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HC2 Hard coal, medium quality
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- DC Derived coal (coke, briquettes)
0OS1 Other solids, low sulfur (biomass, waste, wood)
082 Other solids, high sulfur (incl. high S waste)
HF Heavy fuel oil
MD Medium distillates (diesel, light fuel oil)
LF Light fractions (gasoline, kerosine, naphtas, LPG)
GAS Gas

Fuel production and conversion

Power plants, district heating

Households and other consumers

Transport

Combustion in boilers for electricity and heat
Other industrial combustion (furnaces)
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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
;.- 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
nsequent reduced environmental damage can be obtained in physical terms. If these
ical measures could be converted to economic benefits, a full picture of the costs and
iefits of different emission control options would be obtained.

e 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
;_de"“-lOPEd by combining sector-, fuel-, and technology-specific control policy options
for each region and LPS.

IvV-1
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Figure 4.1 RESG

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,
[feflecting minor differences in the years of the many data sources that were used to compile
the inventory.

inventory was originally compiled on a 1° x 1° grid for the entire Asian region and
equently aggregated to 95 regions (reference Table 3.1) for use in developing the
Mospheric transfer matrix and for evaluating the 1990 regional and LPS emissions
itory. All anthropogenic sources of emissions were included in the gridded inventory
ding both land-based emissions and emissions from international shipping. In contrast

€ other inventories, sulfur dioxide emissions from the burning of agricultural wastes,
animal wastes, and fuel wood were specifically included for many of the countries.
“State (non-eruptive) emissions from volcanoes were added towards the end of the

Efidded inventory is a combination of two main data sources. For Southeast Asia (10
) and the Indian subcontinent (6 countries), emissions were calculated specifically
— Project using the methodology described below. Mongolia was added in the second
Stthe 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 19 x 1° grid cell. The contribution of these SOUTCES to total energy use and
industrial production was then subtracted from national totals. The remaining energy usc 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.

42.1 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 el 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 15
difficult to obtain with any reliability. Refinery products are generally not reported by sulfu
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
categories: light refined products for transportation uses (0.03%S), kerosene (0.3%S), mi
distillates primarily for diesel generators (0.4%5S), and residual fuel oil for industrial
power generating units. Sulfur contents for this latter category varied between 2.5%S &
3 5%S, depending on knowledge of practices in specific countries.

For the power generation sector, data were gathered on the location and fuel consumt
at specific generating facilities. The size and location of coal-fired power genet
facilities was obtained from IEA Coal Research (1990). Locations and types of oil-
power generation facilities were obtained primarily from three sources: U.N. (1989),
(1988), and IAEA (1991). Emissions calculated for these individual emission sources
assigned to their specific grid cells and were subtracted from the national emission ¢
power generation.

Once all power generation emission SOUrces had been identif1ed"
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Table 4.2 Biofuels consumption in the Indian subcontinent (1987-88)
Fuel Consumed [10% 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 1 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
1o add-on pollution control devices were in place. For petroleum refining, steel production,
and pulp and paper production, equival

ence 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.

Bmission 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
;actors 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
£Xpected 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
*f the more complex industrial processes, which have several sources of sulfur dioxide
the plant and considerable variation in process conditions and material inputs, process-

factors are not recommended, especially for the development of regional
ories. In this case, emission factors wer
d-1980s U.§

€ developed assuming equivalence
: S. experience. The emission factors were developed by dividing U.S.
12l production figures by U.S. national process emissions published by the U.S. EPA
). These latter estimates were built up from facility-level data for the U.S. and
'€ 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 2 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
3.2 tonnes SO, per 1000 tonnes Of steel produced

Steel production:
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
i issions have been divided into twO categories:

coast of Japan. The sources of shipping €misst
r subdivided into two

international shipping and major ports. The former category is furthe
types of trade: crude oil and dry bulk cargo (primarily grain, coal, and iron ore). These four
commodities togeth ide (United Nations,

er account for about 75% of seaborne trade worldw
1984). The major international shipping routes of crude oil and dry bulk cargo and traded
volumes are illustrated in Figures 4.2 and

1988. Note that direct shipments from Australia to Japan via the Pac
included in this analysis, as they are 1ot considered relevant to the acidic deposition

in continental Asia.

4.3 taken from Fearnley’s World Bulk Trades
ific Ocean are not

For the purpose of calculating emissions, crude oil is assumed to be carried by typical

200,000 dwt tankers consuming 120 tonnes of oil per day,
bulk commodities are assumed to be carried by typical Panamax bulk ¢

70,000 dwt and consuming 35 tonnes of oil per
1988).

