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PREFACE

IIASA’s Acid Rain project has developed an interactive computer model
for the evaluation of acidification abatement policies. Two important addi-
tions to the RAINS model have been produced recently: a cost-of-control
submodel and an optimization mode. Combination of these two new features
and existing submodels allows a completely new approach to the European
acidification problem. In addition to scenario evaluation, cost-effective
emission reduction policies and environmentally targetted policies can now
be constructed. The research reported in this paper illustrates the use of
the new submodels. In a separate paper the cost-of-control submodel will be
described in detail.

This paper has been prepared at the request of the secretariat of the
Convention on Long-range Transboundary Air Pollution, and has been
presented at a meeting of designated experts on costs and benefits, 18-21
August 1886, Geneva.

Leen Hordijk
Leader, Acid Rain Project
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OPTIMAL SO, ABATEMENT
POLICIES UROPE:
SOME EXAMPLES

Stuart Batterman, Markus Amann, J=zan-Paul Hettelingh,
Leen Hordijk and Gabor Kornai

1. INTRODUCTION

Governments of Europe and North America are under increasing pres-
sure to take remedial action against acidification of the environment. Also
increasing is the amount and diversity of scientific and engineering
research devoted to this subject. The link between political decisions and
scientific evidence concerning acidification has not been very strong,
although a number of countries have started research programmes on aci-
dification.

In an attempt to link science and policy making on the European level,
the International Institute for Applied Systems Analysis started an Acid Rain
Project in 1983. The principal goal of this project is the development of a
policy-support system of models that could be used at international and
national levels in the effort to develop coordinated strategies for reduction
of emissions. To date the work has concentrated on emissions and effects of
SOZ'

This paper focuses on two recent additions to the RAINS model
(Regional Acidification Information and Simulation). In Chapter 2 the model
is described briefly, whereas in Chapter 3 an overview of current SO
reduction plans in Europe is presented together with examples of graphica
output options of RAINS. Chapter 4 presents the new costs and optimization
submodels. Examples of various optimal reduction strategies for Europe are
shown in Chapter 5.



2. THE RAINS MODEL

ITIASA's model of acid deposition is an interactive set of submodels with
graphical output. The model has been developed in collaboration with the
UN Economic Commission for Europe and in the context of the Convention on
Long Range Transboundary Air Pollution. The framework of the RAINS model
consists of three compartments: Pollution Generation, Aimospheric
Processes and Environmental Impacts. Each of these compartments can be
filled by different and substitutable submodels. The submodels currently
available are Sulfur Emissions, EMEP Long Range Transport, Forest Sotil
Acidity and Lake Acidity. The RAINS model has been presented in more
detail in Alcamo et al. (1885) and Hordijk (1985).

Figure 1 depicts the current status of the RAINS model including the
extensions discussed in this paper. Starting from the top of the figure the
RAINS data bank contains a number of different energy pathways for
Europe. These energy pathways have been derived from publications by the
Economic Commission for KEurope (1983) and the International Energy
Agency (1985) for each of the 27 larger European countries. The energy
use per country is broken down into 8 categories of fuel: hard coal, brown
coal, derived coal, light oil, heavy oil, crude oil, gas and others (hydro,
nuclear, biomass). The emission producing sectors are conversion
(refineries), power plants, industry, domestic, transport and other. The
emissions of SO2 per fuel and sector have been calculated for combustion
processes using sulfur content and heat values of the fuels. These numbers
were collected from many different sources, both international (UN, OECD)
and national.

The model user has many ways to influence model runs, beginning with
the choice of an energy pathway. Since we consider the energy future to be
one of the largest uncertainties, we have left the choice of a particular
energy pathway to the user. The next submodel of RAINS, which calculates
SO, emissions, can also be influenced by the user. A menu presents options
for abatement strategies: fuel switching, physical or chemical fuel cleaning,
desulfurization units, and combustion modifications. The user can select a
combination of strategies for any country or combination of countries and
the year of implementation. The costs of the control policy constructed by
the user will then be presented.

The SO, emissions provide inputs to the atmospheric transport submo-
del. Currently RAINS uses transfer matrices derived from the atmospheric
transport model developed at the Meteorologic Synthesizing Center-West of
the Co-operative Programme for Monitoring and Evaluation of the Long-
Range Transmission of Air Pollutants in Europe (EMEP) in Oslo. This model
has been described inter alia in Eliassen and Saltbones (1983) and WMO
(1984). The transfer matrices are used to calculate sulfur depositions and
SO2 concentrations in grid squares of 150 x 150 km over all of Europe. A
user of RAINS may obtain deposition output in the form of isolines, colored
maps or three dimensional pictures.
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The outputs of the atmospheric transport submodel are used in the
forest soil and lake acidity submodels. Soil acidification has been described
as a decrease in the acid neutralizing capacity of the soil (van Breemen et.
al., 1984), which may coincide with a decrease in soil pH. The reaction of
the soil to the incoming acid stress depends on the soil’s buffering proper-
ties. These properties are described using two variables, one for the gross
potential (buffer capacity) and the other for the rate of the reaction
(buffer rate). Buffering is assumed to be governed by several reactions:
carbonate, silicate weathering, cation exchange and aluminum buffering.
The data bank for the forest soil submodel contains the spatial distribution
of 88 soil types in grids of 1° longitude by 0.5° latitude. Model output is
provided in maps and graphs for soil pH, Al* + concentration, Ca +/Al +
ratios and base saturaltion levels. The forest soil submodel has bpeen
described in detail in Kauppi et al. (1885), Kamari et al. (1985a) and Posch
et al. (1985).

The lake acidification submodel consists of several components for
meteorology, hydrology, soil chemistry and water quality of lakes. The
meteorologic submodel regulates input flows of water and deposition to the
soil and directly to the lake. The hydrologic and soil chemistry submodels
together determine the flow of ions leaching from the terrestrial catchment
to the lake. New equilibrium concentrations in the lake water are then com-
puted in the lake submodel. Currently this submodel has been implemented
for Finland and Sweden. Model output is in the form of maps showing spring
or summer pH of lake areas. Documentation of the submodel is provided in
Kédmdri et al. (1885b,c, 1986).

Current and future work on the RAINS model concerns the following
topics. In collaboration with OECD, a model for estimating NO_ emissions is
under development. The number of energy pathways will be extended to
include options which maximize the use of natural gas and which refiect
increased efforts in energy conservation throughout Europe. The structure
of the energy and emissions submodel is being changed to allow for
increased user interaction. The Environmenital Impacts compartment will
contain two more submodels: Direct Impacts on Forests (Makela, 1986) and
Groundwater Acidification (Holmberg, 1886). Quantification of the sensi-
tivity and the uncertainty of the submodels forms a substantial part of the
work program. A method for uncertainty analysis has been developed and
applied to the EMEP model {cf. Alcamo and Bartnicki, 1985 and Alcamo et al.
1986) and is being applied to the sulfur emissions submodel. Results of
analogous studies for the forest soil and lake submodels are reported in
Posch et al. (1985) and Kéamari et al. (1986) respectively. To improve the
transportability of RAINS the computer code for use on a micro computer
will be available shortly. Other additions to RAINS include the cost of con-
trol of SO, emissions and an optimization mode. These additions are dis-
cussed in C%apter 4.



