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A sample scenario from the IIASA acid rain model.
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PREFACE

TIASA's Acid Rain Project is a response to the need of the interna-
tional community for a technical overview of the acid rain problem in
Europe. Part of our effort is devoted to reconciling diverse scientific
views on the issue by providing a meeting place for scientists from dif-
ferent countries and disciplines. We also wish to help identify critical
gaps in understanding the processes of acid rain, and more broadly,
transboundary air pollution. Qur principal goal, however, is to assist
decision mekers in evaluating the most effective strategies for control-
ling acid rain impacts in Europe. This paper describes the progress
towards this goal accomplished at 11ASA during 1883. The effort was led by
Eliodoro Runca (ltaly). Other Acid Rain Project staff included Joseph
Alcamo (USA), Pekka Kauppi {(Finland) and Maximillian Posch (Austria). At
the end of 1983 Eliodoro Runca returned to Italy and Technital {Verona)
and Pekka Kauppi to the Forest Research Institute in Helsinki, Finland.
They were replaced by Juha Kadmari (Finland) and myself (from the Neth-
erlands) as the new project leader.

Leen Hordijk
Project leader
Acid Rain Project
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SUMMARY

The ratification of the Geneva Convention on Transboundary Air Pol-
lution in March of 1983 showed that nations of Eastern and Western
Europe were determined to control the problem of acid rain. In the same
year, [IASA offered its analytical skills to the international community to
help solve the problem. it did so by entering into official cooperation
with the UN Economic Commission of Burope (ECE) which is responsible
for implementing the convention. ‘As part of this cooperation IIASA is
developing a computer model which can be used by decision makers to
evaluate policies for controlling the impact of aeid rain in Europe. In
addition, we hope that our work will help identify gaps in understanding
the acid rain problem and stimulate the research necessary to over-
come these gaps.

This paper describes the status of the acid rain model after approxi-
mately one year's work It also presents some examples of how the model
is used and the type of information it provides.

A POLICY ORIENTED TOOL

Since the model is designed to be especially useful to decision mak-
ers, we have tried to ensure that it is both comprehensible and relatively
sasy to use. In addition it should incorporate past and current research
in the acid rain field, yet deal with the most important issues first. Other
desirable characteristics are {1) flexibility in incorporating new informa-
tion as it becomes available and (2) explicitness in treating uncertainty.

Besed on the above criteria, we have established the following model
guidelines:

1. The model system should be co-designed by analysts and potential
model users.

2. The model should be of modular construction and consist of a series
of linked submaodels,

3. Submodels should be as simple as possible and be based, when feasi-
ble, on more detailed models or data. They should be made more
compiex only if necessary and only in conjunction with potential
‘model users.
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4. The model should have interactive input and clear graphical output.

5. The model should present a temporal picture of the problem.

The model, as designed, reflects a systems analytical point of view
by providing an overview of different parts of the acid rain problem in
Europe. These parts include:

. The energy system of each country in Europe, and how this
energy system contributes to acid rain by emitting sulfur diox-
ide to the atmosphere.

. The atmospheric transport, transformation and deposition of
pollutants.

. The environmental impact of acidifying deposition.

As a starting point, the IIASA model currently contains one submodel
for each of these parts.

CURRENT SUBMODELS

The first submodel, the Fnergy-Emissions submodel, computes sul-
tur emissions for each of the 27 European countries based on a selected
energy pathway for each country. The model user has a choice of four
possible pathways for each country, each of which is besed on published
estimates from the Economic Commission of Europe {ECE). Each energy
pethway specifies how much energy will be used by four fuel types in a
country: oil, coal, gas and other. The sulfur-producing fuels - oil and coal
- are broken down further into 12 sectors. Oil has the following sectors:
conversion, conventional power plants, low sulfur power plants, indus-
try, domestic, transportation and feedstocks. Coal sectors include:
econversion, conventional power plants, low sulfur power plants, industry
and domestic. There is an additional sector which accounts for sulfur
emissions which do not originate from fossil fuel use, for example, the
sulfur emitted by sulfuric acid plants.

The model can compute sulfur emissions for each country with or
without pollution control. To reduce sulfur emissions, the user may
specily any combination of the following four pollution control alterna-
tives:

~viii-
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(1) flue gas control devices
(2) fuel cleaning
(3) low sulfur power plants, e.g. fluidized bed plants

(4) low sulfur fuel

The sulfur emissions computed for each country are then input into
the second submodel, the Atmospheric Processes submodel. This submo-
del computes sulfur deposition in Europe due to the sulfur emissions in
each country and then adds the contributions from each country
together to compute the total sulfur deposition at any location in
Europe. The submodel consists of a source-receptor matrix, which gives
the amount of sulfur deposited in a grid square (roughly 100 x 100 kilom-
eters) due to sulfur emissions in each country in Europe. The source-
receptor matrix is based on a more complicated model of long range
transport of air pollutants in Europe. This model accounts for the effects
of wind, precipitation and other meteorologic and chemical variables on
sulfur deposition. The source-receptor matrix was made available to
IIASA by the Institute of Meteorology in Oslo, Norway.

The sulfur deposition computed by the second submodel is then
input to the third submodel the Forest Spil pH submodel. We analyze soil
pH as an indicator of potential forest and aquatic impact of acidification.
The soil pH submodel converts sulfur deposition to acidic deposition, and
then compares this deposition with the neutralizing ability of Europe's
soils. Based on this comparison, the model computes an average soil pH.
This submodel is based on research conducted largely at the University
of Gdttingen in the Federal Republic of Germany.

As the model currently stands, sulfur pollution is used as an indica-
tor of the acid rain problem since sulfur is recognized as the principal
contributor to acid deposition and acidification of the natural environ-
ment in Europe. The model will be expanded in the future to include NO,
and possibly other air pollutants.
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HOW THE MODEL IS USED

To use the model, the user first selects an energy pathway for each
country. Secondly, he/she specifies a pollutant control program. The
model then calculates the sulfur emissions for each country, the pollu-
tant deposition resuilting from the emissions of each country, and the
resultant environmental impact. Model results are displayed in a graphi-
cal format. This consistent set of energy pathway, pollutant emissions,
pollutant deposition, and environmental! impact is called a scenario and
the type of analysis is sometimes termed scenorio analysis (See Frontis-
piece). The time horizon of these scenarios is 50 years, from 1980 to
2030. Their spatial coverage is virtually all of Europe, including the Euro-
pean part of USSR.

Based on this output, the model user may select another energy
pathway and control program to evaluate with the model. In this itera-

tive way, the user can quickly analyze the impact of many different poli-
cies.

—X—



Table S-1. Glossary of Terms"

To aid the reader we present the definitions of frequently used terms in
this paper. Since these terms are used in many different ways in the
literature, the following definitions should be viewed as working defini-
tions pertinent only to this paper.

Acid Rain Stress - The input of E* to the top layer of forest soil.

Compartment - One of the major parts of the acid rain problem
covered by the IIASA Acid Rain Model. There are currently three
compartments in the model:

. Energy-Emissions
. Atmospheric Processes
. Environmental Impact

Energy Pathway - A temporal picture of energy use in a country
based on consistent set of assumptions, for example, trends contin-
ued from the present.

Impact Indicator - A variable used to investigate the effect of acid
rain. In its current state the model has two of these indicators: sul-
fur depesition and forest soil pH.

Model System - The model together with procedures for using it.

Secenario - A conditional forecast. In this model a consistent set of

energy pathway, sulfur emissions, sulfur deposition and forest soil
pH.

Scenario Analysis - A procedure for investigating the implications of
a policy by exploring scenarios of different actions.

Submodel - A computer model which represents a particular com-
partment of the acid rain issue. These submodels are then linked
together to provide an overview of the problem.