The sulfur content of bunker oil burned in shipping fleet

(up to 5%YS), averaging between 2.5 and 3.5%5 (Acid News, 1989; CO

This analysis assumes the use of 3%
average sulfur content of 3.3% for bunker oils manufactured currently 1D

refineries. All sulfur in the oil is assumed to be release i
sulfur dioxide were calculated on an annual basis for each 1°
to the particular routes and commodity volumes. Routes within grid cells were appro*
to either diagonal, horizontal, Ot vertical transects. Emissions in each grid cell were S
for each of the six routes, 1O produce aggregated emissions for all international.Sh PE™

These emissions Were represented as a separate region in the RAINS-ASIA model inVeEE

NCAWE, 19

Traffic within major ports 8 known primarily in terms of total tonnage of cargo hatt
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Table 4.3

ic 1 ia in 1988
Sulfur dioxide emissions from port traffic in Asia

Emissions Country Emissions
Country . =
-73 ladesh 366,600 Malaysia 173,400
o 2,000 Mongolia 80,
hutan , >
o i 600 Myanmar 14,6
Brunel o
Cambodia 2,800 Nepal -
m -
a 19,866,200 Pakistan 448,
- 1 ilippi 000
o K 133,400 Philippines 507,
Hong Kong ) ! .
g 5,104,800 Singapore 169
. 396, i 89,100
Indonesia 396,100 Sri Lanka o
o .
. 977,900 Taiwan 545,
bl . 0
- North 407,000 Thailand 608,30
o | i 130,100
Korea, South 1,296,200 Vietnam .
. 2,700 [Shipping] 225,
- | Total 31,638,000

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 Oil 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
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lated by the ENEM module of RAINS-ASIA for 2

. Emissions : cens :ssjons from area
' nd industrial processes. .ndustrial facilities. Emiss
conversion), a ios such as power plants, and large
i ilities s
conversion fac

ombination. Emission:
calculated for each fuel type and Sec;(go; (i.e., regional, country,
sources and LPZ B ed at many different levels of by sector; and by fueD.
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ioxi cu
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Sectoral definitions
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Energy consumption an in Table 4.5. The sectors qlsplaye o 3. For the most part, the
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secto : _

.. i ey s 3 databases
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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, (1) = zkalng,.M,m(t) x EF,;5, x (1 - ec,,,

)

where:

SC. .
EF,, =2 x Wkl (1
ikl v
ikl

- sy M)

Sulfur emissions [kt SO,]
Energy consumption [PJ]

Uncontrolled emission factor [kt SO,/PJ]
Sulfur content [fraction]

Heating value of fuel [PJ/ton]
Fraction of fuel sulfur retained in ash after combustion

H W U i i
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Fraction of emissions removed by pollution control

ec =
1 = Country

j = Region

k = Fuel type

1 = Energy consuming sector
m =+ Abatement technology

A detailed database of regional fuel consumption by economic sector for the base year (1990)
in the model. Future regional fuel consumption by
described in

was developed for each of the 95 regions

sector is provided as output from the RESGEN model. These energy data are

detail in Chapter 3.

ar energy data, the project developed detailed data on fuel
e emissions of SO,. Data were

lculate regional area SOurc
ed the sulfur content and heating value of all fuels, and

h after combustion for only solid fuels. An iterative
ed considerable feedback among the

ible for data collection.

In addition to detailed base-ye
characteristics necessary to ca
collected for all 95 regions and includ

the fraction of sulfur retained in the as
process was employed for quality control which includ
institutions in the entire Asian Energy Network respons

on regional fuel characteristics €O
were used. In one instance, data werc completely unava
fraction of sulfur retained in the ash following combustio

from the RAINS-Europe model, representing “typical”
Europe, were used until more suitable Asian-specific data ca

national averages

uld not be found,
ilable at the country level for the
data

n of solid fuels. In this case,
values for these parameters in

n be developed.

In the event that data

s data for the five energy consumption sectors are provided
in tables 4.6 throu Jiangsu (JINU) region of China (CHIN).
Similar data ar€ available for displa 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.

characteristic
gh 4.9. These data are for the
y for all 95 regions

Examples of fuel
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Fuel* | Conversi
ion | Power Plants | Domestic | Transport Industry - Boilers | Indust
BB(CZ: 1.00 1.00 1.00 1.00 1.00 Comel?S,ti-ogther
3.00 . . | )
— — (?; z(()) 3.00 3.00 3.00 3 Z;)
- = 1.03 0.50 0.50 0.50 0.50
= > 1.50 1.46 1.46 1.46 1.46
- - 0.91 1.50 1.50 1.50 1.50
= = 0.05 0.91 0.91 0.91 0.91
= == 0.10 0.05 0.05 0.05 0.05
= - 0.53 0.10 0.10 0.10 0.10
— — 0.16 0.53 0.53 0.53 0:53
~ o 0.03 0.16 0.16 0.16 0.16
- - 0.02 0.03 0.03 0.03 0.03
* See table 3.3 for a d;:scrf i = o = ‘
ption of fuel abbreviations. -




Table 4. issi
9 Calculated emission factors by fuel and sector [kt SO,/PJ]
2

fuels by sector [G/metric ton]