3. CURRENT REDUCTION PLANS

International negotiations focus on the year 1980 as a basis for SO
emission reductions. The Protocol to the Convention on Long-Range
Transboundary Air Pollution states in Article 2: "The Parties shall reduce
their national annual sulphur emissions or their transboundary fluxes by at
leasl 307 as soon as possible and at the latest by 1993, using 1980 levels as
the basis for calculation of reductions” (ECE, 1985, Annex I). It is therefore
important Lo have a good eslimate of the 1980 emission levels of SO,. Table
1 lists 1980 emissions of SO, (measured as kilotonnes sulfur). In the first
column of the table emissions currently used in the EMEP programme are
given (see Dovland and Saltbones, 1986). The second column provides
results from the RAINS submodel for energy and emissions. For most coun-
tries the differences are small. The RAINS emissions are used in subsequent
chapters of this paper.

The 21 parties to the Convention that signed the Protocol are also indi-
cated in Table 1. In the third column we present percentage reductions for
these countries, which reflect our current understanding of the reduction
plans. The numbers are taken from several presentations by country
representatives. A final column of Table 1 provides an estimate of 1993/5
emissions of SOz based on the 1980 emissions as estimated in RAINS and the
reduction percentages given in the third column.

The graphical output modes of RAINS allow quick inspection and com-
parison of deposition isolines emerging from different emission patterns.
Figure 2 depicts sulfur deposition isolines for the 1980 emissions and the
1993/5 emissions. A four-year averaged transfer matrix was used for the
calculations. Another mode of graphical output of RAINS viz. a three-
dimensional picture of depositions is shown in Figure 3.

Table 1. Emissions of SO2 in European countries in 1980 (Kilotonnes
sulfur).
Country From EMEP Estimated Current Emissions
data within RAINS reduction plans after reductions
(percentages) using

RAINS estimates

Albania 25 39 0 39
Austria 162 159 50 80
Belgium 428 432 50 216
Bulgaria 500 507 30 355
Czechoslovakia 1550 1832 30 1282
Denmark 208 226 50 113
Finland 290 294 50 147
France 1635 1657 50 829
German Dem.Rep. 2000 . 2415 30 1691
Federal Rep. of Germany 1600 1602 B0 641
Greece 352 345 0 345
Hungary 817 813 30 569
Ireland 108 119 0 119
Italy 1900 1898 30 1329
Luxembourg 14 20 30 14
Netherlands 240 243 60 97
Norway 70 72 50 36
Poland 1375 1741 0 1741
Portugal 79 130 0 130
Romania 100 57 0 ™7
Spain 1638 1879 0 1879
Sweden 248 243 65 85
Switzerland 60 67 30 47
Turkey 483 497 0 497
USSR 8100 8588 30 6012
United Kingdom 2335 2342 0 2342
Yugoslavia 588 837 0 837

Europe Total 26805 29754 25 22229




(a)
(b)
S - 41 1
38 35 4@
Figure 2. Sulfur deposition isolines for 1880 (a) and after implementa-

tion of curr‘en%reduct.ion plans (1995) (b). Isopleths for 2.5, 5,
7.5 and 10 g/m™-yr are shown.



28.0
[l )
~18.0
L17.0
16.0
~15.0
F14.0
r13.0
L12.0
F1:.8
-18.0
L q.@
- 8.0
L 7.8
C 6.8
5.2
() '- \o ", ’ ""“ - 4.0
N - 3.0
//0‘.\ ) 0““ //" \‘v 3
y " l,'\\ 0/1 - 1.0
'//," ‘\\!0‘/} ‘A‘ - 0.
ql/' ‘\ /" \
o, ‘ ’ o'
) i e ',
MRS
/ rors

Figure 3. Calculated deposition (gram S/mz/yr‘) in Europe, 1980. The ten
highest deposition areas are indicated on the map.



4. EXTENSION OF RAINS

This chapter contains two parts describing the new submodels being
incorporated into the RAINS model. In section 4.1 the cost-of-control sub-
model, which is under development, is presented. Section 4.2 discusses the
formulation and use of the optimization submodel.

4.1. Control costs

This section discusses the present preliminary status of the cost sub-
model of RAINS. First, an overview of the approach and its limitations are
provided. Then the control options are discussed. Lastly the national cost
functions are described.

| 4.1.1. Overview and limitations of the approach

Within the context of the overall goals of RAINS (see Chapter 2), the
cost submodel estimates pollution control costs in an internationally com-
parable way. Rather than a statistical or economic analysis, an engineering
approach was used to estimate control costs. In brief, the approach
comprises the following steps:

. Specification of emission control options for each sector and fuel type.

. Specification of technology-specific cost functions by means of activity
analysis.

. Derivation of country-specific national cost curves based on the

technology-specific cost functions.

To avoid the misuse of this politically sensitive submodel, it is impor-
tant to specify the limitations of the model. The present cost submodel is
limited to the control of sulfur emissions. Of the many secial costs and bene-
fits of control policies we deal almost exclusively with the direct costs
related to ceriain emission abatement options in combustion processes. We
do not consider other pollutants, the costs of mitigation of environmental
effects and second and higher order interactions between pollution control
and economic growth, sectoral composition, supply and demand issues,
international trade, etc.

Due to the lack of detailed data, control of sulfur emissions from non-
combustion processes, is not yet included in our model. Further limitations
are caused by the lack of internationally comparable emission control data
for the 27 countries modeled.

During the development of RAINS it was decided that a number of
energy pathways would be available to the user. Consequently, primary fuel
switching and energy conservation are not yet considered as emission
reducing options. However, the costs of these strategies can be obtained
indirectly by comparing abatement costs of different energy pathways.

4.1.2. Emission control strategies

In general, four major strategies to reduce sulfur emissions from the
energy-use sectors exist:
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1. Emission conirol technologies applied before, during or after the
combustion processes.

2. Use of low sulfur coal and otl

3. Fuel switching substitutes natural gas, hydro- or nuclear power fcr
high sulfur coal and oil without substantially changing the final energy
demand. Fuel switches may also be motivated by economic and political
considerations.

4. FEnergy conservalion uses less primary energy by either reducing the
energy demand or increasing the efficiency of combustion processes.
Associated costs and benefits may be related largely to economic and
energy policies.

The first two control strategies are currently incorporated into
RAINS. Work is underway to include fuel switching. Energy conservation
strategies may be evaluated by modifying the energy pathway.

4.1.3. Technology-specific cost functions

The sulfur abatement technologies for combustion systems currently
considered include the following options:

. Pre-combustion:

- Desulfurization of oil reduces the sulfur content of light oil frac-
tions to 0.15 per cent, heavy fuel oils to 1 per cent.

. Low-emission combusiion processes:

- In-furnace lime injection for coal combustion removing 30 to 607
of SO,. In this technique, lime or limestone is blown into the
combustion chamber and the end product is filtered out of the flue
gas. The relatively large amount of residue requires disposal.

