAINS-ASIA Energy Network, the first version of a regional, base-
year, socioeconomic and energy database were developed for the 23 Asian countries. The
generation of regional energy scenarios in Asia required the development of a new regional
database which is consistent with the spatial- and time-dependent input data requirements of
RAINS-ASIA. Because many of the countries in Asia did not have regional (subcountry)
information readily available, it was necessary for the project to devote special attention to
the creation of this database. A set of 94 subcountry regions was defined for Asia, including
22 megacities (metropolitan areas with populations greater than 2 million)

The database served to provide a workable source of input data to RAINS-ASIA, resulting
in the generation of the first baseline regional energy scenario for all of Asia.- Although the
completeness and quality of this database varies considerably across the countries, this
current version represents a unique database which can be upgraded and updated through a
longer-term, iterative process. Integration and assimilation of collected data from Asia on
regional energy use, point sources, and socioeconomic parameters for scenario development
should be a continuing process.

3. A set of regional socioeconomic/energy scenarios was developed for the 23 Asian
countries. The integration of this set of 23 country scenarios provided an initial Baseline
Regional Energy Scenario which was used to test the RAINS-ASIA model. Despite
shortcomings in current data, this initial energy scenario has also provided a first basis for
examining in more detail the resulting sulfur emissions, dispersion, deposition, ecosystem
impacts, and emission-reduction strategies. The scenarios can conveniently be modified and
updated as additional data and regional information becomes available.

4. A Regional Energy Scenario GENerator (RESGEN) has been developed in the ®FOXPRO
database language for generating regional energy scenarios and converting the output files
of these scenarios into the specific data format required by RAINS-ASIA. RESGEN
estimates energy use for six end-use sectors and two energy supply sectors; for 23 countries

HI-60



and a sea lanes grouping; and for seventeen types of fuel. A methodology based on regional
population and GDP distributions is used to allocate energy use to the 94 subcountry regions.
A procedure for locating large point source emissions from power plants, oil refineries, and
major industrial sources is included in RESGEN. The method produces an inventory of
future point sources of emissions by latitude and longitude coordinates. User-friendly
software has been developed for handling, reviewing, and modifying the large regional
databases associated with the use of RESGEN.

NOTE:

Foxpro, RAINS-ASIA, and RESGEN are registered trademarks of their respective
companies.
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4.1 Introduction

Developing an accurate and detailed picture of sulfur dioxide emissions in Asia is a crucial
component of the RAINS-ASIA project and serves multiple purposes. It is an output of the
characterization of the energy and industrial situation that links the economic development
of the region with the damage it causes to the environment. By studying the use of fossil
fuels for provision of energy services and production levels in industrial manufacturing, it
is possible to estimate the releases of sulfur dioxide to the atmosphere. These emissions then
serve to drive the atmospheric transport, transformation, and deposition model, which
calculates the temporal and spatial fate of the emissions. Subsequently, the impacts module
estimates the vulnerability of ecosystems to these patterns of deposition. Also, by projecting
future changes in energy and industrial development, future emissions can be estimated and
future threats to the environment assessed.

The picture of current emissions from different types of facilities serves as a reference point
for estimating the potential for reducing emissions. Figure 4.1 shows the flow diagram for
the RESGEN/RAINS-ASIA model which highlights the ENEM (ENergy, Emissions and
Control Module) components. The goal of the ENEM module is the development of regional
and LPS emission scenarios for all 95 regions and 355 LPS included in the RAINS-ASIA
model and the estimation of the incremental costs of pollution control associated with
scenarios that reduce emissions. The emissions vectors produced by ENEM are available
for input to the DEP (Atmospheric Transport and DEPosition) module, described in Chapter
5, to calculate the geographic distribution of acid deposition. By transforming the patterns
of reduced emissions through the atmospheric deposition and impacts modules, a view of the
consequent reduced environmental damage can be obtained in physical terms. If these
physical measures could be converted to economic benefits, a full picture of the costs and
benefits of different emission control options would be obtained.