Table 4.7 Heat values of

Fuel* | Conversion Power Plants Domestic | Transport Industry - Boilers I(x;(c)l:rllst:;};ti—o(zther Fuel* | Conversion | Power Plants | Domesi
estic | Transport | Industry - Boilers | Industry - Other
BC1 15.00 15.00 15.00 15.00 15.00 15.00 BC1 0.93 0.93 oo - Combustion
BC2 10.00 10.00 10.00 10.00 10.00 10.00 BC2 490 420 e 4.93 0.93 0.93
HC1 29.00 29.00 29.00 29.00 29.00 29.00 HC1 0.33 0 o O.20 4.20 4.20
HC2 23.60 19.80 23.60 23.60 23.60 23.60 HC2 L18 0.6 = 0.33 0.33 0.33
HC3 17.00 17.00 17.00 17.00 17.00 17.00 HC3 1.68 e ) 1:7 1.05 1.05
DC 28.50 28.50 28.50 28.50 28.50 28.50 DC 061 o6l py 0.68 1.68 1.68
0S1 16.00 16.00 16.00 16.00 16.00 16.00 0s1 0.06 0.06 ™ 0.01 0.61 0.10
082 12.50 12.50 12.50 12.50 12.50 12.50 0S2 0.16 016 " O- 6 0.06 0.06
HF 40.70 40.70 40.70 40.70 40.70 40.70 | HF 026 026 - O. 16 0.16 0.16
MD 43.10 43.10 43.10 42.70 43.10 43.10 MD 0.07 007 = 0.26 0.26 0.26
LF 43.10 43.10 43.10 43.10 43.10 43.10 LF 0.01 oot . 0.((:7 0.07 0.07
GAS 39.00 39.00 39.00 39.00 39.00 39.00 | rG_fS= 0.01 001 — .01 0.01 0.01
* See Table 3.3 for a description of .fuel abbré)\./(:;tions — =

* See Table 3.3 for a description of fuel abbreviations

in ash by fuel and sector fraction g | "
y : ] mption estimates specific to each source by a method simil
similar to that described
above

Table 4.8 Sulfur retention
for area sources. D
- Data on fuel characteristics for the 355 LPS were initially coll
collected by the

Fuel* | Conversion | Power Plants | Domestic | Transport Industry - Boilers | Industry - Other f;ssl;m E_:)lelrgy Network and compiled by AIT as part of
Combustion onsibilit i : part of th ;
ombus B ion 2 ni) nfor f1na.1 ql_lalle control. The process incluc? ? o project. IIASA had the
BCl1 0.30 0.30 0.30 0.30 0.30 0.30 h among the institutions in the : ed considerable feedback and
I Characteristics were developed by IIA entire energy network. Missing data P
sc2 | 0.30 0.30 0.30 0.30 0.30 0.30 _' power stations directory (Manda Zt al Sf‘g;l:mg information from the IEA Coal Ig; Lpls1
] o . earc
HC1 0.05 0.05 0.10 0.05 0.05 0.05 'Example - )
' - s of the fuel characteristi
HC2 | 0.05 0.08 0.30 0.03 0.15 0.15 . Jianbi pow eristics data for one LPS . _
—— . arg er plant (LPS26) located in the Jiangsu (HNI;lre provided in Table 4.10 for the
HC3 | 0.05 0.05 0.10 0.05 0.05 0.05 f the | lg\ééil/}able for all other large point sources and ) region of China (CHIN). Similar
) es and ma ; . .
pc | 0.05 0.05 0.10 0.05 0.05 0.05 b module. y be displayed using the features
os1 | 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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o ission factors in the power plant/boiler section Table 4.11 SO, emissions in 1990 from area sources and LPS [kt 50,]
~ teristics and SO, emiss
Table 4.10  Fuel charac

of a large point source
. LPS: LPS26, Jianbi Country Area sources LPS Total

Country: CHIN Region: JINU Bangladesh 118 0 118
Bhutan 2 0 2
Fuel | Gl/ton | %Sulfur g’ei‘;ﬁ‘éﬂl ﬁ(TS‘SOS;(/)Ir"J;: actor Brunei 6 0 6
o2 | 1920 L18 0.05 1.17 Cambodia 22 0 22
- 4070 0.53 0.08 0.24 China 18,548 3,360 21,908
Hongkong 31 108 140
. q Hational emission t otals India 3,273 1,199 4,472
4.3.2 Regional and natiofes == lated by RAINS-ASIA are listed in Indonesia 541 89 630
National emissions of S0 for F 7' rfolrgifi %Zsialycéf 199anre estimated to be about 5 Japan 818 17 835
Table 4.11. Tsoti;ll kﬁ;ﬁa;:viier::;lonable agreement with the grlr(llsdfs fgrgt)sst;;)riigl?ggnRéglons Korea, North 343 0 343
o aret nSectiond 2. T 13 0 i, g, N, NEPL osson | s | ] o
with significant emission to s exceed two million tons of SO,. Laos 3 0 3
SICH) whose current emission ive scenarios using the Low energy Malaysia 149 57 206
Sulfur dioxide emissions results caliﬁéizd igsogeagf;;tgd in Chapter 7 on scenario results. Mongolia 78 0 78
scenario and emission abatement tec g Myanmar 8 0 "
Nepal 122 0 122
Pakistan 614 0 614
Philippines 382 9 391
Singapore 191 0 191
Sri Lanka 42 0 42
Taiwan 478 21 500
Thailand 569 469 1,038
Vietnam 113 0 113
International 243 0 243

Shipping
Total 28,247 5,428 33,675
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Table 4.12 Total SO, emissions by regi

on (area SOUrces plus LPS) inl

990 [kt SO,]

COUNTRY | REGION EMISSION COUNTRY REGION EMISSION
Bangladesh Dhaka 17.0 | India Orissa 190.5
(contd.)
Rest of Country 101.0 Punjab—Chandigarh 179.4
Bhutan 1.5 Rajasthan 161.0
Brunei 6.3 Tamil Nadu-Pondicherry 350.3
Cambodia 22.2 Uttar Pradesh 641.5
China Beijing 270.3 Jammu-Kashmir- 23.2
Himachal Pradesh
Chongqing 974.2 | Indonesia Jakarta 24.9
Fujian 297.9 Java 383.6
Guangdong-Hainan 705.6 Rest of Country 109.2
Guangxi 800.7 Sumatra 112.4
Guangzhou 231.3 | Japan Chugoku-Shikoku 162.0
Guiyang 340.2 Chubu 157.6
Guizhou 785.6 Hokkaido-Tohoku 110.2
Hebei-Anhui-Henah 3084.9 Kanto 167.9
Hubei 426.4 Kinki 125.1
Hunan 394.3 Kyushu-Okinawa