. Flue gas desulfurization processes (FGD) covering a range from 50 to
987 sulfur removal. The following processes are considered:

- Wet lime/limestone scrubbing: binds the sulfur dioxide with a lime-
stone slurry producing either solid gypsum or calcium sulfate and
sulfite. Gypsum may be either sold or disposed. This process is
used in about 907 of all FGD applications, typically accomplishing
sulfur removal rates of 90% (Scharer and Haug, 1986).

- Wellman-Lord process: here the sulfur dioxide is absorbed into a
solution of sulfites and sulfates which may be further processed to
obtain liquid SOz, elemental sulfur or sulfuric acid. This relatively
expensive technology is applied where the by-products can be
directly used, or at locations with limited facilities for transpor-
tation and waste disposal. We assume a 987 sulfur removal effi-
ciency.

Table 2 describes our assumptions regarding the applicability of these
control technologies to the different sectors and fuels.

Annualized unit costs of sulfur removal are estimated based on total
investment costs and fixed- and variable operating and maintenance (0&M)
coists. Qur analysis has concentrated on finding the most important indica-
tcrs which reflect these items. Table 3 lists the variables used to compute
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abatement.
Table 2. Potential use of abatement technologies by sectors and fuels.
Fuel Use of low Limestone Wet Wellman-Lord
Sector type sulfur fuel injection FGD process
Power Hard coal v v v
plants Brown coal V4 v
0il Vv Vv
Conver- Hard coal 2V 24
sion 0il 2V v Vv
Domestic Hard coal 2V
Derived coal | v
0il Vv
Industry Hard coal 2V Vv Vv AV
Brown coal v Vv eV
Derived coal | / V] Vv 2V
0il 2V Vv N
Transpor- | 0il V4
\Etion
Table 3. Variables used in computing costs of control technologies.

Generic variables
Technology-specific investment cost functions (FRG)
Lifetime (30 years)
Share of investments to fixed O &M costs
Real interest rate for CPE's (4%)
Boiler capacity in industry (50 MWel)
No retrofit
Sulfur removal efficiency (90 % wet/dry, 98 Z Wellman-Lord)
Stoichiometric ratios
Thermal efficiency of combustion
Electricity price
Absorbent price
By-product price
Disposal cost
Additional energy demand

Country-specific variables
Real interest rate for market economies
Boiler size in power plants
Sulfur content by fuels (at plant site)
Heat value by fuels
Capacity utilization
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Invesiment costs represent the total direct costs of the investment
(materials, construction related labour, etc.). The boiler size is used as an
indicator to estimate investment costs. Due to the relatively poor country
specific data on the size distribution of industrial boilers we assume a uni-
form size of 50 MW .. For power plants investment costs are calculated
using the national average boiler size.

Fized O&M costs (including insurance, taxes etc.) are assumed to be
proportional to investment costs. Typical average ratios from the literature
(Scharer and Haug, 1986; OECD, 1986; Inaba, 1985; Rentz, 1984) are used
for all countries.

Investment and fixed 0&M costs are incorporated into capacity related
annual costs. Annual investment costs are obtained assuming country-
specific real rates of interest based on 1984 data (OECD, 1985) for the
market economies and 47 for the centrally planned economies. We have not
yet distinguished new and retrofit installations, but instead assume that all
plants are new with an economic life-time of 30 years.

Variable O&M costs include the costs of additional energy demand,
absorbents and waste disposal. Energy costs are related to electricity
prices and combustion process efficiencies. Absorbent and disposal costs
depend on sulfur contents and fuel heat values, observing constant ratios of
sulfur to absorbent and absorbent to end-product. Potential benefits from
selling the by-products are also considered. All prices presently used in the
model are derived from data for the Federal Republic of Germany (Scharer
and Haug, 1986).

Energy-specific total annual costs are obtained by relating the capa-
city related plus variable 0&M costs to actual energy units. This calculus
takes into account country-specific capacity utilization ratios, i.e., capa-
city factors, expressed in terms of annual operating hours, as well as the
efficiencies of combustion processes.

Currently the basic currency of the cost submodel is Deutschmarks
(DM). Since all prices have been derived from data of the FRG, exchange
rates are not used. Because only a limited number of control technologies is
considered and few country specific variables are introduced, the cost
functions used in this paper are tentative. Consequently, in this paper
results are presented using cost indices.

In summary, the above calculations provide country-, sector-, fuel- and
control technology-specific values for the cost of abating a ton of sulfur
per unit of energy, and the sulfur removing potential, corresponding to the
structure of a given energy pathway. These values may be computed for any
time period and energy pathway. The model user may alter technologies,
fuel choices and capacities using a menu in the RAINS model. Energy flows
and mass balances are conserved in the computations.

4.1.4. National Cost Curves

The national cost function is defined as the minimal cost envelope
encompassing the entire range of sulfur abatement options for a given coun-
try, energy pathway and time period. Consequently we have assumed that all
national abatements are cost minimizing, which permits international com-
parison of costs, Legislation introduced by some countries (e.g. the
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Ordinance on Large Firing Installations in the FRG) is neglected.

The cost curves are derived by minimizing total costs subject to vari-
ous sulfur reduction requirements, which range up to the maximum techno-~
logical feasible removal. The resulting national cost curve consists of
piecewise linear approximations, typically containing 20 to 30 segments,
Typical shapes are shown in Figure 4. These curves were estimated using
the official energy forecast of the governments for the year 2000 (EA,
1985; ECE, 1983). The arrows indicate emission levels corresponding to a
307 reduction from 1980 emissions. Due to the non fossil fuel based energy
pathway country A has no cost in meeting a 30Z reduction; country B must
spend 400 million DM.

TOTAL ANNURL COSTS (1@2*»*38 0OM) TOTAL ANNUARL COSTS (1Q@%*=S DM)
COUNTRY R COUNTRY B

S.ed g S5.00@ 1

4.0 W 4.00 T

3.00 ¢ 3.008

2.8@ 4 2.00 L

].zgw 3(lz 1.2@ 4 !_(L

. + — = — B. — ~—t ¥ —
@. @.275 @.550 @.825 1.1@a@ e. 2.275 ©.55@ @.825 1ti1.1@0@
SULFUR EMISSIONS [IMT S) SULFUR EMISSIONS (MT S)

Figure 4. Two national total cost curves.

4_2. Optimization

This section reviews the formalization and use of the optimization sub-
model of RAINS as applied to targetted emission control strategies. First,
the general framework is developed, including a discussion of targets and
indicators. Second, the current status of the optimization submodel is
described. Lastly, limitations of targetted strategies are discussed.

4.2.1. Targetted emission control strategies

The optimization submodel of the RAINS model permits the generation
and analysis of targefied emission control strategies based on indicators.
Indicators represent environmental impacts, economic factors, and/or
other policy objectives. In targetted strategies, the sulfur (and perhaps
NO_) reductions of each European country are determined in a manner
which meets the goals or constraints implied by the indicators in an econom-
ical or efficient fashion. Some targetted strategies of interest might
include.

- Th« country-by-country emission reductions required Lo achieve a
specified S deposition crileria at the least cost.