The inputs to the ENEM model consist of a series of databases including:

- Regional and LPS energy consumption scenarios provided by the RESGEN model,

- Regional and LPS fuel characteristics databases (e.g., sulfur content, heating value
and sulfur retention in ash) provided by the Asian Energy Network,

- Control technology and costs databases, and

- Model-user assumptions formulated into various “Control Strategies” which are
developed by combining sector-, fuel-, and technology-specific control policy options
for each region and LPS.
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Two distinct emission inventories were developed as part of the RAINS-ASIA project. Early
in the project, a gridded 1° x 1° emissions inventory for the year 1987-1988 was compiled.
The function of this inventory was primarily for the purpose of developing the atmospheric
source/receptor relationship (see Chapter 5). This gridded inventory was used in certain
specific studies and as a check on the more detailed base-year regional and LPS emissions
inventory for 1990 developed later in the project.

The base-year regional and LPS emissions inventory was developed from databases
constructed as part of the ADB-funded project. Detailed databases of energy use, industrial
activity, and fuel characteristics for 95 regions were compiled by the network of Asian
collaborators for the year 1990 (see Chapter 3). A thorough review of major point sources
was also developed as part of this activity. Data for this phase of the project were collected
in Asia and were developed, for the most part, independently from data gathered to construct
the 1987-88 gridded emissions inventory.

As described in Chapter 3, the 1990 energy database was then used by the RESGEN model
to develop future regional and LPS energy scenarios through the year 2020. These energy
scenarios, including the base-year data for 1990, were combined with the regional fuel
characteristics database in the ENEM module to calculate emissions scenarios for each energy
scenario. The results were consistent regional and LPS emissions inventories for the base
year, 1990, and three future years, 2000, 2010, 2020, for each energy scenario. Finally, a
review of control technology conducted by IIASA and included in the ENEM module was
used to compute alternative emission reduction scenarios and their associated costs. Each of
these activities is reviewed in the sub-sections that follow.

4.2  The gridded emissions inventory (1987-88)

The gridded emissions inventory represents a snapshot in time of sulfur dioxide emissions
in Asia in the late 1980°s. It was prepared during the first year of the RAINS-ASIA project
from the most recent data available. It was revised and extended during the second year of
the project. The period of the data used in the inventory is best described as 1987-1988,
reflecting minor differences in the years of the many data sources that were used to compile
the inventory.

The inventory was originally compiled on a 1° x 1° grid for the entire Asian region and
subsequently aggregated to 95 regions (reference Table 3.1) for use in developing the
atmospheric transfer matrix and for evaluating the 1990 regional and LPS emissions
inventory. All anthropogenic sources of emissions were included in the gridded inventory
including both land-based emissions and emissions from international shipping. In contrast
to some other inventories, sulfur dioxide emissions from the burning of agricultural wastes,
dried animal wastes, and fuel wood were specifically included for many of the countries.
Steady-state (non-eruptive) emissions from volcanoes were added towards the end of the
project.

The gridded inventory is a combination of two main data sources. For Southeast Asia (10
countries) and the Indian subcontinent (6 countries), emissions were calculated specifically
for this project using the methodology described below. Mongolia was added in the second
year of the project also using this methodology. For the remaining six countries of East Asia
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(China, Hong Kong, Japan, North Korea, South Korea, and Taiwan), the emission estimates
of Akimoto and Narita (1994) were used.

For Southeast Asia, the Indian subcontinent, and Mongolia, information was initially
compiled for major individual emission sources in the region. Fossil-fuel-fired power plants
and industrial process sources that emit sulfur dioxide (e.g., copper smelters) were included.
In all, 248 individual emission sources were included for these 17 countries, 94 of them
being power generation facilities. Each individual emission source was assigned to its
appropriate 1° x 1° grid cell. The contribution of these sources to total energy use and
industrial production was then subtracted from national totals. The remaining energy use and
industrial activity was then converted to sulfur dioxide emissions using standard emission
factors and shared out to grid cells according to the methodology described below. A national
summary of the emissions contained in the inventory is presented in Section 4.2.2.

4.2.1 Methodology and assumptions

The following procedures were used to develop emissions for Southeast Asia, the Indian
subcontinent, and Mongolia. Emissions were estimated for three major categories: (1)
emissions from energy consumption, (2) emissions resulting from industrial processes, and
(3) emissions from international shipping. Emission estimates for the countries of East Asia
(China, Hong Kong, Japan, North Korea, South Korea, and Taiwan) were taken from
Akimoto and Narita (1994).