Nei Mongolia—Ningxia

689.8 | Korea-North

Jiangsu 2108.6 | Korea-South Northern Province
Jiangxi 334.6 Pusan
Heilongjiang-J ilin-Liaoning 2491.1 Seoul-Inchon
Shanghai 507.4 Southern Province
Shenyang 102.3 | Laos

Shaanxi-Gansu 827.4 | Malaysia Kuala Lumpur

Shandong 1061.9 Peninsula Malaysia.

Shanxi 632.4 Sarawak-Sabah

Sichuan 2336.1 | Mongolia

Taiyuan 199.8 | Myanmar

Tianjin 231.8 | Nepal ]
Tibet—Quinghai-Xinjiang 348.1 | Pakistan Karachi

Uygur - . )
Wuhan 316.1 Lahore

Yunnan 874.9 NW Frontier Provinces-

Baiuchistan
Iv-22

COUNTRY | REG
ION
— EMISSION COUNTRY REGION
ejiang ==
— 534.5 Punjab —
ongkong 5
- 139.6 Sind =
ndia Andhra Prade
- 101.1
388.1 | Philippi i |
ppines Bicol-Vi i
—— isayas.-Mindanao
g 222.3 L -
= uzon
172.6
363.1
— Metro Manilla 132.7
- 140.7 | Singapore |
alcutta
39.4 | Sri Lanka -
Delhi
41.
44.6 | Taiwan :
East Himalayas: Asam:
. - 499.5
Highland, 66.5 | Thailand B,
angkok Metro Region
285.0
Gujarat
388.9
— Central Valley 124.2
101. .
— 1.5 NE Plateau 51.6
134. |
— 1 N. Highlands 521.1
55.2 |
== South Peninsula 55.8
49.5 | Vietnam North ‘
Mahagsthra-Dadm Nagar- 520 =
Haveli-Daman-Diu 0 south
58.1
Madhya Pradesh
412.1 | International
Shipping 23
TOTAL
33,674.7

'Ii‘m » Italici 4 ! rg ¥ 4
. lClZEd egions indic
ate the 22 la € Uu
ban areas “me, iti
y gacities -
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4.4  Technical emission control options and costs

A powerful feature of the RAINS-ASIA model is its capability to explore the effects and
costs of emission reduction strategies. Defining a control strategy means prescribing certain
emission control measures for specific emission sources. Reduction strategies can be oriented
towards entire regions or countries, towards individual plants (e.g., for any of the 355 large
point sources contained in the RAINS-ASIA database), to whole economic sectors considered
in the database (e.g., for fuel use in the domestic sector, certain industries, etc.) or to

specific fuel types (€.8- for high sulfur hard coal).

The following groups of emission control options are considered in the RESGEN and
RAINS-ASIA models:

energy conservation,

substitution of fuels containing sulfur by those with less or no sulfur,
desulfurization of fuels before combustion,

desulfurization during and after combustion.

The first two emission control options, energy conservation and fuel substitution, relate
directly to assumptions developed in the construction of energy scenarios. Hence, these
options for emissions reductions are explored in the epergy scenario generation module
(RESGEN), and thus only receive brief treatment in this section (see Chapter 3).

Energy conservation is a strong and cost-effective option to reduce emissions. Often it
produces a variety of other positive effects in addition to emission reductions, €.g., the
replacement of ineffective capital stock and a reduction in overall energy demand that, in
turn, have consequences on trade balances, etc. Energy conservation strategies are developed
as part of the energy scenario development process in the RESGEN model. Alternative
energy scenarios may be developed which can incorporate a wide variety of assumptions
regarding energy consumption and more efficient use of enmergy. The result of such

assumptions is lower energy demand, less fossil fuel combustion and lower emissions.

Similarly fuel substitution can also be a very effective means for reducing emissions.
Substitution of low emission fuels such as natural gas for high emission fuels like coal in the.
energy consuming sectors has been demonstrated to be a very effective emissions control
option in many industrialized countries. Fuel substitution options of this type are an integrat.
part of the energy scenario development process and the means for implementing thesé
assumptions is incorporated in the RESGEN model.

Desulfurization before, during or after combustion is directly related to reducing SO
emissions. Consequently, these types of options are treated in the energy and cnISSEEE
(ENEM) module of RAINS-ASIA, neglecting, as a first order estimate, their feedbacks 0%

the energy system.

This remainder of this section provides a brief description of the technical options
SO, emissions available in the ENEM module. The measures include:

® using low sulfur hard coal, either by utilizing naturally occurring low sulfur coal SIEE8
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1(1);; to ﬁ certain extent, by coal washing
ng heavy fuel oil with 1 ’
/ ow sulfur co in ei
crud _ : ntent, agai
o es or 0.11 dgsulfunzed during the refining pro%esn either produced from low sulfur
introgd féis Olcli (dI;:sel oil) with lower sulfur content >
ing desulfurization durin ’
: the ¢ i
into the furnace or by various t . ombustion process, e.g., by injecting of limestone

i . 7 ypes of fluidi :
Introducing desulfurization of the flue gas aftzeidcgfxilbflzgl: aen
n.