- The emission reductions required to achieve a specified deposition cri-
teria by removing the least amount of sulfur.

- The emission reductions which yield a low probability of environmental
damage at the minimum cost.
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These and other targetted strategies can be evaluated using the optimiza-
tion submodel of RAINS.

Indicators in targetted strategies fall into three general classes:

1. Environmenial indicators measure impacts or the risk of such impacts
to 1) forests; 2) surface and groundwater; 3) agricultural production;
4) materials; and 5) human health. Useful indicators may include
ambient concentration, deposition, lake acidity, change in soil pH, and
forest damage. Environmental indicators may apply to some or all of
the receptors in the model.

2. Economic indicators estimate the cost of emission controls and fuel
substitution.

3. Policy indicators are related to equity and the feasibility of the con-
trol strategies. These indicators might represent the ability of the
various countries to implement control strategies, the desirability of
achieving similar environmental impacts on a per capita basis, minimum
reductions for countries, or other goals.

Indicators may be used separately or jointly. For example, the targetted
control strategy might be a cost minimizing solution satisfying both environ-
mental and policy indicators. The interpretation of model results becomes
more complex with multiple indicators.

The choice of indicators may crucially affect the outcome of the tar-
getted control strategy. Consider, for example, indicators representing
environmental effects. Indicators related to lake acidification would tend
to affect depositions and emissions in northern Europe, while indicators
related to forest impacts would influence areas in central Europe. Ideally,
deposition or concentration thresholds should correspond to the sensitivity
of land and water areas over Europe. However, the specification of deposi-
tion or concentration thresholds is difficult given the state-of-the-art of
present ecological modeling and the available information. In addition, the
specification of such targets may be highly controversial. Some components
in the RAINS model may be used to derive environmental targets, e.g., the
lake acidification submodel, forest impacts and ground water acidity. How-
ever, the latter two of these submodels are under development; and the lake
submodel has been applied to only a portion of Europe. Consequently
several alternative and simpler approaches are used to specify deposition
targets, as described below.

4.2.2. Current status of the optimization submodel

At present, the optimization submodel employs a single objective,
linear program operated in a quasi-interactive fashion on a mainframe com-
puter. (A smaller scale version has been developed for use on a personal
computer.) Mathematically, goals or targets are specified as constraints in
the linear program. Constraints are equations which define the "feasible
region' of possible solutions, which is then searched for the optimum. This
formulation is conceptually equal to work by Ellis et al. (1985), Fortin and
McBean (1983) and Morrison and Rubin (1885), although the application
differs in num :rous ways. The extension to non-linear problems, e.g., using
soil or lake - :idity as targets, is a relatively straightforward modification
of the curren approach.
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The user has the choice of objectives and constraints (or indicators),
as discussed below. The existing implementation of objectives and targets is
preliminary: work under development will greatly extend the capability of
the submodel.

The objective functions currently implemented include (1) minimization
of total European control costs, using the cost submodel discussed in Sec-
tion 4.1; and () minimization of total European sulfur removal. Although
European totals are used as objectives, the submodel calculates and
displays costs and sulfur reductions for individual countries. Note that if
control costs are constant and equal among countries, objectives (1) and (2)
are equivalent. An "export' option allows those costs or removal quantities
to be minimized which relate to sulfur transported across national boun-
daries. This option is used tc represent objectives expressed in fluxes, e.g.
50% reduction of transboundary fluxes at minimum cost.

Several simple constraints have been implemented. These include (1)
upper and lower bounds on the removal fraction for each country; and (2)
limits on the maximum sulfur deposition or SO2 concentration at each recep-
tor. Removal fractions are based on emissions from a base year, selected
as 1980. For example, specifying a minimum removal of 30Z and a maximum
removal of B07Z ensures that emissions of each country will be between 40
and 707 of the 1980 emissions.

Due to the difficulty of determining sensitive areas and establishing
deposition goals, several alternative approaches were used to specify depo-
sition targets. These approaches may not produce target levels which
correspond to the environmental or ecological sensitivity. However, they
demonstrate the flexibility of the method and provide a preliminary indica-
tion of the implications of targetted policies.

Currently there are three options for determining deposition limits. In
option 1, a marimum deposition limit is specified for all of Europe, e€.g2., 5
g/m -yr at all receptors. With this target, for example, the optimization
submodel could determine the lowest cost count.ry—by-é:ount.r‘y emission
reductions which result in calculated depositions of 5 g/m™~-yr or less at all
recepéors. However, receptors which already experience deposition below
S5 g/m™-yr may not obtain further reductions. In option 2, deposition limits
are determined as the deposition resulting from a specified reduction in
emissions for a base year, selected as 1980. For example, the depositions
obtained by a 507 reduction in 1980 emissions can be used as maximum depo-
sitions. This option tends to preserve the 1980 deposition and/or concen-
tration pattern over Europe, however, the absolute level of deposition is
decreased from 1980 levels. In option 3, a reduction function is used to
specify the deposition target at each receptor. In the present submodel,
reductions for each receptor are specified as a function of calculated
deposition levels in a base year (1980). Figure 5 shows two possible func-
tions specifying the fraction by which deposition must be reduced. Line (a)
shows deposition decreases which are proportional to the 1980 depositions.
For example, deposition would be reduced by 757 at a receptor with a high
(1980D) deposition level of 20 g/m™-yr; a receptor with a deposition of 5
g/m -yr would require only a 257 decrease in deposition. Curve (b) con-
tains a threshold, implying a deposition level below which no reductions are
necessary. In comparison to option 1, which may not achieve lower
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depositions at receptors which are already below the target, reduction
functions may be specified which require reductions at all receptors.

The principal outputs of the optimization submodel are country-by-
country emission reductions and costs. The environmental impacts of the
targetted strategies, e.g., deposition levels, can be obtained using the
scenario analysis mode of RAINS. Additional outputs of the optimization
submodel include (1) amount of emissions per control classification reduced
by each country; (R) marginal costs of the control strategy (e.g., maximum
cost/ton of SO2 reductions), and (3) shadow prices indicating the value of
changing constraints, e.g. cost of control/amount sulfur deposition.

100

30 -

80 — (b) proportiona! reductions with thresholg

70

60 —

50 —

40 — (a) proportional reductions

30 —

Deposition Reduction (percent)

20

Sulfur Deposition (with 1980 emissions)

Figure 5. Two reduction functions.

4.2.3. Limitations

Models which formulate targetted strategies may be useful as policy
tools if the model is credible. To enhance the usefulness of the model,
results are presented in a comparative fashion, and a high degree of flexi-
bility in targets is permitted. However, several shortcomings of targetted
emission control approaches should be pointed out. These include the
multi-objective nature of the problem; the uncertainty of the variables and
models; and the inadequacy or irrelevance of expected or average perfor-
mance given that decision makers may be sensitive to poor or even catas-
trophic outcomes which are not modeled. These ideas are further
developed below.