Emissions from energy consumption sectors

Emissions were initially calculated at the national level from energy/fuel consumption data
for the following sectors: industrial, power generation, and other energy consumption.
Energy use by fuel type and sector was obtained from IEA (1989). Emission factors for coal
and oil were derived from data on the heating value of fuels, the sulfur content, and the
sulfur retention in ash. For coal, the sulfur content and sulfur retention in ash was obtained
from Spiro et al. (1992), supplemented by many other sources of information on sulfur
contents of coals produced in Asia. The sulfur content of different types of oil products is
difficult to obtain with any reliability. Refinery products are generally not reported by sulfur
content, which is known to vary widely across product streams, especially for heavier refined
products. For this work, oil consumption estimates from IEA 1989 were divided into four
categories: light refined products for transportation uses (0.03 %S), kerosene (0.3 %S), middle
distillates primarily for diesel generators (0.4%S), and residual fuel oil for industrial and
power generating units. Sulfur contents for this latter category varied between 2.5%S and
3.5%S, depending on knowledge of practices in specific countries.

For the power generation sector, data were gathered on the location and fuel consumption
at specific generating facilities. The size and location of coal-fired power generating
facilities was obtained from IEA Coal Research (1990). Locations and types of oil-burning
power generation facilities were obtained primarily from three sources: U.N. (1989), IAEA
(1988), and IAEA (1991). Emissions calculated for these individual emission sources were
assigned to their specific grid cells and were subtracted from the national emission total for
power generation. Once all power generation emission sources had been identified and
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located, the remaining non-point source emissions were allocated to grid cells on the basis
of population shares.

All other energy/fuel based emissions from the industrial sector and other energy
consumption were treated as non-point source emissions. Non-point-source emissions were
allocated to grid cells on the basis of population shares.

Biomass is an important fuel contributing to significant SO, emissions in many Asian
countries. As such, it received special attention in this analysis. Biomass burning is a
complex category for the Indian subcontinent because of the combined usage of animal
wastes with fuel wood and agricultural waste. The approach used for countries in this region
is described in Table 4.1. Emission factors used were: fuel wood, 0.6 kg SO,/tonne fuel for
residential cooking and 0.23 kg SO,/tonne for residential heating; 6.0 kg SO,/tonne fuel for
animal wastes; and 0.52 kg SO,/tonne for agricultural wastes (Smith, 1988). Table 4.2 lists
the quantities of biofuels consumed. For the other countries of Southeast Asia, it was
assumed that fuel wood and some agricultural wastes were the predominant fuel types; animal
waste consumption was insignificant. Quantities of biofuels consumed in these countries
were taken from World Resources (1992), and emission factors were taken from Spiro, et
al. (1992).
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Table 4.1 Assumptions for biomass emissions calculations for the Indian subcontinent

Country Assumptions/Sources Used

Bangladesh Assume that energy derived from biomass is
distributed evenly among fuel wood, animal
dung, and agricultural wastes. Total biomass
energy production obtained from ADB (1991).
Emission factor (E.F.) for SO, emissions from
agricultural wastes same as E.F. for fuel wood.
Assume most of biomass used in residential
stoves.

India Emission factor for SO, emissions from
agricultural wastes same as E.F. for fuel wood.
Assume most of biomass used in residential
sector. Biomass consumption values obtained
from Joshi (1991) and WEC (1989).

Sri Lanka Assume that agricultural wastes and animal dung
use each same (by weight) as that of fuel wood.
Fuel wood consumption value obtained from
WEC (1989). Assume most of biomass used in
residential stoves. Emission factor for animal
dung, agricultural waste, and fuel wood same as
in other countries.

Nepal Assume that agricultural wastes and animal dung
use are each equal (by weight) to 1/4 that of fuel
wood use. Fuel wood consumption figure
obtained from WEC (1989). Emission factor for
SO, emissions from agricultural wastes same as
E.F. for fuel wood. Assume most of biomass
used in residential stoves.