-xi-



CHAPTER ONE
INTRODUCTION

This paper is an interim report of the activities of JJASA's Acid Rain
Project. The principal objective of the project is to assist decision mak-
ers in their evaluation of policies for controlling the impacts of acid rain
in Europe. To accomplish this we are developing a model and a set of pro-
cedures for using it. Together, we term these a model system. Our hope
is that this model will serve as a common technical ground in the nego-
tiation of an international agreement to mitigate or eliminate acid rain
impacts in Europe. In addition we hope that our work will help identify
geps in understanding the acid rain problem and stimulate the research

necessary to overcome these gaps.

THE PROBLEM OF ACID RAIN

Society has been plagued with air pollution since the Industrini
Revolution. Clusters of smoke stacks plus unfavorable meteorologic con-
ditions resulted in air pnlMian episodes, brief periods of elevated sultur
dioxide and particulate matter ievels. In the twentieth century, automo-
bile exhaust added carbon monozxide, nitrogen dioxide, Photochemical
oxidants and other gases and aerosols to the list of noxious air com-
ponents. Though the type and intensity of air pollution varied from place
to place, most problems were both local (covering up to a few hundred

square kilometers) and transifory (peak pollutant levels usually lasted a



few hours or less).

In the last twenty years the dimensionsof the air pollution problem
have changed dramatically. Smokestacks 200 meters or higher, together
with increased pollutant emissions, have made a local problem into a
transboundary problem. It is now thought that pollutants in Europe and
North America may remain airborne for several days and travel over a
thousand kilometers before being deposited. Sulfur and nitrogen oxides
in particular can have cumulative effects at locations very distant from
their sources. Through a web of processes summarized in Figure 1-1,
these pollutants may be converted into a flux of acids to the terrestrial
and aguatic environment which is broadly, though not too accurately,
termed acid rain.*

The acidic compounds due to sulfur and nitrogen emissions have

both direct and indirect effects. Direct effects refer to the damage

caused by these compounds on the surfaces on which they are deposited.

These include corrosion of materials, deterioration of monuments, and
damage to fdliage. Indirect effects occur after deposition and adversely
affect ecosystems of soil, water, and forests. Increased acidity of soil can
restrict plant growth, while acidification of groundwater increases the
solubility of heavy metals which can in turn affect human and animal
l:;aalth. The acidification of lakes through different mechanisms can limit
the diversity and abundance of its aquatic life. Combination of direct and
indirect effects is also possible. For example, forest growth can be

reduced by both direct deposition of pollutants on the trees and

*Acid flux from the atmosphere may also come in the form of fog or snow. Also, dry pollu-
tant gases and particles may add acids to the environment once they dissclve in the mois-
ture of soil or vegetation.

—
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acidification of the soil. Since the rate of soil and water acidification
. depends on their neutralizing capacity, some areas are more sensitive to

acidification than others.

EUROPE'S RESPONSE TO THE ACID RAIN PROBLEM

The control of acidification in Europe is a task of extreme complex-
ity because European countries export different amounts of acidifying
compounds to each other_' and also vary in their sensitivity to acidifica-
tion. To this must be added that the attitude of a particular country
towards environmental issues very much depends on their internal

socioeconomic situation.

Wide attention to the transboundary nature of acidification was
raised by a Swedish report on the subject presented at the 1972 United

.Nation Conference for Human Environment in Stockholm. This report

marked the official beginning of international programmes on this issue.

In 1873, The Organization for Economic Cooperation and Development
(OECD) began monitoring and modeling the long-range transport of air
potiutants in Europe. This LRTAP project (Long Range Transport of Air
Poliutants) was completed in 1977. The project led to the development of
a model which estimated the sultur import-export balance of the Furo-
pean OECD countries, and established the basis for an analysis of cost
and benefits of sulfur control. The OECD published results of its analysis

in 1980 and 1981.

Monitoring and evaluation of long-range transport of air pollutants
continued after 1977 under the cooperative EMEP programme (the

Cooperative Programme for Monitoring and Evaluation of Long-Range
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Transmission of Pollutants in Europe) which is overseen by the United
Nations Economic Commission for Europe {ECE} in collaboration with the
United Nations Environment Programme (UNEP) and the World Meteoro-
logical Orgenization (WMO). This new program included both Eastern and
Western European countries for the first time. In the same year, Norway
proposed the adoption of an International Convention on Transboundary
Pollution. The convention was signed by thirty-three countrie.s in 1879,
and finally ratified by the required forum of twenty-four countries in

January 1983.

The Convention contains no binding commitments to reduce pollu-
tant emissions, but its basic statement says that the countries_“shall
endeavour to limit and, as far as possible, gradually reduce and prevent
air pollution, including long-range transboundary air pollution”. The Con-
vention also states that the countries shall, by means of information,
consultation, research and monitoring, develop policies and strategies to
combat air pollution. To achieve these objectives the convention calls for
the following four programs: {a) Air Quality Management, {b) Research

and Development, {c) Exchange of Information, and {d) EMEP.

IIASA'S ACID RAIN PROJECT

By ratifying the Convention the signatory countries recognized the
need for action to combat "acid rain”. In a sense the convention is the
result of a cost-benefit study at the political level. However, as noted
before, the paerticipating countries have different views on the severity of
the problem as well as what to do about it. We felt, in this context, that

there was need for a framework for the analysis of acid rain conirol
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scenarios in Furope, which could contribute to the programmes defined
within the Geneva Convention and at the same time premote research of
national institutions on acid rain. In addition, participants in two confer-
ences held in 1962 - the joint IIASA-WHO workshop on eir pollution {(July
1962) and the Stockholm conference on acidification of the environment
(June 1982) - emphasized that this fra.mework should be a joint East-

West effort.

IIASA’s analytical skills and East-West background made it an
appropriate setting for this work. The support, suggestions and recom-
mendations of several members of both the scientific and decision-
meking community dealing with this issue were of paramount impor-
tance in giving shape and consistency to IIASA's initiative. In Winter
1982-83, the objectives of the project and the plan of work were esta-
blished.

An issue like "acid rain”, which involves phenomena very much
diversified in space and time, is bound to generate controversial views
and understanding. It therefore appears necessary to construct the
analytical framework in such a way that it premotes communication
between different disciplines and helps reconcile differences in scientific
opinion. In other words, the achievement of these objet.:tives depends
largely on the way the work is conducted. We chose to operate with a
small in-house core group of 4-8 who were closely associated with a large
network of collaborating institutions. Through various meetings, the col-
labofating institutions transfer ideas, data and models to the core group
and participate in the design of the model system. The core group is then

responsible for constructing the model and transtating it into a usable



tool for decision makers.
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CHAPTERTVWO
METHODOLOGY AND MODEL OVERVIEW

It is clear that decision makers will develop policies to control or
mitigate acid rain impacts in Europe through a very complicated pro-
cess. Ultimately these policies will be shaped by a blend of political and
scientific, public and private forces. Despite this uncertainty it is also
obvious that access to basic information can assist decision makers to
develop better policies. At a minimum, they need to know the relative
effectiveness of different policies in controlling acid rain impacts. This
requires the integration of different parts of the problem in a quantita-
tive fashion. To accomplish this guantitative integration we have decided
to construct a compufer model. As mentioned earlier, we term the

model plus procedures for using it, a model system.

Design of any model system depends very much on (1) the dimen-
sions of the problem it describes, and (2) the users of the model system.
Some of the dimensions of the acid rain problem in Europe most relevant

to the model system design are:

1. R is transboundary in nature, Closely related to this feature is
the fact that different countries share different levels of
responsibility for acid rain impacts and differ in susceptibility

to air pollution deposition.
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2.  The problem is poorly understood. There is great uncertainty in
the underlying scientific processes of acid rain. Moreover there

are conflicting views of these scientific processes.