In general, targetted emission control strategies are mult ple objective
optimization problems. We present results from the optimiz: .ion submodel
in a manner which shows the trade-offs entailed by single objective policies.
Future versions of the model may permit a more interactive approach so
that model users can interpret policy implications, alter their assumptions
and objectives, and thus refine their goals to obtain satisfactory results. In
addition, techniques which consider multiple and (usually) conflicting objec-
tives of several decision makers are applicable. We have entered discus-

sions with researchers who may use these technigues with the RAINS model
Witmuess et al., 1984),

20
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At present, the optimization submodel is a deterministic formulation
which does not consider model and data uncertainty. Moreover, nonlineari-
ties and dynamic effects of the environmental impact models are highly sim-
plified. Nonlinear and dynamic effects can be modeled using a multistage
stochastic optimization based in part on past efforts to quantify the uncer-
tainty and sensitivity of the atmospheric transport and lake acidity com-
ponents in the RAINS model (e.g., Alcamo and Bartnicki, 1985). Comparative
use of the model provides a heuristic consideration of uncertainty.

5. OPTIMIZED REDUCTIONS OF 502 EMISSIONS: SOME EXAMPLES

5.1. Introduction

This chapter presents several examples of optimal reduction strategies
for Europe, which demonstrate the formulation and use of th~ new cost and
optimization submodels of the RAINS model. Because these submodels are
still under development, the results should be considered as preliminary,
possibly, but not necessarily representative of optimal strategies.

Results of optimal policies, in terms of European control costs and sul-
fur reductions are given for the following examples:

Development of European control cost curves
Reduction of peak sulfur deposition
Reductions function for sulfur deposition

Flat rate deposition reductions

Il A

Reduction of sulfur deposition in southern Fenno-Scandia
6. Reductions of transboundary fluxes

These examples, including their objectives and a summary of results, are
described in the following six sections. Examples 2-5, which employ sulfur
deposition constraints, are used largely because there is no international
consensus on deposition targets for Europe. Targetted policies using
environmental indicators such as impacts on forests or water quality might
not resemble any of these examples. Our intention in using these examples
is to demonstrate the use of the cost and optimization submodels as tools for
policymakers. We neither recommend nor suggest that these examples
should be implemented.

All examples have several common features, including (1) the maximum
emissions of each country are the 1980 levels; (2) costs are referenced to
the control costs of a flat rate 30Z reduction in 1980 emission levels, which
is assigned an index of 100; (3) the year 2000 cost curves and emissions
projections are employed, based on the fuel mix in the single energy path-
way considered (derived from IEA (1985)) as explained earlier; (4) sulfur
transport is based on a four-year meteorological period; (5) only aggregate
European-wide control costs and sulfur reductions are presented, although
country-by-country quantities are calculated; and (6) background deposi-
tion is assumed to be derived from entirely natural or uncontrollable emis-
sions. With respect to the sixth point, "background” contributions in the
EMEP model include both natural emissions and some anthropogenic emis-
sions, the latter which are not attributed to emissions from specific coun-
tries. We have assumed that the background deposition is from only natural
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sources. In most cases this will not greatly alter results since the back-
ground fraction is usually small. However, where it is large, other assump-
tions might change results significantly.

5.2. Development of European control coest curves

This section presents cost functions which display aggregate European
costs for several emission reduction policies. These policies, which are
independent of sulfur transport and deposition levels, compare the follow-
ing objectives:

a. Flat rate reductions. In this case, all countries reduce emissions by
the same fraction, based on 1980 emissions. For example, in a 50% flat
rate reduction, all countries have emissions from their 1980 levels.

b. Mazimum reductions with a total EFuropean-wide budget. These
results indicate the maximum sulfur removal obtainable for a given
budget. Here, the optimization maximizes the total sulfur removed,
subject to a budget constraint. Sulfur emissions from each country are
permitted to vary from 1980 levels (the maximum) to a minimum level
implied by the country specific cost curves.

c. Mazximum reductions with a total Furopean-wide dbudget and a 30X
minimum reduction. This case is similar to (b) above, except all
countries must reduce emissions from 1980 levels by at least 307%.

In summary, policy (a) provides an indication of costs for flat rate policies,
and policy (b) maximizes sulfur removal over Europe subject to a budget
constraint.

Figure 6 shows costs and removal quantities of the three policies.
Costs are displayed using a cost index, where 100 references the cost of a
307 flat rate reduction in emissions from 1980 levels. Removals are
displayed using emissions in year 1980 as a base. The European-wide 1980
emissions are equal to 29.8 million tons/yr. According to the energy path-
way used, most countries would increase their year 2000 emissions from
1980 levels without pollution abatement to a total of 34.9 million tons/yr.
Emissions from Denmark, F.R.G., Italy, and the USSR increase by less than
5% from 1980 levels while four countries reduce emissions i.e., Belgium, Fin-
land, France and Sweden.

Emission reductions are calculated using 1980 as a base. As an exam-
ple, a 50% removal from 1980 levels reduces emissions to 14.9 million
tons/yr (one-half of 1980 emissions). As the energy pathway shows that
year 2000 emissions would total 34.9 million tons/yr, a reduction in year
2000 emissions of 20 million tons/yr would be required. When expressed in
terms of year 2000 emissions, the 507 reduction in 1980 emission requires a
larger percentage reduction (57.3%2) from the unabated year 2000 emis-
sions,

Returning to Figure 6, the cost curves show strongly increasing costs
beyond 60 to 707 removal. This results as the highest removal rates can
only be accomplished using the most expensive control options; the poten-
tial of inexpensive control options has been exhausted. (Similar results
were shown in Section 4.1 for individual country cost curves.) The maximum
removal possible in year 2000 using the current cost curves is 29 million
tons/yr, resulting in sulfur emissions of 5.6 million tons/yr. Thus, the fully
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abated emissions in year 2000 corresponds to 817 decrease in 1980 emis-
sions. The maximum reduction costs 4.7 times as much as a 30% flat rate
reduction, although only 2.1 times as much sulfur is removed.

The upper line in Figure 6 shows the flat rate policy (a). With the
current. cost curves, all countries were able to reduce emissions from 1980
levels by at least 507%. However, additional reductions were not possible for
several countries. The maximal removal for each country varied between
50 and 917 of 1980 levels. The flat rate curve continues to 80Z, however, by
permitting countries to "drop out” as their control options were exhausted.
This operation may tend to decrease the difference between the three poli-
cies.

450

400 —

350 — flot rate reductions (a)
300 —
250 — lowest cost with 30%Z minimum removal {c)
200 —
150 —
lowest cost (b)

100 —

50 —

0 T T T T T T T T
0 20 40 B0 80

Percent removal from 1980 emissions

Figure 6. Total European costs vs. sulfur reductions for three policies.
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The maximal removal policy (b) forms the lowest cost "envelope' in Fig-
ure 6. For example, 307 sulfur removal (14.1 million tons/yr of year 2000
sulfur removed) may be accomplished for only B0%Z of the cost of the flat
rate policy. For 507 removal, the cost is B8Z of the flat rate policy. The
cost savings are achieved by maximizing removal in countries with low
removal costs. This changes the spatial patiern of the emission reduc-
tions, however the total European sulfur reduction remains constant.