Bhutan Assume no significant use of agricultural wastes
and dung. Fuel wood consumption obtained
from WEC (1989). Assume most of fuel wood
used in residential stoves.

Pakistan Assume that agricultural wastes and animal dung
use are (by weight) each 1/8 that of fuel wood
use. Fuel wood consumption values obtained
from WEC (1989). Assume that equal amounts
of fuel wood used in residential stoves and
residential heating. Emission factor for SO,
emissions from agricultural wastes same as E.F.
for fuel wood.
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Table 4.2

Biofuels consumption in the Indian subcontinent (1987-88)

Fuel Consumed [106 tonnes/yr]
Country Fuel Wood Animal Wastes | Agricultural Wastes
Bangladesh 44.37 44.37 44.37
Bhutan 2.10 - -
India 164.39 126.46 83.79
Nepal 11.37 2.84 2.84
Pakistan 14.64 1.83 3.66
Sri Lanka 5.81 5.81 5.81

Emissions from industrial processes

The locations of industrial manufacturing facilities and production quantities by facility were
taken from the 1989 Minerals Yearbook. Emission factors used for each process that emits
sulfur dioxide are described below. For the metals and cement industries, it was assumed that
no add-on pollution control devices were in place. For petroleum refining, steel production,
and pulp and paper production, equivalence to 1980s U.S. practice was assumed. Almost all
of the industrial plants were precisely located according to the maps provided in the Minerals
Yearbook.

Emission factors used for industrial process emissions were of two types. When the process
is simple and emissions derive basically from a single activity, process-specific emission
factors were used. These were taken either from Spiro, et.al. (1992) or U.S. EPA (1987a).
These emission factors are considered quite reliable, although some variation is to be
expected depending on quality of the raw materials processed.

Primary copper smelting
Primary lead smelting
Primary zinc smelting
Aluminum smelting
Cement production

1060 tonnes SO, per 1000 tons of Cu produced
149 tonnes SO, per 1000 tons of Pb produced
490 tonnes SO, per 1000 tons of Zn produced
20 tonnes SO, per 1000 tonnes of Al produced
5.1 tonnes SO, per 1000 tonnes cement produced

For the more complex industrial processes, which have several sources of sulfur dioxide
within the plant and considerable variation in process conditions and material inputs, process-
specific emission factors are not recommended, especially for the development of regional
or national inventories. In this case, emission factors were developed assuming equivalence
to mid-1980s U.S. experience. The emission factors were developed by dividing U.S.
industrial production figures by U.S. national process emissions published by the U.S. EPA
(1987b). These latter estimates were built up from facility-level data for the U.S. and
therefore embody a certain variety of facility and process types. It is implicitly assumed that
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facilities in the U.S. and Asia in the 1980s were somewhat similar. For the multinational
industries such as petroleum refining, this is probably a reasonable assumption; however, in
general we might expect emission factors developed in this way to be low. Pending a plant-
specific survey of Asian facilities, however, this approach cannot be improved upon. Thus,
the following emission factors were based on U.S. industry equivalence:

Petroleum refining: 48 tonnes SO, per 1000 bbd refining capacity
Steel production: 3.2 tonnes SO, per 1000 tonnes of steel produced
Pulp and paper production: 2.2 tonnes SO, per 1000 tonnes of pulp produced

Emissions from international shipping

An analysis was performed to quantify the emissions of sulfur dioxide from shipping in Asian
waters. No estimates for this source category had previously been developed. These
emissions estimates are subject to some uncertainty, however, because of the absence of
detailed data in international publications on shipping routes and volumes, as well as a lack
of data on the sulfur content of fuels burned.

The region covered by this analysis extends from the Indian Ocean eastward to the southern
coast of Japan. The sources of shipping emissions have been divided into two categories:
international shipping and major ports. The former category is further subdivided into two
types of trade: crude oil and dry bulk cargo (primarily grain, coal, and iron ore). These four
commodities together account for about 75% of seaborne trade worldwide (United Nations,
1984). The major international shipping routes of crude oil and dry bulk cargo and traded
volumes are illustrated in Figures 4.2 and 4.3 taken from Fearnley’s World Bulk Trades
1988. Note that direct shipments from Australia to Japan via the Pacific Ocean are not
included in this analysis, as they are not considered relevant to the acidic deposition problem
in continental Asia.