3. Different time scales are important, The travel time of air pol-
lutants from one country to another may be a few hours to a
few days; snowmelt releases acidity to lakes over a few weeks; it
may take years or decades for soil to acidify or to implement

pollution control policies,

4. Many different disciplines are needed fo undersiand and solve
the problem. These range from economics and political science

to engineering, biology and cioud physics.

5. New information about the problem is continuously available,
With growing awareness of the problem, more and more funds
are being invested in acid rain research. Results of this
research sometimes invalidates past understanding of the prob-

lem.

Regarding the qﬁestion of model users, we expect that they will be
chiefly decision makers. The term decision maker is of course open to
interpretation but we take it to mean scientific advisors or administra-
tors affiliated with government, some of whom may have a scientific
background but all of whom are principally concerned with policy
development. We hope also that the model will be used by many others

for educational and research purposes.
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MODEL SYSTEM GUIDELINES

Combining the dimensions of the problem with assumptions about
model users has led us to adopt the following guidelines for our model

system,

Since the model is designed for the use of decision makers we
believe it should be both campeheﬁle and easy fo use, In addition it
should incorporate past and current research in the acid rain field yet
deal with the most important issues first. Other desirable characteristics
are (1) flexibility in incorporating new information as it becomes avail-

able, and (2) explicitness in treating uncertainty.

Foliowing from the above general criteria, we adopt the following

more gpecific guidelines:

1. The model system should be co-designed by analysts and poten-
bial users. Though this requires special effort, ultimately it wilt
lead to greater comprehension and relevance of the model sys-

tem.

2. The model should be of modular construction. Each aspect of
the problem should be represented by a separate compartment.
These compartments should then be linked together. Each com-
partment can be filled by a2 number of interchangeable submo-
dels which permits comparison of different points of view.

3. Subwmodels should be as simple as possible yet be based where
possible on more detailed data or models. Model simplicity is a

relative term but in the context of acid rain, for example, a

source-receptor matrix based on a linear relationship between
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emissions and deposition is quite simple compared to a model
based on non-linear atmospheric chemistry. Advantages of sim-
plicity include: (1) computational time is short, allowing
interactive computer use, (2) models are easier to understand,
(3) model inputs are simpler which permits simpler and quicker
model use. However each simple submodel should be supported
where possible by detailed models and data in order to increase
the validity of the submodel's estimates. Though submodels
should initially be as simple as possible they can also be made
more complex if model users and scientific advisors feel that

more detail is justified.

To facilitate its use, the model should have interactive inputs
and clear graphical oufputs. Communiciation of the model's
operation and results should not be an afterthought of model

development.

The model should be dynamic in nature. It is important for deci-
sion makers to see how a problem evolves and how it can be
corrected over time. Thus it is important for the model to pro-
vide a "picture” in time of the causes and effects of acidifica-

tion.
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CURRENT MODEL STATUS

One of the above maxims calls for co-design of the model with its
users. Since this process is continuing, the following model description

should be viewed as only the current status of the model which is subject

to revision.
The model currently consists of three linked compariments,
. Energy-Emissions
. Atmospheric Processes

. Environmental Impact

Though we imagine that many different submodels can be inserted

into these compartments, we have begun with three linked submodels

illustrated in Figure 2-1.

The first submodel, the Fnergy-Emissions submodel, computes sul-
fur emissions* for each of 27 European countries based on a selected
energy pathway for each country. The model user has a choice of four
possible pathways for each country, each of which is based on published
estimates from the Economic Commission of Europe (ECE). Each energy
pathway specifies how much energy will be used by four fuel types in a
country: oil, coal, gas and other. The sulfur-producing fuels, oil and coal,
ere broken down further into 12 sectors. Oil bas the following sectors:
conversion, conventional power plants, low sulfur power plants, industry,
domestic, transportation and feedstocks. Coal sectors include: conver-

sion, conventional power plants, low sulfur power plants, industry and

¢ Sulfur emissions in this paper refers to & combination of sulfur compounds chiefly sultur
dioxide.
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Energy Energy ~ | Sulfur Atmospheric Sulfur
T oethway | Emissions [Tamimiome |  Processes Geposition
CONTROL ALTERNATIVES
1. Flus gas control
2. Fuel cisaning

3. Low sulfur power plants
4, Low sulfur fuel

Figure 2-1. Current submodels of the IIASA acid rain model.

domestic. There is an additional sector which accounts for sulfur emis-

sions which do not originate from fossil fuel use, for example, the sulfur

emitted by sulfuric acid plants.

The model can compute sulfur emissions for each country with or
without pollution control. To reduce sulfur emissions the user may

specify any combination of the following four pollution control alterna-

tives:
"~ (1) flue gas control devices;
(2) fuel cleaning;

(3) low sulfur power plants, e.g. fluidized bed plants;

Forast
Soil
pH

Soil
pH
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(4) low sulfur fuel.

The sulfur emissions computed for each country are then input into
the second submeodel, the Atmospheric Processes submodel. This submo-
del computes sulfur deposition in Europe due to the sulfur emissions in
each country and then adds the contributions from each country-
together to compute the total sulfur deposition at any location in
Europe. The submodel consists of a source-receptor matrix illustrated in
Figure 2-2, which gives the amount of sulfur deposited in a grid square
(roughly 100 by 100 kilometers) due to sulfur emissions in each country
in Europe. The source-receptor matrix is based on a more complicated
model of long range transport of air pollutants in Europe developed
under OECD and EMEP. This model accounts for the effects of wind, pre-
cipitation and other meteorologic and chemiceal variables on sulfur depo-
sition. The source-receptor matrix was made available to IIASA by the

Institute of Meteorology in Oslo, Norway.

The sulfur deposition computed by the second submodel i; then
input to the third submodel, the Fbrest Soil pH submodel. We analyze
soil pH as an indicator of potential forest and aquatic impact of acidifica-
tion. The soil PH submodel converts sulfur deposition to acidic deposi-
tion, and then compares this deposition with the neutralizing ability of
Europe's soils. Based on this comparison, the model computes an aver-
age soil pH. This submodel is based on research conducted largely at the

University of Gottingen in the Federal Republic of Germany.
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Source-receptor matrix of the Atmospheric Processes Submodel.
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Teble 2-1. Model Features

. Sulfur-based
. 70 year simulation period
- 20 year past
- 50 year future
- 3 linked compartments
. Interchangeable submodels

. Dynamic simulation

OTHER MODEL FEATURES

The simulation period begins 20 years in the past so that the model
can be tested egainst historical date where availeble. The future time
horizon is 50 years which pérmits examination of long-term envircnmen-
tal impacts such as pessible soil aciéification in forests or groundwater.
In addition, 50 years encompasses the turnover time of a countrjr's
energy system which permits the possibility of modifying the energy sys-

tems of countries to control air pollution.

The model is sulfur-based since it is generally accepted by the scien-

tific community that sulfur is currently the principal contributor to aci-

dification in Europe.'ln the future, however we expect to include NO; and

other pollutants in our calculations.

The model features are summarized in Table 2-1.

e
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HOW THE MODEL IS USED: SCENARIOS

A decision maker can use the model by the procedure illustrated in
Figure 2-3. Typically the model user first selects an energy pathway for
each country, and then a pollution control program. This information is
input to the model which calculates the sulfur emissions of each coun-
try, the sulfur deposition throughout Europe resulling from these emis-
sions, and the resultant environmental impaet. These calculations are
performed for the 50 year time horizon of the model. A consistent set of
energy pathway, sulfur emissions, sulfur deposition and environmental
impact is called a scenario and the type of analysis is sometimes termed

scenario analysis (see Frontispiece).