Since it is difficult - and not very useful - to describ.

processes without knowing the specific oplicabilis te dozens of commercially available

repre i indivi ISSI
presented in RAINS-ASIA, the model groups the techﬁoiilgilz3 . individual emission source

their major techni ; .
c : into ¢ )
Fiepories, ons repreasle ;23 economic features. In practice, for eacége%)(;ntehs that describe
, » O ive process has b ? e technolo
technical options S has been selected and introd i &
p to reduce SO, emissions included in ENEM are l;cl':lf)(ivmt‘o ﬂ]l*e;n odel. The
n in Table 4.13.

Table 4.13 i i
Technical options to reduce SO, emissions considered in ENEM

Technical SO, Control Option 50, Removal Efficiency
Oil Desulfurization / Heavy Fuel Oil e
Oil Desulfurization / Diesel e
Low Sulfur Coal e
Coal Washing e
Limestone Injection or Fluidized Bed Combustion :2 -
Wet Limestone Scrubbing (FGD) .
| Regenerative Processes =
98 %

Th
the ENEM module also performs an €conomic asses

imited to ing
B proVi(tihe costs pf applying emission control tec
€ a consistent basis for comparing of e

sment of emission reduction strategies
°

hnologies. The
. : purpose of this analysi
mission control costs: alysis

® am : .
% gng Zarlous countries, and
~ dmong diff; e
_ g ditferent energy and emission control scenarios

€nable internati

\ rnational com ili

Dia parability of the ¢ im m 1

§ 2 common currency unit. g 0st estimates, the model uses the US dollar of

TeView the ener

B gy balances for th i
? : € vario
1ty and store ’contro] s trategies’ us energy pathways developed with RESGEN:

am . 1 M M
S Particula , 1.e., combinatio issi
T Lo ns of em
. sector, fuel or individual large point sontuc. 1ss1on control measures for
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e develop ’emission control scenarios’ by selective application of the various control
strategies to any of the 95 regions considered in the RAINS-ASIA model, based on the

specified energy pathway;

e explore SO, emissions for any of the emission control scenarios, aggregated by region,
economic sector, fuel type or for individual large point sources;

e estimate emission control costs of the emission scenarios, for any combination of sectors,
fuels and technologies; and

e identify the cost-minimal combination of control measures to reach certain emission limits
in a particular region.

4.4.1 Low sulfur fuels and fuel desulfurization

A major group of measures to reduce SO, emissions focuses on reducing the sulfur content
of fuels either by using naturally occurring low-sulfur fuels or through desulfurization
treatment of the fuels. Despite the large number of currently commercially available and
potential future processes for reducing the sulfur content in fuels, the RAINS-ASIA model
restricts itself to the main technological and economic characteristics of the most relevant
options. Wwithout keeping track of eventually necessary investments, €-8., in the refinery

sector, the model only takes account of the resulting price differentials for fuel grades with
reduced sulfur contents. Because of the basic assumption of a free international market for
energy and desulfurization technology, these price increments are considered valid for all

countries throughout the region. In particular, RAINS-ASIA considers:

e low sulfur hard coal,
e low sulfur heavy fuel oil, and
e low sulfur gas oil.

In RAINS-ASIA, jow-sulfur hard coal is assumed to have a minimum sulfur content of 0.6
percent. This definition might appear conservative. It is, however, justified by concerns about
supply constraints for low-sulfur coal on the world market should this become a major long-.
term option for important world coal consumers. The costs related t0 this option are derived
from an analysis of the long-term price differences on the world coal market (Amann, 1990
The model also enables the formulation of strategies aimed at less ambitious reductions Of
the sulfur content in coal, such as those achievable by coal washing.

Desulfurization of liquid fuels affects various oil products in different ways. The light
fraction products (gasoline, jet fuel) contain a negligible amount of sulfur. For middi€
distillates (gas oil, diesel) two desulfurization steps are described in the model: a low=¢
desulfurization bringing the sulfur content down to 0.3 percent, and a second st€p reduc
it further to 0.05 percent at higher costs. The desulfurization of heavy fuel oil i conside
to be economically competitive down to 0.6 percent sulfur content at costs determined by &%
refinery process. It is assumed that these COStS will also determine the price difference &

heavy fuel oil refined from low-sulfur crudes.

The actual cost data used in RAINS-ASIA are shown in Table 4.14. Basic data have
derived from OECD publications (OECD, 1987) and verified against current
observations (Pototschnig, 1993). Cost assumptions for desulfurization of gas oil &
oil have been confirmed by Kroon (1992).
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Table 4.14 Price differentials for low sulfur fuels

Fuel type i i |
%9) Prlce( difference Typical heating| Cost/t SO
million \ ?
: Us$/pJ/%sl)) value, GJ/t removed
Suzll;g coal and coke, 0.6 % | 0.34 —
: . 27.0 4822
Heavy fuel oil, 0.6 % sulfur | 0.54
e i ) _41.5 1111
- reduction to 0.3 % sulfur 0.84
- reduction to 0.05 % sulfur 2' s o
| .52 4.5 | 5352