For the purpose of calculating emissions, crude oil is assumed to be carried by typical VLCC
200,000 dwt tankers consuming 120 tonnes of oil per day, while traveling at 15 knots. Dry
bulk commodities are assumed to be carried by typical Panamax bulk carriers carrying
70,000 dwt and consuming 55 tonnes of oil per day while traveling at 15 knots (Stopford,
1988).

The sulfur content of bunker oil burned in shipping fleets in the 1980s varied considerably
(up to 5%S), averaging between 2.5 and 3.5%S (Acid News, 1989; CONCAWE, 1993).
This analysis assumes the use of 3%S oil, on average. The CONCAWE report assumed an
average sulfur content of 3.3% for bunker oils manufactured currently in European
refineries. All sulfur in the oil is assumed to be released as sulfur dioxide. Emissions of
sulfur dioxide were calculated on an annual basis for each 1° x 1° grid cell corresponding
to the particular routes and commodity volumes. Routes within grid cells were approximated
to either diagonal, horizontal, or vertical transects. Emissions in each grid cell were summed
for each of the six routes, to produce aggregated emissions for all international shipping.
These emissions were represented as a separate region in the RAINS-ASIA model inventory.

Traffic within major ports is known primarily in terms of total tonnage of cargo handled,
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with little information available on the distribution of types of commodities, types of ships,
or sizes of ships. Clearly, traffic handled in these ports is a combination of local and foreign
vessels transporting imported and exported goods and international vessels in transit. For the
purposes of this analysis, only those ports handling more than 50 million tons of cargo in
1988 were included. This consisted of 12 ports, six of them in Japan. Table 4.3 lists these
ports and the volumes of cargo handled (ISEL, 1992). All other ports -- including, for
example, Indian ports, Indonesian ports, Port Kelang in Malaysia, Manila, and Bangkok --
handle significantly lower volumes of cargo. It is estimated that these twelve ports comprise
80% of all port traffic in the region.

For the purpose of calculating in-port emissions, both local and foreign cargo vessels were
considered to represent total cargo traffic in the port. It was assumed that the typical vessel
carries 70,000 dwt of cargo, averaging 11 knots and 18 tonnes of oil consumption per day,
and travels in the port vicinity for 6 hours. This resulted in the emissions estimates shown
in Table 4.3. Total port emissions are estimated to be approximately 10,000 tonnes of sulfur
dioxide per year. These estimates may be low, but there is no information available on
relative fuel consumption by vessel size and cargo volume in port conditions. It is unlikely
that port emissions estimates could be improved without access to local information.

4.2.2 National emissions totals

Table 4.4 lists anthropogenic emissions of sulfur dioxide by country, together with emissions
from international shipping that comprise the gridded base-year inventory. Total annual
emissions for the period 1987-1988 are estimated to be 31.6 million tonnes, of which China
alone is estimated to contribute 19.9 million tonnes, or 63%. India contributes 5.1 million
tonnes (16 %). The deposition patterns that result from this distributed array of sulfur dioxide
emissions is discussed in Chapter 5.
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Table 4.3

Sulfur dioxide emissions from port traffic in Asia in 1988

Country Emissions Country Emissions
Bangladesh 366,600 Malaysia 173,800
Bhutan 2,000 Mongolia 80,400
Brunei 600 Myanmar 14,600
Cambodia 2,800 Nepal 89,200
China 19,866,200 Pakistan 448,800
Hong Kong 133,400 Philippines 507,000
India 5,104,800 Singapore 169,600
Indonesia 396,100 Sri Lanka 89,100
Japan 977,900 Taiwan 545,200
Korea, North 407,000 Thailand 608,300
Korea, South 1,296,200 Vietnam 130,100
Laos 2,700 [Shipping] 225,600

Total 31,638,000
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Table 4.4 Summary of anthropogenic sulfur dioxide emissions in 1987/1988 [tonnes/yr]