Based on this output, the model user may select another energy
pathway or control program to evaluate with the model. In this iterative
way e decision maker can guickly ané.lyze the impact of many different
policies. Details of model use are presented in Chapter 4 and Appendix A. -
Other weys of using the model apart from scenario analysis are being

considered. These are briefly described in Chapter 5.

The flexibility of the model is illustrated by two examples in Figure
2-4. A model user has a choice of both entry points and impact indica-
tors. Entry points refer to the place where the model user begins an
analysis. A user may begin by either (1) specifying an energy pathway
for each countiry and having the model automatically compute sulfur
emissions, or (2) bypassing the energy systems of each country and

instead prescribing sulfur emissions for each country.
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Figure 2-3. Procedure for using the model.
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The decision maker also has a choice of two impact indicators,

either annual sulfur deposition or forest soil pH.

In exarnple 1 of Figure 2-4, the model user begins the analysis by

selecting energy pathways for each country and then selects sulfur depo-

sition as an indicator. In example 2, he/she prescribes the sulfur emis-

sions of each country and uses forest soil pH as a damage indicator.

S
ENTRY
POINT
Energy | ENERGY —| Sulfur
Example 1 iy EMISSION -
pathway | o hnodel | emissions
ENTRY
POINT
. [ | Sulfur
Example 2 [
| | emissions
L ] ]

Figure 2-4. Flexibility of model use.
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CHAPTER THREE
CURRENT SUBMODELS

This chapter describes the current status of the three submodels which

comprise the IIASA Acid Rain Model.

ENERGY-EMISSIONS SUBMODEL

SUBMODEL PURPOSE

The purpose of the Energy-Emissions submodel is to compute sulfur
emissions in each European country based on (1) estimated energy use
in each country and {2) assumptions about fuel characteristics such as
heat value and sulfur content. The fnodel was designed to meet the fol-

lowing requirements:

1. Forecast sulfur emissions in each European country assuming

no pollution control, i.e. a reference case of no action.

2. Evaluate effectiveness of major policies in each European coun-

try in reducing their sulfur emissions.

3. Provide a basis for assessing the costs of pollution control as

part of a cost-benefit study.

4. Permit refinement of current estimates of sulfur emissions for

each country.
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5. Compute past sulfur emissions so that the other submodels
(atmospheric processes and soil pH) can be tested against his-

torical data.

Before proceeding with & description of this submodel a brief review of
some important aspects of the sulfur emission problem in Europe is

presented.

BACKGROUND

Any analysis of the acid rain problem in Europe must eventually
turn to the subject of sulfur emissions. It is well accepted® that most sul-
fur emissions in Europe originate from human-related activities. The
magnitude of natural emissions within Europe is thought to be 10% or
less of the magnitude of anthropogenic emissions (Semb, 1978). There is
disagreement, however, over the relative contribution of non-fossil fuel
related activities (for example, originating from sulfuric acid produc-’
tion) to total anthropogenic emissions. Semb (1981) maintained that
non-fossil sulfur emissions were at most 10-20% of the total anthropo-
genic emissions in any European country. In comparison, OECD (1981)
reported that non-fossil fuel sulfur emissions exceeded fossil fuel sulfur
emissions in the Netherlands during 1974. However on a European-wide
basis it is recognized that the overwhelming majority of total emissions

originate in fossil fuel combustion.

There are a wide variety of approaches available to reduce these sul-

fur emissions. In this paper we term these pollution control alternatives.

*See, for example Highton and Chedwick (1882), Semb (1878) and OECD (1881).
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Among four of the most attractive (because of their cost, technical

availability /feasibility or simplicity) are:

1

Flue gas control devices - These include a number of different
devices which remove stack gases or particles after they are
produced. Conventional wet scrubbers, are the most widely used
devices of this category. Alsc included, though less frequently

used, are dry limestone scrubbers.

Fuel cleaning - Included in this category are various ways to
ciean coal through physical or chemical means, and different

types of distillate and residue oil desulfurization.

Low Sulfur FPower Flanis - Modifications of the combustion
processes in power plants and industrial boilers provide another
opportunity to remove sulfur emissions before they are emitted
into the atmosphere. Among the most technically feasible of
these processes are afmospheric and pressurised fluidized bed
combustion. In comparison to conventional coal-fired power
plants which retain a nominal amount of sulfur in their ash,
fiuidized bed plants may retain up to 907% of the coal's sulfur in

the solid residue of the combustion chamber.

low sulfur fuels - The potential for using low-sulfur coal or ocil
to control sulfur emissions in Europe has not yet been explored
in a comprehensive fashion. OECD (1981) pointed out the rela-
tively small remaining reserves of low sulfur coal in Western

Europe yet also noted the opportunity for low sulfur North Sea

—
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oil to reduce sulfur emissions.

Table 3-1 summarizes some feasible sulfur removal efficiencies of

these approaches.

Table 3-1. Sulfur removal efficiencies of pellution control alternatives

Sulfur Removal Sulfur Removal
Technology Efficiency %
Flue Gas Control Devices 85-95
Physical Coal Cleaning 10-40
0il Desulturization
-Distillate Fuels .90
-Vacuum Residue - <80
Fluidized Bed Combustion <80
SUBMODEL STRUCTURE
Energy Pathways

The submodel iliustrated in Figure 3-1 was designed in accordance
mt.h the previously mentioned objectives. The following paragraphs
present an overview of this system. For more detail and a complete list of
model equ#tions the reader is referred to another publication (Alcamo

and Posch, 1964).
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The model user first prescribes certain energy pathways for each
country. These energy pathways consist of energy use in each of 12
energy sectors for each country (Figure 3-1). This is the most appropri-
ate disaggregation of European energy sectors according to their impor-

tance in producing sulfur.

Table 3-2. Countries in deta base of energy emissions submodel.

Albania
Austria
Belgium
Bulgaria
Czechoslovalkia
Denmark
Finland
France
Federal Republic of Germany
German Democratic Republic
Greece
Hungary
Ireland
Italy
Luxembourg
The Netherlands
Norway
Poland
Portugal
Romania
Spain
Sweden
Switzerland
Turkey
United Kingdom
Union of Soviet Socialist Republics
Yugoslavia

There are currently 27 countries contained in the data base {Table

3-2). Also there are two types of sulfur-producing fuel, coal and oil. Non-
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sulfur producing fuels are included for accounting purposes under the
categories of Natural Gas and Other, The data base for 1980-1980 was
taken from a variety of references. For 1980 to 2030, official ECE figures

from ECE (1983) were adapted. ECE {1983) presents two scenarios:

s Prends continued

¢« (Conservation.

The Prends Continued case covers from 1980 to either 1990 or 2000
depending on the country considered. Most European countries have
their own frends continued datae. The Conservation case is an energy
scenario to the year 2000, aggregated into three European regions: (1)

Western Europe, (2) Eastern Europe and {3) the USSR.

It was necessary to modify the BCE scenarios since they continue
only to the year 2000 while model calculations extend to the year 2030,
This was accomplished by assuming that energy use in each sector either
(1) levels off, or (2) continues its trends after the year 2000. As a resuit,
the model user has a choice of four energy pu.thways‘ for each country.
They are:

1. Trends continued, linear extrapolation;

2. Trends continued, leveling off;

3. Conservation, linear extrapolation

4, Conservation, leveling off.
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Sulfur Emissions
Suifur emissions are computed by multiplying fuel use in each sec-
tor (in petajoules) by the estimated sulfur content of the fuel taking into
account the heat value of fuel and the amount of sulfur retained in the
ash.
In any energy sector, k, the sulfur emissions (Sk) are related to

energy use (E,) by an equation of the form

Sy=Ey-sf-pp (l—ry) (3-1)

where p; is the fraction of sulfur removed by pollution control actions.
The value of p is set to 1.0 when there is no pollution control. The vari-
able r is the sulfur retained by a particular energy sector and not emit-
ted to the atmosphere. This would account for the sulfur retained in the

ash of power plants, for example.