The current cost curves do not include the least expensive control
options, e.g. fuel switching. Incorporation of such control options in the
cost curves would increase the difference between costs of flat rate and
maximal removal policies. Thus, cost savings above may be regarded as a
lower bound on cost differentials. Cost savings of the policies discussed in
the following sections may also be underestimated for similar reasons.

The third policy (c), maximum removal with a minimum 30% reduction by
all countries, has costs between flat rate (a) and maximum removal (b) poli-
cies. At high removal levels, this policy is similar to policy (b).

In summary, the European costs curves show increasing costs with
additional sulfur removal, especially above 60-707Z removal. This increase
would be more dramatic if additional control options, such as fuel substitu-
tion, were considered. There is about a 207 difference between flat rate
and reduction maximizing policies for moderate sulfur removal levels (30-
607% of 1980 emissions). Because of the preliminary nature of the cost
curves, this differential may be regarded as a lower bound.

5.3. Reduction of peak sulfur deposition

The severity of some impacts of sulfur deposition, including materials
damage such as corrosion and discoloration, is directly related to deposi-
tion level. Thus, a possible objective for optimized emission control policies
is the reduction of the mazimum deposition levels for all land areas of
Europe. For this objective, a maximum deposition level is selected. Then,
the optimal country-by-country emission reductions which most efficiently
achieve the specified deposition levels are determined. With these reduc-
tions, deposition at all European sites will be at or below the specified
deposition level.

Three policies were examined to investigate the effects of reducing the
peak deposition. The policies had different objectives, namely:

a. Minimizing total European cost. This case obtains the minimum cost
approach which achieves the specified deposition level.

b. Minimizing reductions in total European emissions with technolog-
ical constraints. Here, the reduction effort, in terms of sulfur remo-
val, is minimized. The reductions from each country are limited to the
control options discussed in Chapter 4.

c. Minimizing reduction in total European emissions without techno-
logical consitraints. This differs from policy (b) in that the technolog-
ical constraints imposed by the cost curves are ignored. Reductions of
each country may range up to 1007 of 1980 emissions. Thus, a country
may completely eliminate its emissions. While unrealistic, this assump-
tion helps to illustrate the sensiti’ity of the solution to the cost
curves.
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A range of deposition targets are used to identify the sensitivity of the
optimal solutions to deposition level. Costs and removal quantities are com-
puted for policies (a) and (b); because policy (c) ignores the technological
constraints imposed by the cost curves, only reductions can be computed
for this case. (Costs of the minimum reduction policy we. ¢ computed using
the least expensive technologies.)

Figure 7 shows the European costs vs. maximum European deposition
for policies (a) and (b). As in the previous section, the cost index refers to
the cost of a 307 flat rate reduction. For both policies, costs increase
rapidly as the maximum deposition level is decreased below 5-6 g/m™-yr.
This occurs as more expensive technologies must be used to reduce peak
depositions to low levels, and because the number of affected receptors
increases as the deposition limit is lowered. The lowest peak deposition
that can be achieved over Europe is about 4.7 g/m~~yr, due to both limits on
the maximum removal for each country and the background component of
the EMEP model. Cost differences between the minimum cost (a) and
minimum removal (b) policies are negligible.

Figure 8 shows the emission reductions required to achieve the speci-
fied deposition limit for the three policies. Emission reductions are plotted
as sulfur removed from year 2000 emissions. For example, the upper line
shows the r’educt.é‘ons corresponding to the minimal cost policy (a). With this
policy, a 6 g/m™~yr deposition limit requires a removal of 18.3 million
tons/yr of sulfur. As with the costs, the required sulfur reductions increase
rapidly as deposition levels are reduced below 5 or 6 g/m™-yr, and differ-
ences between cost-minimal and reduction minimal policies (a) and (b) are
minor.

The minimal removal policy without technological constraints (c)
requires less sulfur removal than poligjes (a) and (b), most markedly at high
removal levels, For example, at 5 g/m™~-yr, policy (c) requires 157 less sul-
fur removal than policy (a). This results as policy (¢) permits complete
reductions from each country, while policies (a) and (b) are constrained by
capacity constraints on removal quantities in the cost curves. At low depo-
sition levels, the maximum removal rates for countiries strongly affect
results by forcing reductions in neighboring countries. In contrast, without
technical constraints the same or even lower deposition levels may be
achieved by reductions entirely within the countries where deposition max-
ima occur.

It is possible to compare the maximum depositions resulting from flat
rate reductions to the optimized policies. For example, a flat rate reduc-
tion of 507 reduces the maximum dei)osit.ion (considering only the anthropo-
genic contribution) to about 9 g/m™-yr; the same level may be achieved at
only 577 of the cost by the cost optimal policy. Of course, the resulting
deposition patterns of the two cases may be dramatically different: the
optimized solution primarily reduces the peak depositions while the flat
rate reduction achieves proportionally equal decreases in the deposition.
Figure 9 contrasts isolines resulting from these two policies. Differences
between the two policies may be viewed as the movement of particular iso-
lines.
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Figure 7. Total European costs vs. peak sulfur deposition.
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Figure 8. Total Buropean sulfur removal vs. peak sulfur deposition.
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In summary, optimal policies may be used to reduce peak depositions in
Europe at considerable savings compared to flat rate reductions. Little
sensitivity to the cost curves was observed, although the constraints on the
maximum possible removal from each country appear influential at low
deposition levels. These conclusions must be tempered by the preliminary
nature of the cost curves and the single energy pathway considered.
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9.4. Reduction functions

As a third example of optimized control strategies, several reduction
functions are used to specify the decrease in deposition at each receptor,
as discussed in Section 4.2.2. In contrast to policies aimed at reducing the
peak depositions at a subset of receptors (as in the previous section), the
reduction function ensures that all receptors obtain lower deposition lev-
els. Ideally, reduction functions would consider the sensitivity of the
receptor, the time history of pollution, and other aspects important for
environmental effects. In the present example, a simple function is used to
specify the maximum sulfur depositions at all receptors. The optimal solu-
tion finds the country-by-country sulfur reductions which minimize the total
European control costs and satisfy the deposition constraints.

Target depositions at each receptor are determined by requiring a
percentage reduction in deposition at each receptor which is proportional
to the calculated 1980 deposition. Line (a) in Figure 5 shown earlier illus-
trates the nature of the reduction functions considered. These functions
require the greatest percentage decrease in deposition at receptors with
high concentrations. The proportionality constants are called "reduction
multipliers.” The percentage decrease in deposition is obtained as the éar'o—
duct of the reduction multiplier and the 1980 sulfur deposition, in g/m*~-yr.
The reduction multipliers range from 1 to 4. As the peak deposition in
Europe is about 20 g/m~-yr, the maximum reduction in depositions from
1988 levels ranges from 20 to 80%. Receptors with 1980 concentrations of 9
g/m~-yr would require exactly half as much reduction.