Emissions Emissions Emissions from
from Crude from Dry Oil and

Shipping Route Qil Shipments Bulk Shipments  Bulk Shipments
1 Persian Gulf to Indian Ocean 62,100 neg. 62,100
2 Indian Ocean to Singapore 47,700 7,900 55,600
3 Singapore to Taiwan 44,500 14,500 59,000
4 Taiwan to Japan 31,500 8,700 40,200
5 Australia to Singapore (from S) 0 2,400 2,400
6 Australia to Singapore (from SE) 0 6,300 6,300
Totals 185,800 39,800 225,600
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4.3  Current and future emissions in ENEM

Emissions of sulfur dioxide are calculated by the ENEM module of RAINS-ASIA for a base-
year, 1990, and three future years, 2000, 2010, and 2020. For these years, RAINS-ASIA
calculates area source emissions for 95 regions and point source emissions for 355 LPS.
Area source emissions are calculated for three major end-use energy sectors (domestic,
transportation, and industry), two energy conversion sectors (power plants and other energy
conversion), and industrial processes. Emissions from LPS are calculated for both energy
conversion facilities such as power plants, and large industrial facilities. Emissions from area
sources and LPS are calculated for each fuel type and sector combination. Emissions
estimates may be displayed at many different levels of aggregation (i.e., regional, country,
and Asia-wide; as area sources, LPS, and combined total; by sector; and by fuel).

4.3.1 Methodology, data, and assumptions

Sectoral definitions

Energy consumption and emissions data in ENEM are aggregated into 5 major sectors.
These sectors are shown in Table 4.5. The sectors displayed in ENEM differ slightly from
those used in the RESGEN model and described in Chapter 3. For the most part, the
sectors in ENEM are either aggregations of several of the RESGEN sectors, or they
represent sub-sectoral divisions of specific sectors. The choice of sectors for the ENEM
module was driven by the need to make the sectors consistent with international databases
and to provide the flexibility to include additional pollutants, such as NO,, in future phases
of model development.
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Table 4.5 Energy and emission sectors in the ENEM module

ENEM Energy/Emission Description
| Sector
Domestic (DOM) The domestic sector in ENEM is an aggregation of

three sectors in RESGEN; residential, agricultural
and commercial.

Industry (IN) ENEM disaggregates the industrial sector into two
subsectors: industrial energy consumption in boilers
(BO), and other energy consumption (OC). Since
RESGEN only calculates data for one industrial
sector, all data are recorded in ENEM as industrial
other energy consumption (IN-OC).

Transportation (TRA) Energy consumption in the transportation sector.
Power Plants (PP) Energy consumption in the power plant sector.
Other Conversion (CON) Energy consumption in other energy conversion

processes (i.e., oil refining, etc.).

Emissions estimates
Regional area source emissions resulting from the direct combustion of fossil fuels are

estimated from regional data and projections of fuel consumption, fuel characteristics, and
applied emission control technologies by the following equations.

502, = ;XI:EE" ikim® % EFp x (L - ec )

where:

SC,i ki

EF, . =2 x v’—" x (1 = srz)
ikl

and:
SO, = Sulfur emissions [kt SO,]
E = Energy consumption [PJ] :
EF = Uncontrolled emission factor [kt SO,/PJ]
sC = Sulfur content [fraction]
hv = Heating value of fuel [PJ/ton]
sr = Fraction of fuel sulfur retained in ash after combustion
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Energy consuming sector
Abatement technology

ec = Fraction of emissions removed by pollution control
I = Country

j = Region

k = Fuel type

1 =

m =

A detailed database of regional fuel consumption by economic sector for the base year (1990)
was developed for each of the 95 regions in the model. Future regional fuel consumption by
sector is provided as output from the RESGEN model. These energy data are described in
detail in Chapter 3.

In addition to detailed base-year energy data, the project developed detailed data on fuel
characteristics necessary to calculate regional area source emissions of SO,. Data were
collected for all 95 regions and included the sulfur content and heating value of all fuels, and
the fraction of sulfur retained in the ash after combustion for only solid fuels. An iterative
process was employed for quality control which included considerable feedback among the
institutions in the entire Asian Energy Network responsible for data collection.