Within this equation, the sulfur content of fuel (s®) is given energy
units. This is related to sulfur content of the fuel in weight units, s¥, and

its heat vaiue, h.

For oil this is simply

S'

s%(oil) = T (3-2)

The sulfur content of coal in energy units accounts for two types of

coal, hard end brown:

5%{coal) = [f - %’—L + |f- %Lc {3-3) |
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where the subscripts bc and he refer to brown coal and hard coal, respec-
tively, and f denotes the fraction of either brown or hard coal.

Substituting the above expression in equation {3-1), we obtain for

each reference year and each coal sector k:

Y

Seleoal) = By | rm e ¥ [P | P @7 (34

For each oil sector the emission equation reads

Sy {oil) = B, - %- Py (1 ~1y) (3-5)

The total sulfur emissions for each country S; consists of the sum of

the contributions of oil and coel in all sectors plus the contribution of

non-fossil fuel sulfur sources:

S = i S, {coal) + f: S, (oil) + Si(non~fossil fuel) {(3-8)
'] k=1

Since there are 27 countries with 12 fossil fuel sectors in each coun-
try, we must solve eguations (3-4) and (3-5) 324 times for each reference

year.

Pollution Control Alternatives

The model user can now adjust these sulfur emission estimates to
account for a pollution control program. There are currently four alter-

natives available to the user for controlling sulfur emissions. They are:

-
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(a) Flue gas control devices.
{b) Fuel cleaning
{e) Low Sulfur Power Plants

{d) Low sulfur fuel

a. Flue Gas Control Devices

The model user can specify that a certain fraction of sulfur will be
removed from the power plant and industrial sectors in a particular
country by flue gas control devices. The user can also specify that poliu-
tion control devices will be installed on all new power plants or industrial

boilers after a particular ;eference year. The user need only spécify:
. The energy sector
. The removal efficiency of pollution control devices
. The reference year

The model will then compute the percentage of power plants and indus-
trial boilers which have been constructed after the specified reference
year and assigns the prescribed sulfur removal to this fraction. These

compulations assume that power plants have a 30 year lifetime.

b. Fue! cleaning

Removal of sulfur by fuel cleaning includes physical or chemical clean-
ing of coal or oil desulfurization. The model user has two options for

accomplishing fuel cleaning:
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(1) Specity the fraction of sulfur removed in each sector by fuel

cleaning or,

(2) Specify that a certain sulfur content objective will be accom-
plished. For example, a user may indicate that all coal in the

domestic sector will be cleaned down to a 1% sulfur content.

c. Low Sulfur Power Plants

As a method for controlling sulfur emissions, the user may specify that a
certain fraction of power plants are low sulfur power plants. Power
plants with fluidized bed combustion chambers are one example of low
sulfur producing plants. The user may also specify that all new power
plants after a reference year will be low sulfur producing power plants.
In this case, the model automatically computes the fraction of power

plants afier the specified reference year which are low sulfur plants.

d. Low Sulfur Fuel

The remaining option concerns the use of low sulfur coal as a pollution

control alternative. The user has two options for this strategy:

1. He/she can specify that e certain percentage of the coal in a
particular sector will be low sulfur coal. In this case the sulfur

content of this coal must also be specified.

2. The user may elso specify that a certain fraction of the total
coal in a country will be low sulfur and then list the priority of
sectors to which this coal will be aliotted to. For example, a

model user may specify that one quarter of the coal in country
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A in reference years 2000, 2010, 2020 will be low sulfur coal
with a sulfur content of 0.8%. The model will then allocate the
specified amount of low sulfur coal to the sectors in the priority

called for by the user.

SOURCES OF UNCERTAINTY IN THE ENERGY-EMISSIONS SUBMODEL

Uncertainty due to Model Structure refers to errors resulting from
an imperfect or inaccurate representation of reality by a model. In the
cﬁse of the Energy-Emissions submodel this source of error is not too
great because sulfur emissions are computed in a very straightforward
fashion, based on the principle of conserving mass. This approach takes
into account all sulfur emitted in Europe other than natural emissions.
Neglecting natural sulfur emissions may result in underestimating total

sulfur emissions in Europe by 10%.

Parameter uncertainties arise from inaccuracy of estimating model
par;aumeters. The variable rj; which describes the sulfur retained in "ash"”
rather than emitted by each combustion process, is not expected to vary
too much throughout Eurcpe. Since this variable is relatively easy to

measure, it is a source of “reducible’ uncertainty.

The heat value of fuel, h, does not vary very much for either hard
coal or oil because of the nature of this fuel. The heat value of brown coal
however, varies by a facter of 3 or 4 throughout Europe. Fortunately
country-vﬁde estimates of brown coal heat value are available from offi-

cial statisties.
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The parameter which describes the fraction of brown coal to total
coal in a country, .. should not radically change in the near future if
we can assume that countries which possess brown coal will continue to
exploit it at their current rates. As an examplé, the historical stability of

this parameter in two countries is illustrated in Figure 3-2.

The model parameter with greatest uncertainty is s, the sulfur con-
tent of fuel in weight units. This parameter can vary from process to pro-
cess, country to country and year to year. Improvements in forecasting
sulfur emissions should focus on improving the accuracy of estimating

this parameter.

The final category of submodel uncertainty is uncertainty due to
cMges in the driving functions of the submodel. In the case of the
Energy-Emissions submodel, the driving function is the expected energy
used in each sector in each country during the 50 year model time hor-
izon of the model. We make this uncertainty explicit by giving the model
user a choice of four possible energy pathways for the future, Consider-
ing the high degree of uncertainty in forecasting energy use, this may be

the best way of dealing with this uncertainty in the acid rain model.
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Figure 3-2. Percentage of total coal production that was brown coal in
USSR and Poland, 1950-1980.
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ATMOSPHERIC PROCESSES SUBMODEL

SUBMODEL PURPOSE

The Atmospheric Processes submodel serves as the link between sul-
fur emnissions in each country and their impact on the environment. The

following guidelines were used in its selection. It must:
1. Compute sulfur deposition patterns throughout Europe.

2. Evaluate the fraction of sulfur deposition at any location in
Europe due to a single country or group of countries.

3. Bs relatively simple computationally.

The following section reviews some important aspects of transport,
transformation and depoesition of air pollutants which are relevant to the

selection of the Atmospheric Processes submodel.

BACKGROUND

Once sulfur is emitted to the atmosphere, it undergoes several com-
plex physical and chemical processes before wet and dry deposition
return it to the ground. Without removal, the concentration of sulfur
dioxide in the atmosphere would increase at the constant rate of about
70 ugS m~3/ year . Comparing this with the annual US standard for S02
which is of 40 ugS m~3, we realize the importance of dry and wet deposi-
tion in avoiding accumulation of sulfur in the atmosphere. Unfor-
tunately, de-position of sulfur cbmpounds is one of the major causes of
the acidification of the environment. Therefore, in order to generate
"acid rain" control scenariocs we must relate spatial and temporal pat-

terns of sulfur deposition to emission rate and distribution. This task,
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especially if conducted over an area as large as Europe, presents great
complexity and difficulty.

The majority of sulfur released to the atmosphere is in the form of
sulfur dioxide; only e minimal amount is emitted directly as sulfate. If
we neglect this fraction, the fate of anthropogenic sulfur dioxide can be

represented by the simplified diagram of Figure 3-3.

k
L 4

so, + so; »

Atm

Transformation
50, 80, SOz SO:
Anthropogenic Dry Wet Dry
Emissions Deposition Deposition Deposition

Figure 3-3. Simplified cycle of atmospheric sulfur oxides.