4.4. izati i
2 Desulfurization during or after combustion

Desulfurization duri
. uring combustion and ificati
require measures a - purification of the flue gas
currently available atn(;hfi a}:iant site (Amann, 1990). To represgente Stlilefter 'flud combustion
¢ control technologies and the large variation ilvlV t: etSIECtmm of
ost efficiencies,

three techniques with di
e ifferent cost characteristics and removal rates have been selected fi
ected for

® desulfurization duri
. uring combustion wi
relatively low inve with removal efficienci
S . ies of

combustion and varitz)llllesnthzlllrxlld lopf.:ratmg costs (e.g., limestone inj:l)t(i):)lil Sf(l) %?rcent "
: 5 ological , Tuiaize
iﬁ some Asian countries) gical approaches that are currently under develogn:):ri

€ most commonly used :
y wet flue gas desulfurization process with typical sulfu
r removal

rates of 90 percent
at comparably m
dryer processes, etc.), and y moderate costs (e.g., wet limestone scrubbing, spray

regenerative flue ifi i

. - gas purlflCﬂth]l with emission ductio

relatlvely high costs 1 IS reductions of up to 98 percent, a
. , at

For each ¢
G ategory, there are .
i RAINS-ASIA, t several competing technologies. To simpli
, the model confines itself to the mostgcom. mgnsll}rfn Eilefc}l’ izzhcl? S1t T
ology in each

fegory. In i
. a competitive market ;
ers at least in et, other potential technologi
terms of echnologies must ove
cost and removal efficiencies, unless naticl;lr-ltz:llle thef market
’ preferences

Ntern; Such national considerations, however, should not b
’ e used for an

Vi V l .

' O red
b uced compared to original fuel.

an i
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Limestone injection

SO, can be captured as it forms during combustion if a SO, sorbent such as calcium
carbonate (limestone) is present. Removal is usually accomplished by adding SO, sorbents
to the coal pellets in stoker boilers, by injection of sorbents into pulverized coal-fired boilers,
or by fluidized bed combustion. The most common process currently in use, the limestone
injection process, was selected to represent the cost-efficiency ratio. This technology achieves
emission reduction rates of 50 to 60 percent at moderate investments, making it an attractive
option for countries with capital shortage or power plants designed to operate intermittently.

Characteristic to many of these technologies is that they require a high sorbent-to-sulfur ratio
to achieve sufficient reduction rates. Consequently, such technologies produce large amounts

of waste material, the disposal of which faces increasing difficulties.
The wet limestone flue gas desulfurization method and the Wellman-Lord process

A large variety of flue gas purification processes are available on a commercial basis. Over
the last few years, the wet limestone scrubbing process has gained a dominant position on
the world market. Flue gas is brought into close contact with a limestone suspension, which
reacts with the sulfur in the flue gas to form gypsum as a by-product. Gypsum can be further
used, e.g., for producing building material. Sulfur removal rates of between 90 and 95
percent are typical (IEA, 1988).

To mark the high-end of advanced SO, control options, the RAINS-ASIA model also
considers the Wellman-Lord process as a characteristic high-efficiency regenerative
technology without production of waste material. Using NaOH as a sorbent the captured
sulfur can be further used in the chemical industry.

Cost evaluation

Common to all these desulfurization processes is that they require investments at the plant
site. In the long-term analysis carried out in the RAINS-ASIA model, however, the emphasis
lies on total life-cycle costs of the equipment rather than on short-term considerations 0f
capital demand. Consequently, using the internationally recommended standard investment
analysis method (OECD, 1986) as a guideline, the RAINS-ASIA model estimates life cycle
costs from three components (I) investment related costs, (i) fixed operating COsts and (iit)
variable operating and maintenance COSts.

Investments

Investments include the expenditure accumulated until the start-up of an installation, suct as
delivery of the installation, construction, civil works, ducting, engineering and consul
license fees, land requirement, working capital.

The model aggregates these items into an investment function I, providing for eve
economies of scale (Equation 1). The necessary size of an abatement installation for a c€
plant capacity bs is derived from the fuel-specific flue gas volume v to be handled.
of the function is described by its coefficients cf and ci¥. Additional costs due t0 site-SPE=
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ercen i .
compared to the cost of a new P tage increase of investments for the retrofit cas
e

scal . . plant. The invest i :
ed to thermal input capacities of boilers/furnaf:lézn(tﬁju;cno?s used in RAINS-ASIA are
thinp/+

1=wh%?xvx(uﬂ 1)

In order to derive lj

ve life cycle cost i .

lant lifeti k : s of installations the i )

p time /¢, using the interest rate q(q is expressedna‘;e%;r?f(r)l(t)i are annualized over the
0 :

ooy A+ 9" xgq
(1 + g)* -1 @

Fixed operating costs

r g

annual expenditures
: , most techni
investments: technical standards use a standard percentage f of th
e total

OM™ = [ x f ©)
Variable operating costs
Variable i
) operating costs OM"¥
- are related to the actual o i

peration of the plant and take i

. e into
i | ?I(liéiritional labor requirement
K eased energy demand fi : i
B or operating the device (e.g., for th
L::‘ fw.aste disposall?l Semmdiio g ey e fans and for reheating),

. eic,

COst items -
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oM™ = (M clpf + A ¢ +ef x XX (A ¢

ef=2x%€x(1—sr)

with

N labor demand

N\ additional electricity demand
N sorbents demand

N amount of waste

¢ labor cost L
¢ electricity price

o sorbents price

& costs for waste disposal,

ef implicit SO, emission factor
X removal efficiency

sC sulfur content

hv heat value

sr sulfur retention in ash

Unit costs of SO, control

Equation 5 relates all cost items to one unit of fuel input (cpy); In thy
related costs the capacity utilization factor pf (operatin:
plants (e.g., the large point sources distinguished in RAI
as a function of time, taking account of declining capacity util
technical life time, when power stations are gradually phas

A%

g hours/year) is
NS-ASIA the pl

s 4 ded)

@

e case of investment
used. For individual
ant factor is modeled
ization towards the end of the

ed out.