In the event that data on regional fuel characteristics could not be found, national averages
were used. In one instance, data were completely unavailable at the country level for the
fraction of sulfur retained in the ash following combustion of solid fuels. In this case, data
from the RAINS-Europe model, representing “typical” values for these parameters in
Europe, were used until more suitable Asian-specific data can be developed.

Examples of fuel characteristics data for the five energy consumption sectors are provided
in tables 4.6 through 4.9. These data are for the Jiangsu (JINU) region of China (CHIN).
Similar data are available for display for all 95 regions in the RAINS-ASIA model and may
be displayed using the features of the ENEM module. Fuel characteristics are considered
to be temporal constants in the model and are not available for modification by the user.
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Table 4.6 Sulfur content by fuel and sector [%]

Fuel* | Conversion | Power Plants | Domestic | Transport | Industry - Boilers | Industry - Other
Combustion
BC1 1.00 1.00 1.00 1.00 1.00 1.00
BC2 3.00 3.00 3.00 3.00 3.00 3.00
HC1 0.50 0.50 0.50 0.50 0.50 0.50
HC2 1.46 1.03 1.46 1.46 1.46 1.46
HC3 1.50 1.50 1.50 1.50 1.50 1.50
DC 0.91 0.91 0.91 0.91 0.91 0.91
0OS1 0.05 0.05 0.05 0.05 0.05 0.05
082 0.10 0.10 0.10 0.10 0.10 0.10
HF 0.53 0.53 0.53 0.53 0.53 0.53
MD 0.16 0.16 0.16 0.16 0.16 0.16
LF 0.03 0.03 0.03 0.03 0.03 0.03
GAS 0.02 0.02 0.02 0.02 0.02 0.02
* See table 3.3 for a description of fuel abbreviations.
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Table 4.7 Heat values of fuels by

sector [GJ/metric ton]

Fuel* | Conversion | Power Plants | Domestic | Transport | Industry - Boilers | Industry - Other
Combustion
BCl 15.00 15.00 15.00 15.00 15.00 15.00
BC2 10.00 10.00 10.00 10.00 10.00 10.00
HC1 29.00 29.00 29.00 29.00 29.00 29.00
HC2 23.60 19.80 23.60 23.60 23.60 23.60
HC3 17.00 17.00 17.00 17.00 17.00 17.00
DC 28.50 28.50 28.50 28.50 28.50 28.50
OS1 16.00 16.00 16.00 16.00 16.00 16.00
082 12.50 12.50 12.50 12.50 12.50 12.50
HF 40.70 40.70 40.70 40.70 40.70 40.70
MD 43.10 43.10 43.10 42.70 43.10 43.10
LF 43.10 43.10 43.10 43.10 43.10 43.10
GAS 39.00 39.00 39.00 39.00 39.00 39.00

*See Table 3.3 for a description of fuel abbreviations

Table 4.8 Sulfur retention in ash by fuel and sector [fraction]

Fuel* | Conversion | Power Plants | Domestic | Transport Industry - Boilers | Industry - Other
Combustion
BC1 0.30 0.30 0.30 0.30 0.30 0.30
BC2 0.30 0.30 0.30 0.30 0.30 0.30
HC1 0.05 0.05 0.10 0.05 0.05 0.05
HC2 0.05 0.08 0.30 0.03 0.15 0.15
HC3 0.05 0.05 0.10 0.05 0.05 0.05
DC 0.05 0.05 0.10 0.05 0.05 0.05
081 0.00 0.00 0.00 0.00 0.00 0.00
0s2 0.00 0.00 0.00 0.00 0.00 0.00

* See Table 3.3 for a description of fuel abbreviations
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Table 4.9 Calculated emission factors by fuel and sector [kt SO,/PJ]

Fuel* | Conversion | Power Plants | Domestic | Transport | Industry - Boilers | Industry - Other
Combustion
BC1 0.93 0.93 0.93 0.93 0.93 0.93
BC2 4.20 4.20 4.20 4.20 4.20 4.20
HC1 0.33 0.33 0.31 0.33 0.33 0.33
HC2 1.18 0.96 0.87 0.87 1.05 1.05
HC3 1.68 1.<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>