The time scales of these processes have been discussed by Rodhe
(1978) for European conditions. The atmospheric lifetime of 80; and SO
is in the order of 1-2 and 3-5 days respectively. Approximately 30% of S0,
is converted to S0 before being deposited. Deposition and transforma-
tion rates depend on factors of meteorology, climate and topography.

Transformation of sulfur dioxide to sulfate also depends on the

L J
S0}

Wet
Deposition
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concentration of oxidizing compounds which in turn depends on the con-
centration and interaction of other pollutants, such as NO, and hydro-
carbons. Since deposition patterns of sulfur compounds are determined
by their rates of deposition and transformation, the selection of these
rates is one of the major challenges of modeling long-range transport of

sulfur.*

Deposition and transformation processes occur while sulfur dioxide
and sulfates are transported by the wind and dispersed by atmospheric
turbulence. The interaction of deposition and transformation with tran-
sport and dispersion processes is very complex. For a discussion of this

interaction, the reader is referred to Lamb (1983).

SUBMODEL STRUCTURE

Bome of the processes which affect long range transmission of air
poliutants have been introduced above. If a refined spatial and temporal
resolution of deposition patterns is required, these processes must be
properly parametrized and included in a model. This parametrization
greatly depends on the availability of a date base with the reqllired level
of accuracy and resolution, both in time and space. Very advanced
models are in deveiopment at various institutes, and they will hopefully
be able to incorporate most or all of the relevant processes. Once they
become available, they will be included in the IASA system of models.
However, satisfactory results are achieved for coarse spatial and tem-

poral resolution by the simplified parnme_ﬁrization developed within the

*See for example Eliassen and Saltbones (1675).
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OECD-LRTAP programme (see Ottar, 1978 and Eliassen, 1878).

The long-range model operated within EMEP is of the Lagrangian
type. A full discussion of this model is given by Eliassen and Saltbones
(1985). Fisher (1984) and Lamb (1984) describe the context of this model
within current practice of long-range modeling. Below we summarize
the basic concepts on which this model is based, and describe how it has

been adapted as a submodel for the [IASA acid rain model.

The EMEP mode! predicts concentrations of sulfur dioxide and sul-
fate at the center of 150 km grid elements. Every B hours air trajec-
tories are computed backward from the center of each grid element and
are followed for 96 hours. The model then solves the mass balance equa-
tion for sulfur dioxide and sulfate along each trajectory. The model
assumes uniform mixing of the sulfur released from each griﬁ eléme-nt
up to the mixing height. The mixing height is constant and equal to 1000
m. In practice, two one-dimensional equations are solved along each tra~

jectory. These equations have the form:

a

istoa = Sourceggy — Sink ggp (3-7)
dCq. =

5047 Sourceg,,. — Sinkg,,. (3-8)

dt

where C indicates concentration in sulfur units. For the above assump-

tion the source term for SO; is given by:

Sourcegg, = 7 %— (3-9)

where @ is the S0, emission per unit area and time, kA is the mixing
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height and ¥ accounts both for the part of S0, which is directly deposited
in the grid element and for the small fraction of it directly transformed

to SOf . The source term for SO_{= can be written as:

Sourceg, .. = ﬁ—g'- + kCgpa (3-10)

where f§ is the fraction of the SO, directly transformed to S0 and k is

the transformation rate 30, -+ SO

Both Sinkso2 and Sinksm. have the form:

Sink = 6C (3-11)

where § is 2 suitable decay rate. Precipitation and dry deposition are

taken into account by modifying &.

The values of 50; and SO;° concentration, computed by the above
equations, are used to compute dry and wet deposition. Eliassen (1878) .
describes the paramet_.%'ization which has been adopted to compute depo-
sition.

Deposition and concentration values given by the model are
assumed to be an estimate of the real values which occur at the center
of the grid elements every six hours. Because of the above simplifying
assumptions, satisfactory results can be obtained only if the values
simulated by the model are used to compute long-term averages so that
date and assumption inaccuracies are smoothed out (see Eliassen and
Saltbones, 1982). Accordingly, in the present study we have used only
annual averages. In addition, ennual sulfur deposition corresponds to

the needs of our forest soil pH submodel, which is described in the next
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section of this paper.

The application of a Lagrangian model requires the computation of
pir trajectories. The choice of a wind for the computation of the air tra-
jectory along which pollutants are transported is to some extent arbi-
trary. However for long-term averages {monthly or longer), model
results are not very sensitive to the choice of the advection wind
(Eliassen and Saltbones, 1983). The trajectories of the EMEP model are

obtained by using the wind at 850 mb.

The EMEP long-range model is too demanding computationally (in
terms of data and time) to be used directly as a submodel of the IIASA
acid rain model. To make it usable in our analysis we have reduced it to
“ a "source receptor matrix", schematically represented in Figure 2-2 of

Chapter 2.

The rows of the source-receptor matrix correspond te European
countries and the grid etements refer to the grid elements illustrated in
Figure 3-4. The scenarios discussed in this paper are based on the

source receptor matrix of a two-year simulation run, using 1978-75 data.

In practice, the source-receptor matrix is linked to the Energy-
Emissions submodel as follows. The Energy-Emissions submodel com-
putes sulfur emissions for a particular country. These sulfur emissions
are then distributed to different grids of the source-receptor matrix in
proportion to their current (1978-79) distribution. These sulfur emis-
sions are then converted by the source-receptor matrix to total {i.e. dry
plus wet) annual sulfur deposition in each grid square throughout

Europe. Figure 34 illustrates the grid used by the submodel. The Atmos-
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pheric Processes submodel then interpolates between computed sulfur
deposition values to create sulfur deposition maps shown in Figures 4-5,
4-10 and 4-13 of Chapter 4. Figure 3-5 summarizes the operation of this

submodel.

SOURCE OF UNCERTAINTY IN ATMCSPHERIC PROCESSES SUBMODEL

The uncertainty of the Atmospheric Processes submodel depends to
e great extent on the uncertainty of the EMEP model upon which it is

based.

A major source of uncertainty is due to model structure. The uncer-
tainty connected with the structure and development of a long-range

model is discussed in detail by Lamb {1983).

Another major source of uncertainty is due to the variation of model

parameters. These parameters include:

. fraction of sulfur deposited in each grid element due to emis-

gion in the grid element
. fraction of sulfur directly emitted as sulfate
. sulfur dioxide transformation rate to sulfate
. sulfate decay rate
. transformation of air concentration to deposition rate

» height of the mixing layer

Apart from uncertainty due to model structure and model parame-
ters, the variability of input data also adds uncertainty to the results of

the EMEP model. This includes errors in estimating wind and precipita-

tion patterns in addition to variability in location and magnitude of sul-

fur emissions.
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Figure 3-4.
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Figure 3-5. Schematic diagram of atmospheric processes submodel
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FOREST SOIL PH SUBMODEL

MODEL PURPOSE

The purpose of this submodel is to convert sulfur deposition esti-
mates into approximations of forest soil pH. The output information is
then interpreted in terms of risk of forest damage. Models were not
found in the literature which would fulfill this purpose for the large spa-
tial scale of the IIASA study. An in-house model was therefore con-
structed with collaboration of Dr. Egbert Matzner from the University of

Gottingen, FRG. A detailed report of the model is in press {Kauppi et al.

1984).