Data for cost calculation

g

General parameters are valid for all tecﬁ;h”OZOg)’-Speciﬁc parameters (Table 4.15)

describe the typi - ologies. Techn, ifi
ypical economic and technical properties of contro(ilt.;i}lll-lfgf;;w %Elllrameters
1es. This group

? )

and economic par
‘ ameters (e.g., used i i
retrofit and maintenance costs). in the investment function, and for calculating

Country-specifi

IC parameters (Table 4 i

under which ab . .16) consider conditions in indivi

atement technologies have to be applied. The mi)sltnililri)cgrtldual countries
: ant parameters

Cop - °° + OM* . OM™ )
pf

seful for the calculation of price effects on the product
nly be evaluates
For this

Although the cost coefficient cpy iS U
(e.g., on electricity), the cost efficiency of different control options can 0

by relating the abatement costs to the amount of reduced SO, emissions (¢s02)-
purpose Equation 6 is used:

Cs0, = cpy | C&f x %)
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k| *

Table 4.16 Country specific parameters

. || Unit Symbol j| Item :| Unit
Symbol ‘ Item sc ' Sulfur content " %/100
— | .. o ] o
. —7 h Heat value (low G/t
T v e g volune? - ol o) —
elative flu i PRI S sr ulfur retained in as
| S | R . years | - —————— __'——__—_'i—()___—_
n | Lifetime of installation | o bs " Average boiler size MW,
It - b == — B = . [ VWuhinp
i Technology specific parameters: _i-;Sﬁgk;Vth-—“) of . Capacity utilization | hours/year
——— 7 . ' inp ‘——_————_—___—_—_—___—_———
I Investment function | q | Real interest rate - %/100
S B N D |
- USS/KWasy o Bledypie  Tusshwn
. e - ,
cif Ee ety Intercept ‘ 103 US$ B d | Labor price . US$/man-yr
[ ——r— o i o . = o
ci¥ S Slope - | %/100/year e, A _ Sorbents and waste disposal prices | US$/ton
. Maintenance costs and overheads 2 e |
_f—————J—_..— ’y  GWI/PJipin, |
e . Specific demand for energy ——
R ————d f_r labor | man- Data sources
)\l | Specxflc demand fo |I yr /NL‘Nt_hmP___
. — | 0/t SO Although the cost evaluation method outlined above is based on international standard
i _T Specific demand for sorbents and waste | tomovedz procedures, it still remains a difficult task to identify appropriate parameter values leading
A, N ' disposal | = to accurate estimates of future SO, emission control costs in Asia.
— %/100
X T Sgl_fuﬂal_efm___ — 1100 After initial discrepancies in national cost estimates (for an early discussion of the differences
= ———_T—Retrofit cost factor % among estimates for U.S., Japan and Germany see e.g., OECD, 1986), technology related
r |

3)Relative to hard coal fired boilers.

i to the boiler/furnace.
4)kWthinp - kilowatt thermal (fuel) input to
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- data for world wide technologies are now converging (Dace et al., 1986) and show a
Stabilizing trend (Schirer, 1993). Consequently, characteristic values confirmed for Western
or Japanese technologies could be considered representative also for future applications in

Other Asian countries. General and technology specific data used in the RAIN S-ASIA model
are listed in Tables 4.17 and 4.18.

ﬂble 4.17 Data used in the cost calculations for general parameters
Jtcm Value
Relative flue gas volume(v) (Hard coal = 1)
L 1.2
1.0

4 0.9
Lifetime (s7) (years)
" for existing power plants 20
- Or new power plants 30

20
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Table 4.18 Technology specific data