Figure 10 shows total European costs as a function of the reduction
multiplier, where costs are displayed using the cost index (100 corresponds
to the costs of a 30% flat rate reduction). Figure 11 shows total European
sulfur removal as a function of the reduction multiplier. These figures indi-
cate, for example, that a reduction multiplier of 3.5 costs 467 more than a
307 flat rate reduction and requires a total removal of 18.6 million tons/yr.
The mgximum deposition at any receptor resulting under this policy is about
7 g/m~-yr. Some costs and sulfur removal are required for a zero multi-
plier since the maximum emissions permitted in this examples (as well as the
others) cannot exceed 1980 levels and most countries increase their una-
bated emissions from 1980 to 2000.

Figures 10 and 11 indicate that costs and removal quantities increase
quickly for multipliers above 3.5. The rates of increase are not as fast as
found for the reduction of the maximum sulfur depositions (Figures 7 and B)
since the reduction function requires decreases in deposition and thus emis-
sions at all locations, even for low values of the multiplier. In contrast, the
reduction of peak depositions focuses control efforts in countries which
experience the highest depositions.

The maximum depositions resulting using reduction multipliers can be
compared to the policies of the previous section which reduce maximum
depositions. For exgmple, the multiplier of 3.5 results in a maximum sulfur
deposition of 7 g/m~-yr. The same maximum deposition could be achieved
with a cost savings of approximately 157 using the minimal cost solution
reducing the maximum European deposition.
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In summary, the deposition function provides a flexible approach for
specifying deposition goals. In fact, flat rate reductions and reductions of
the peak deposition levels provided in Sections 5.2 and 5.3, respectively,
are subsets of this approach. With additional data specifying receptor sen-
sitivities related to environmental indicators, reduction functions may be
used to derive targetted policies aimed at minimizing environmental impacts.

5.5. Flat rate deposition reduction

As another example of optimal policies, some alternatives to flat rate
emission reductions are explored. Flat rate reductions achieve a uniform
percentage decrease in the anthropogenic component of sulfur deposition
at all receptors. There may be more cost-effective ways of reducing sulfur
deposition to these or lower levels by increasing the sulfur removal in
countries with low control costs, and conversely, by decreasing removal in
countries with high control costs. Thus, flat rate deposition reductions
result in similar environmental impacts, as measured by sulfur deposition,
but at lower total expenditures than flat rate policies.

The potential cost savings of such policies was estimated by finding the
cost optimal solution which achieved sulfur deposition at each receptor
equal to or below that obtained by a 50% flat rate reduction in sulfur emis-
sions from 1980 levels. A second example found the cost optimal solution
for a 30Z flat rate reduction in emissions. Results for both policies were
similar. In brief, the cost optimal policies reduced total KEuropean costs by
less than 1%. This cost savings is certainly within the error range of the
calculations. For most countries, the sulfur removal and costs of flat rate
and cost-effective strategies were similar. These results indicate that the
problem is highly constrained and little potential for large cost savings
exists. Similar results were obtained when sulfur removal (rather than
costs) was minimized. Consequently, these conclusions do not appear depen-
dent on the cost curves.

In summary, this example indicates relatively little opportunity for
emissions "trading” between countries when ‘flat rate deposition" reduc-
tions are required. Such deposition reductions can be accomplished by flat
rate emission reductions with nearly equal efficiency. These conclusions do
not necessarily hold for other deposition targets or policies. Earlier exam-
ples, such as the reduction of the maximum deposition levels (Section 5.3)
indicate that some deposition targets other than flat rate reductions may be
achieved at considerable cost savings.

5.6. Reduction of sulfur deposition in southern Fenno-Scandia

This section presents examples of optimal emission policies related to
lake acidification in southern Fenno-Scandia (Finland and Sweden). Acidifi-
cation of lakes in this area was one of the first impacts attributed to sulfur
deposition. D?gosit.ion levels in Scandinavia are low, typically in the order
of 2 or 3 g/m~ -yr in Finland, Sweden and Norway. Consequently, the exam-
ples of optimal control policies related to peak depositions (Sections 5.3
and 5.4) have little direct bearing to deposition levels in these regions. Due
to the very different geographical focus, the examples in this section pro-
vide a strong contrast to the preceding examples.
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Four receptors in southern Sweden, and three receptors in southern
Finland were selected for analysis. Using 1980 emissions, the é:alculat.ed sul-
fur depositions at these receptors are between 2.5 and 3 g/m~-yr. Costs and
removal quantities for the 27 countries modeled are calculated using the
optimization submodel with various deposition targets and the three objec-
tives used in Section 5.3, namely:

(a) Minimizing total European costs;

(b) Minimizing reductions in total European emissions, subject to tech-
nological constraints inherent in the cost functions; and

(c) Minimizing reductions in total European emissions, without techno-
logical constraints (thus permitting complete removals and zero
emissions from a country).

Optimizations were performed separately for receptors in Sweden and Fin-
land.

Figure 12 displays the costs (using the same cost index as before)
required to attain various deposition levels in the two regjons. Results of
the minimum cost policy (a) are plotted. To achieve 1.5 g/m~-yr in southern
Finland requires 1.14 times the cost of the 307 flat rate reduction policy;
this level may be achieved in southern Sweden for 0.59 times the cost of the
reference scenario. Depositions below 1.8 and 1.2 g/m™-yr can be achieved
in Finland and Sweden, respectively, for the cost of the 30% flat rate policy.
Howe%er'. the flat rate policy would decrease deposition levels to only about
2 g/m=-yr.
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Figure 12. Cost of deposition reductions in southern Finland and Sweden.
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Figures 13 and 14 show the removal quantities associated with the
three objectives for Finland and Sweden, respectively. The cost minimizing
and removal minimizing policies have larger differences compared to the
removal curve sl‘éown earlier (Figure 6). For example, to attain a deposition
level of 1.5 g/m~-yr in Finland, the minimum removal policy (b) requires
13.6 million tons/yr, or 13Z less than the minimum cost policy (a). In addi-
tion, the country-by-country reductions required by policies (a) and (b) are
very different for several countries. This sensitivity to the cost curves
occurs as the selected receptors are roughly equidistant to several coun-
tries. The transfer coefficients for these countries are of similar magni-
tude, however, several of the countries have large differences in the cost
of sulfur removal. For these countries, the difference between the cost and
removal minimizing policies is large.

In summary, the example indicates that policies targetted for specific
regions may provide considerable savings in comparison to flat rate poli-
cies. In contrast to earlier examples, considerable sensitivity to differ-
ences between the national cost curves is observed.

4.5. Reduction of transboundary fluxes

The final example of optimal emission strategies considers the deposi-
tion which is attributable to only transboundary fluxes of pollutants, i.e.,
that deposition which arises from sulfur exports between countries. The
deposition at receptors due to emissions in the "host'" country which con-
tains the receptor thus is not considered. The key concept of this policy is
the separation of sulfur deposition which is due to "domestic’ and "foreign"
sources. For example, an optimal policy (which would involve international
negotiations) might reduce exports to all other receptors by a certain
amount, say 30 or 50%. Further deposition reductions, if desired, could be
accomplished by decreasing emissions in the host country, a purely national
action. The deposition which is attributable to the host is often very signifi-
cant (sometimes half or more of the total).