BACKGROUND

Extensive forest damage in rural arees has been observed in Centrai
Europe since the 1870's. Air poliution is generally considered a major
cause of this damage. Two physiological pathways have been identified:
(i) Direct intake of pollutants through the leaves with the subsequent
decline of photosynthetic productivity; and (ii) Root damage due to
unfavourable changes in the soil. Soil acidification is associated with the

latter pathway.
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Accumulation of H* ions leads to low pH in the soil solution; it is
thus appropriate to define acid stress as the input of H* ions into the top
layer of soil. The acid stress has two important aspects. One is the cumu-
lative load of the stress and the other is the instantaneous rate of the
stress. The variable amount of stress refers to the load, and involves
accumulation over several years. The unit for the amount of stress is
kiloequivalents of acidity per hectare (keq ha™!), Stress rate refers, in
principle to the rate of change of the amount of stress, although in prac-
tice it is given as annual input. The unit for the stress rafe is kiloe-

quivalents of acidity per hectare and year (keq ha~lyr-1).

Soil reacts to the acid stress depending on its soil characteristics. A
certain level of acid stress may produce a substantial decline of soil PH
in one type of soil and no change in another soil type. Such difference
resull from the buffering properties of the soil. Buffering implies con-
sumption of protons, which tends to stabilize the soil pH. Also, buffering
is described by two variables, one for the gross potential and the other

for the rate of the reaction.

Buffer capacity is the total reservoir of the buffering compounds in
the soil. and has the same units as acid stress: kiloequivalents of acidity
per hectare {keq ha™!). Buffer rate is defined as the rate at which pro-
tons react with buffering compounds and can be expressed in units com-

parable to those of the stress (keq ha™!yr=1).

A model to compute soil pH on a regional basis in Europe must

incorporate both acid stress and the buffering properties of the soil.

e
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SUBMODEL STRUCTURE

An overview of the Forest Soil pH submodel is presented in Figure 3-
8. Based on input from the Energy-Emissions submodel, the Atmospheric
Processes submodel computes annual sulfur deposition throughout
Europe with e spatial resolution of 150 by 150 kilometers. Total sulfur
deposition is converted in the soil pH submodel to an eguivalent deposi-
tion of hydrogen ions assuming that acid deposition enters soil solution
as sulphuric acid. It is assumed, as a first approximation, that sulfur
deposition is the dominant net contributor to acid stress. This approxi-

mation is discussed further in Kauppi et al. (1984).

Buffering processes involve a large number of chemical reactions.
These buffering processes in soil have been systematically described by
Ulrich (1881, 1983). Discrete categories, called buffer ranges, are uséd
to indicate the dominant chemical reactions. Each buffer range has a
characteristic soil pH (Table 3-3). The name of each buffer range refers

to the dnminaﬁt buffer reaction.

Table 3-3. Classification of the acid buffering reactions in forest soils.

Buffer Range Typical pH
Carbonate buffer range 8.0-8.2
Silicate buffer range 6.3-5.0
Cation exchange buffer range 5.0-4.2
Aluminium buffer range 4.2-3.0

iron buffer range <3.8
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Figure 3-8. Forest soil pH submodel.

To use the model it is necessary to input buffer rates and buffer
capacities for the buffer ranges in Tabie 3-3. Buffer capacity of the car-
bonate range, for example, is proportional to the lime content of the soil.
Although quantitative relationships of this type are only partially under-

stood, they are a useful first approximation for quantifying the
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susceptibility of the soils to acidification. Data values for the description
of the soil variables were obtained from the FAO/UNESCO Secil Map of the

World and other sources (for details, see Kauppi et al. 1984).

All information regarding the soil was stored in a computerized
grid-based format. Each grid square covered 1 degree longitude and 0.5
degrees latitude. The size of a grid square was fixed at 56 km in the
south-north direction, but varied from %1 km to 38 km in the east-west
direction depending on the latitude. The number of the grid squares was

2473.

Before running the model the values of buffer capacity and buffer
rate must be initialized. This initialization should be based on extensive
measurements, though for the time being, the initialization had to be
based partially on expert judgement. The year 1960 was selected as the

bage year.

The model was built t.od compare on a grid basis (i) the value for the-
emount of stress {cumulative value over the time period of interest) to
the value for the buffer capacity, and (ii) the value for the stress rate
(year-to-year basis) to the value for the buffer rate. With these comparis-
ons the program calculates which buffer range prevails each year, and
then converts this information into an approximation of the prevailing
soil pH in that grid square. In this way the model produces pH scenarios
for European forest soils. The results are interpreted in relation to -the
pot.entiai forest damage by assigning a critical soil pH level, below which
forest damage is assumed to occur. Some scientists have suggested that
an appropriate critical pY is 4.2, since concentrations of toxic elements

in the soil solution greatly increase when soil is more acid than this. The
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definition of the ecritical level, however, is left to the model user.

The model user has two options to display model output. One option
indicates the area below the. critical pH in a map format (see Figures 4-7,
4-11, or 4-14 in Chapter 4, for example) and may be interpreted as the
location of high risk. The other option displays the time development of
the area of forest soils below critical pH. This option is calculated by tak-

ing into account the fraction of forest land in each grid square.

SOURCES OF UNCERTAINTY IN THE FOREST SOIL PH SUBMODEL

Uncertainty due lo the model structure. Forest damage, and even
the risk of forest damage, is a multicausal phenomenon. Isolating the
=oil pH from other factors such as the pollution due to ozone or heavy
metals, or climatic factors, omits a part of the problem. Species differ-
ences are currently not included; though later such differences could be
implemented into the model by introducing pH response functions which

are species specific.

Biomass utilization {timber removal and logging) causes a substan-
tial flux of ions out of the forest ecosystem. It tends to add to the acid
stress of air pollution. Accumulation of biomass in the ecosystem, such
as through peat or humus formation has a similar effect. The model can
account for these factors by adding them into the value of acid stress,
grid by grid. However, data were not available for accomplishi.ﬁg this
task Therefore, the results tend to overestimate the soil pH especially in
northern Europe where, for climatic reasons, the accumulation of the

biomass is the dominant phenomenon.
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A simple step-function was selected to relate the risk of forest dam-
age to the soil pH. Below a critical pH level all soils were assumed to
exhibit the full risk whereas above the threshold no risk was assumed.
This step-function could be replaced with a more realistic s-shaped func-

tion once more data become aveailable.

All soil layers were assumed to respond egually to the acid stress. In
reality, there is a vertical gradient of acidity in soil, with the highest aci-

dity occurring in the top layer.

All deposition was assumed to react with the top soil. However, part
of the stress passes this layer either by percolating deeper into the soil

or by passing over the soil dissoclved into the surface water.

Uncertainty due to Model Parameters. A depth of 50 cm was selected
to determine the volume of the reacting soil. The values for the buffer
capacity and buffer rate were adjusted accordingly. If the layer is fixed
at 1 meter then the values must be doubled. Values for the buffer capa-
city and buffer rate were initialized for the year 1960. A detailed sensi-

tivity analysis regarding these initial values is being conducted.

Mnput Uncertointy. Sulfur deposition was used to estimate the acid
stress. This approximation is derived empirically and the validity of the
estimates are dependent on ambient conditions. More information is
needed to improve the estilmate of acid stress, ineluding the fraction of
sulfur compared to other pollutants. Other uncertainty includes the pos-
sible difference in the amount of sulfur deposition into forest vs. agricul-

tural land. The model used to relate sulfur emissions to sulfur deposition
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uses a single value for deposition velocity over all land surfaces. Yet it
bas been observed that forest ecosystems absorb pollutants more effec-
tively than other land surfaces. Therefore, averaging over all land sur-
faces tends to underestimate the deposition into forests. This may result
in a secondary feedback. If forests are damaged they may exhibit weak-
ening capability of absorbing the poliutants. This would add to the pollu-
tant concentrations of the down-wind areas and in this way accelerate

the damage.

FEvaluation of the Sources of Uncertainty. An assessment is being
made to rank the sources of uncertainty so that the most important
sources of uncertainty can be quantitatively evaluated. This evaluation
will explicitly express the uncertainty of the submodel and may lead to

medel improvements.