Table 4.19 Control costs for process emissions

T ] |
| | Combustion | Wet Flue Gas | Regenerative | ‘ Control option |Removal ici Uni
TItem | Symbol | Modification | Desulfurization Processes | Units - efficiency, % |Umt cost, US$/t
| " (limestone injection) | I | SO,
| = 1 . | I
| retrofit new | retrofit new l. | Stage 1 50
L N eem SR - | 432
|
Investment function: | !| || i | | | | otage 2 ) 70 | 503
Intercept o 22 29 . 44 || 57 116 || USS$/KW thinp Stage 3 S0 o
! |
Slope || o’ || 3700 | 4815 || 12350 | 16050 | 24570 | 10% US$ |
. ' ' | 444 .
Resulting specific ; .28 38 |65 II 85 159 | US$/KW g Cost curves for SO, reduction
investments for a 580 | I | | | | |
: The RAINS- . .
MW in _plint_) ____I__ IS (PSS NP e e i . ASIA model also provides an option to calculate cost curves fi .
| thinp ! . | | n particular regions or countries. Such - . or reducing SO,
Operating costs: | | | | | . emission reductions for each abéltem tC}lrvels provide the minimum cost of achieving
0 of total ent leve i : ..
Annual maintenance 5 || 4.0 || 4.0 | 4 mve;tments/year : abatement measures. Cost curves are compiled b’ using the .cost-optlmal combination of
costs | | | | | ! for the various sources according to theilr)l e t Yéanklng available emission control options
- . L cost-effecti o .
Labor demand o 10.8 | 108 | B2 || ear’;‘é{‘N ' potential for emission reductions determined by the ctiveness and combining them with the
|| | || | | y thinp technologies. y the properties of the fuel and the abatement
|
|
Additional energy | NG | 0.5 | 1.0 | 22 J| Cons | .
demand | | _ el S S equently, the shape of such curves is i
| det e —— T . influenced by the : .
Sorbents —T| || Limesone | Limestone | NaOH |I Emlss{on control measures in a region (e.g representeg by CCSSSttch ff?' ppIying the various
| quation 6) and the potenti e efficients according to
| potential for emission reducti i oréing
Sorbents demand RS |! 468 | 156 0.01 the selected energy pathway. ons determined by fuel characteristics and
dee | Gypsum | Sulfur
By-product ‘ Sludg |
| o || 2o | 0.50 | ¢ productlt SO0 The RAINS-ASIA model computes two types of cost curves:
Amount of by-product | N | 7.80 | . l|_ . | s Jr 1 :
d ¥ 3
I e e e ’total cost’ curve displays total ann .
e 3 ual costs to ach i foq .
Sulfur removal I 50.0 | 9 98.0 | fieglon. These curves are piece-wise linear, with the slt)i)\iees C:tft atlllln §rlg§51gn e in 2
; | etermine . L e individual s
efficiency , | d by the costs of applying the various technologies. cgments

The 'margi i
i , C
ginal cost’ curve is a step-function, indicating the marginal costs (i.e., the costs

4.4.3 Conirol of Progess emissions for reducing the last unit of emissions) at the various reduction levels

Process emissions® are caused by various types of industrial sources. ’.rhus. i_t is diffi
to estimate detailed control costs for this group of emitters. Therefore, 2 simplified appro

Thf: curren 3 .

; t

emi implementation of RAINS-ASIA creates cost curves only for the available
has been adopted based on the assumption that process emissions can be removed up

Emission contr : :
ol options, i.e., measures already implemented are excluded from the

certain percentage of the uncontrolled emissions at step-wise increasing co.sts.
cost categories have been implemented. The costs for each step are shown 1n T

e —————

5)An equivalent of about 210 MW electric for a power plant.

6)For definition of process emissions in RAINS-ASIA, see Bertok et al., 1993.
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Three su' n
able 4.19:

O Thailand is presented in Figure 4.4.

nsideration. Th :

_Thu

i S, to obtain the overall costs of measures in a selected region, cost curves
; 2

V€ to be bas ’ ’ i
A ed on the ’no-control’ scenario, otherwise the costs of already existing

latio i
ns would be ignored. An example cost curve for the N Highlands (NHIG) region
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TS MARGINAL COSTS
T‘OTAL v [1000 $/t S02]
[ mio $/yr] e
800 1‘
700 T
1 -+ 100
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400 T
300 T 1
200 T
100 T
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Figure 4.4 .
scenario

Example cost curves for the N

200 250 300 350 400

EMISSIONS [kt of SO2]
Year: 2020
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HIG region of Thailand for the base

4.6  Conclusions and recommendations

A comprehensive analysis of the current picture of sulfur dioxide emissions in Asia has been
assembled for the RAINS-ASIA project. In addition, tools have been developed to project
future emissions and the potential to reduce those emissions through application of control
technologies and other methods. Having said this, there is still a critical need to improve,
update, and extend the existing work.
In order to better anchor the future emissions forecasts, a revised, self-consistent, base-year
inventory should be assembled for a more recent year, say, 1992. Any discrepancies between
this work and the data of Akimoto and Narita need to be understood and reconciled. In
addition, the energy data developed by the Asian network needs to be cross-checked and
verified against the base-year inventory. In future work, it will be important to add emissions
of nitrogen oxides, in order to obtain a complete picture of acidifying pollutants and to be
able to assess the urban air pollution situation. This will necessitate new emphasis on the
transportation sector. Finally, the emission factors used in the base-year inventory and in the
RAINS-ASIA model need to be harmonized. Discussions have also taken place regarding
extension of the methodology to include other pollutants or gases, such as carbon dioxide,
methane, particulate matter, and ammonia. Decisions on these matters await resolution of
future funding levels and direction of the project.

As the project moves into the phase of assessing costs and emissions under future scenarios,
it is important that RAINS-ASIA uses appropriate technologies for the Asian context and also
appropriate cost, performance, and application data for these technologies. Note that in Phase
I the technology characteristics are largely based on European and North American
experience. An Asian technology characterization data base is needed that could be used
within the model and also for stand-alone analyses. At a minimum, this data base would
include low-cost technologies that are not typically analyzed in the West (e.g., coal
briquetting, CFBC, and wet particle scrubbers), low-cost adaptations of western technology,
and appropriate technologies for Asian energy resources (Thai lignite, high-ash Indian coals,
etc.). Costs would also reflect regional costs for labor and materials, as appropriate. The data
base would include both energy production and emission control technologies.
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