Using a cost minimizing objective, a 30% reduction in transboundary
fluxes could be achieved at 847 of the cost of the 30Z emission flat rate pol-
icy which also results in a 307 reduction in exports. A 50% reduction in
exports could be accomplished for 82% of the cost of the 507 flat policy.
While the optimal and flat rate policies removed about the same amount of
sulfur, the optimal policy obtains lower costs by decreasing sulfur emissions
in centrally located countries which have low removal costs.

Since the receptor grid is relatively coarse and thus some countries
have very few receptors, we should be cautious in interpreting these
results. However, the example indicates that policies based on sulfur
exchanges can be formulated and evaluated using the optimization submodel.
The preliminary results indicate large cost savings compared to flat rate
policies.
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5.8. Comparison of policies

In this section the policies discussed above are compared using the
cost per ton of sulfur removal, an indicator which might interest policymak-
ers. This aggregate measure permits comparison of the cost penalties or
advantages of the different policies. However, it neither indicates the coun-
try costs nor the environmental effects. Table 4 shows removal costs for
the policies examined in this chapter. Total European costs are compared to
total European removals. In the table, each column represents a fixed Euro-
pean budget, which varies from one to three times the cost of the 307 flat
rate removal policy. Thus, the efficiency of the different policies, in terms
of the costs per ton of sulfur removed, may be compared within each
column. The lowest cost removal policy (1b) is always the cheapest; other
policies may impose penalties up to about 257 higher, although differences
are usually smaller. For example, with a budget twice as large as required
by 30% flat rate removals, the lowest cost removal policy (1b) has removal
costs 137 lower than the flat rate reduction policy (1a), while policies aimed
at reducing peak depositions (2a, 2b) have costs 4-127 higher.

Table 4 also illustrates the increasing costs of sulfur removal, i.e.,
diminishing returns with higher budgets. The estimated costs per ton nearly
double with a three-fold increase in the reference budget.

Table 4. Average Furopean costs of sulfur removal (in 1000 DM/ton of
sulfur) for the policies examined.

Control policy European budget in terms of 307 flat rate policy
1.00 1.50 2.00 2.50 3.00
1. Cost curves
a. Flat rate emission 1.67 1.87 2.14 2.42 2.69
reductions
b. Lowest cost removal 1.44 1.72 1.92 2.12 2.64
c. Lowest cost & 307% 1.87 1.76 2.01 2.29 2.64
min. removal
2. Reduction of peak
deposition
a. Lowest cost 1.64 1.92 2.25 2.52 2.86
b. Minimum removal 1.70 1.95 2.37 2.73 3.03
3. Variable reduction
functions
a. Lowest cost 1.57 1.87 2.28 2.62 2.90
4. Alternatives to flat
rate reductions
a. Lowest cost 1.60 1.87 na na na
5. Reductions for
Fenno-Scandia
a. l.owest cost: Sweden 1.78 2.20 na na na
b. Lowest cost: Finland 1.62 1.91 2.17 2.36 na
5. heductions of
ransboundary
luxes

a. Lowest cost 1.50 1.79 2.01 n

o
=
Y]
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6. CONCLUSION

" This paper describes two recent extensions of the RAINS model and
sample results of these extensions. Optimal emission control policies have
been determined by linking together submodels of RAINS describing emis-
sions, costs, atmospheric transport, and environmental indicators. It is
important to stress the tentative nature of the results. However, it is clear
that optimal policies of acidification reduction can be formulated and
evaluated with the RAINS model. These single objective policies are optimal
either with regard to costs, total emission reduction, or maximum deposi-
tion levels. Solving multiple objective problems, e.g. optimality with regard
to these three (or other) criteria, is a next step in the extension of RAINS.

The six examples presented in the previous chapter represent a spec-
trum of policies which range from focus on the few receptors which obtain
the highest depositions to flat rate reductions in which all receptors are
treated equally. In the next few years, work aimed at defining sensitive
areas should produce an internationally accepted list of areas. Receptors
corresponding to these sensitive areas could then be used in the formula-
tion of targetted emission control policies. The examples indicate that signi-
ficant costs savings may be possible in some cases. In general, the advan-
tage of optimal policies increases as deposition targets are more narrowly
defined. Although no internationally accepted list of ecologically sensitive
areas exists, targetted policies can be evaluated using the RAINS model. As
a first approximation we will use the forest soil submodel. For each of the
examples in Chapter 5, an indicator of soil acidification could be calculated.
A next step would use the soil submodel in a reversed way: formulate target
values for soil impacts and obtain the optimal emission reductions. This
approach would account for the fact that although deposition levels in Scan-
dinavia are much lower than in central Europe, environmental effects in
Scandinavia can be more severe.

The sensitivity and uncertainty of our results have not yet been esta-
blished. As pointed out in Chapter 2, this type of analysis is being applied to
other submodels of RAINS. The series of analyses reported in Chapter 5
have shown several major sources of uncertainty:

. Because the mix of abatement options depends on the energy
structure of a country, the country cost functions are strongly
dependent on the energy pathway. The results might change sub-
stantially if other energy pathways are assumed. In particular the
maximum possible abatement, which in our current cost functions
is as low as 507 for some countries, could change. This would
imply that especially in cases where high emission reductions are
assumed, optimization results will differ largely.

. The cost functions are also dependent on many assumptions as
listed in Table 2. With additional information about country
specific details, the cost functions might change drastically.

. So far we have not included abatement of process emissions in the
cost functions. Although for most countries these emissions are
relatively small, in some countries (e.g. Finland, Spain, Sweden)
process emissions account for up to 257 of the totals.
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. Some sensitivity to the cost curves has been noted. This occurs
due to both limits on the maximum removal possible for each coun-
try and the cost differences between countries. Stated dif-
ferently, the atmospheric transport model oflen appears to have a
greater influence on optimal policies than cost curves. This may
result since at any (land based) receptor, the transport coeffi-
cient for the "host" country containing the receptor is consider-
ably larger than the transport coefficients for other countries.
Consequently, to reduce deposition at any particular receptor,
emission reductions should first take place in the host country.
Exceptions occur when receptors are equidistant from several
countries with different costs, and reductions in the "host" coun-
try do not achieve the target deposition.

. Results of optimization depend also on the atmospheric transfer
matrix used. In Lehmhaus et al. (1986) a new version of the EMEP
model is described. The country-to-country transfer matrix
reported there indicates that results in this paper will change.

In recognition of model uncertainty we have presented results in a compara-
tive fashion, illustrating the trade-offs between key indicators.

Further development of RAINS submodels for cost and optimization
include the following:

. Improvement of cost functions

. Sensitivity and uncertainty analysis of the new submodels
. Error propagation

. Multi-objective optimization

. Development of transferable software for optimization.

Decision making in acidification abatement is a matter of international
negotiations and agreements. The RAINS model enlarged with the submodels
described in this paper provides a tool for analysis of a wide range of
alternatives. Of course political factors also play a role in negotiations. No
attempts are made to model the attitudes of decision makers, such as their
behavior under uncertainty. However, interactive use of the model provides
a technique which can accommodate the objectives and attitudes of decision
makers.
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