The relative importance of the various sources depends in part on
how the model is applied. In general, the longer the time period in the

simulation the larger will be the uncertainty.

Two other sources of uncertainty are particularly eritical in many
applications. One is that risk of forest impact is not affected by the soil
pH alone. Another is that biomass utilization and so-called internal pro-
ton production of ecosys.tems are cértainly of importance in determining
soil acidity. A third source, enhanced deposition velocities of forest
areas, may be of importance especially in areas near to pollution

sources.
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CHAPTER FOUR
USING THE MODEL

As emphasized in preceding chapters, the model has been designed
for easy handling by non-technical users. Chapter 2 and Figure 2-3 pro-
vide an overview of this use. Chapter 3 describes the structure of the
submodels which make up the model so that users can understand the
assumptions behind the model's computations. The current chapter

explains in more detail the procedure for using the model.

In practice, each session of model use begins with the user sitting in
front of two computer terminals each with its own screen. On one
screen, he/she sees the questions which the computer poses in order to
obtain needed input for running the model. On another screen, the user
can see the information provided by the model. Appendix A presents the
input of & sample interactive session. We now present three examples of

how the model is used in practice.

EXAMPLE 1 Examining the Consequences of a Particular Energy
Pathway

To summarize our first example, a model user first selects one of
four possibie energy pathways, Next the model computes sulfur emis-
sions in each country for several reference years between 1880 and 2030.
The user can then examine the impact of these emissions on either sul-

fur deposition or forest soil pH throughout Europe.
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This is how the session proceeds step-by-step: The user selects one
of the following four energy pa.thiuuys which are defined in Chapter 2 and

described further in Chapter 3:
1. Trends Continued — Linear Extrapolation
2. Trends Continued — Leveling Off
3. Conservation — Linear Extrapolation

4.- Conservation — Leveling Off

After selecting a pathway, the user may examine the data base of
this pathway for a single country or a group of countries. In Figure 4-1,
we have assumed for illustration that the model user has selected
Energy Pathway No. 4. Notice these data are arranged according to year
end energy sector. As an alternative, he/she may examine the graphical

sumnmary of these data shown in Figure 4-2.

While the user examines the energy data, the model computes the
sulfur emissions in each country between 1990 and 2030 resulting from
the selecteﬁ energy pathway. The user can now examine a detailed tabu-
lation of sulfur emissions for an individual country or totaled for Europe.
Figure 4-3 notes that these data are arranged in the same way as the
energy data. The user also may see the graphical summary of these data

presented in Figure 4-4.

Now the user must select either sulfur deposition or forest soil pH as
an impact indicatar {(defined in Chapter 2) for evaluating the impact of
the selected energy pathway. Note, however, that the user may examine
both indicators. If sulfur deposition is sglected. the user must then

specify — (1) a country or group of countries; {2) one or more isolines,
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i.e., lines of equal value of sulfur deposition; and (3) a year. As an exam-

ple, the user obtains the results in Figure 4-5 by specifying
(1) the contribution of all European countries to sulfur deposition

(2) the0.5and 2.0 g'm~yr~! isolines of total annual sulfur deposi-
tion

{3) the year 2010

These results pertain to energy pathway No. 4 originally selected by

the user.

An additional option of the model permits the user to evaluate the
sources of sulfur deposition at any point in Europe for any year desired.
Let us assume that a model user wishes to know the source of sulfur
deposition at a location in central Hungary for the year 2010. The user
must input — (1) the latitude and longitude of the receptor location, and
{2) the year. The model reéponds with a breakdown of contributing coun-.

tries illustrated in Figure 4-8,

We now proceed with the final impact indicator - forest soil pH. To
examine forest soil pH as an impact indicator, the user must specify —
(1) a critical pH level, and (2) a year. The concept of critical pH is dis-
cussed in Chapter 3. For illustration, we assume the user has specified a
critical pH of 4.2 and the year 2010. The computer responds with Figure
4-7 which depicts the area computed to have a forest soil pH less than

4.2 in the year 2010 due to energy pathway No. 4.
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12020216836 . [40996.] 9726.]20877. | g.| 1538.| 8868. |
| 2630 216836 .140996.1 9725.|20877. | ¢.| 153¢8.] 8868.]
Energy @ata (PJ) for EU RO P E
! | oil ]I gas II other II
i
= PRIM.II conv.ll PPcnvI! PPlowII Dom. IF Ind. |I 'rran.ll Feed.ll E ll
|1968| 26101.)14581.] 850.] B.] 2209.] 3806.| 3681.} 974.| 2666.) 3143.|
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Figure 4-1. [Energy data base for example 1,
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Figure 4-2. Graphical summary of energy data base for example 1 ,
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Figure 4-3. Computed sulfur emissions for exampie 1,
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Input location (longitude,latitude [degrees]): 28 47
Contributions to total sulfur deposition at (20.2,47.8):

I|Depositicnl $ I sum % {
| Hungary | 2.595 | 49.35 | 49.35 |
| Yugoslavia | 2.568 | 10.79 | 68.15 |
|Czechoslov. | p.516 | 9.82 | 69.97 |
| Romania ! #.425 | 8.7 | 78.p94 |
| Poland | 6.289 | 5.49 | 83.53 |
|German D.R. | 8.2866 | 3.91 ] 87.45 |
| 1taly |  @.174 | 3.31 | 98.75 |
| BACKGROUND | .151 | 2.87 | 93.62 |
IF.R. Germany| | 1.92 | 95.54 |

0.161

Figure 4-8. Computed sources of sulfur deposition in mid-Hungary in
the year 2010.
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Figure 4-7. Area of forest soil with pH < 4.2, computed in example 1.
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EXAMPLE 2 Compering the Consequences of Two
Different Energy Pathways

In this example, we introduce the procedure for comparing two dif-
ferent energy pathways. In brief, the user begins by selecting two, rather
than a single, energy pathways. He/she can then compare - (1) the
energy data base; (2) sulfur emissions; (3) sulfur deposition; {4) forest
soil pH.

In this example, we assume that the model user has selected the
highest and lowest energy pathways, numbers 1 and 4. The user can
then examine detailed tabulations of these data bases in the same for-
mat as Example 1. The user can also inspect a graphical comparison of
the two energy pathways for any country of group of countries as noted

in Figure 4-8.

As n next step, the user can look at a detailed tabulation of sulfur
emissions as in Erample 1. Alternatively, the model can produce the

grephical cormnparison shown in Figure 4-9.

The user now selects an impact indicator as in the first example. To
obtain a map of sulfur deposition, he/she once again specifies country
{(or group of countries), a sulfur deposition isoline, and year. The model
then provides a map of sulfur deposition which compares the two energy

pathways (Figure 4-10).

The model user follows the same procedure for examining forest soil
pH as in Example 1. Once the user provides the needed information , the
model presents a map comparing areas with forest soil pH less than 4.2

for the two energy pathways (Figure 4-11).
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Figure 4-8. Comparison of energy use in
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of computed sulfur emissions in example 2.

Figure 4-8. Comparison
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Figure 4-11. Comparison of computed forest soil pH in example 2.
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EXAMPLE 3 Examining the Consequences of a Pollution Control
Policy

We now illustrate how the model is used to evaluate different poli-
cies for controlling acid rain in Burope. In this example the user speci-
fies a pollution control strategy end compares it with a case of ‘no
action’.

First we assume that for economic or other reasons, all nations of
Europe follow energy pathway No. 4. Now we wish to compare two
scenarios. One scenario calls for major pollution control activities and

the other no pollution control*,
The pollution control scenario includes:

(1) 30% removal of sulfur in the domestic coal sector through coal
cleaning and 80% removal of sulfur in the domestic oil sector by

oil desulfurization.,

(2) Phesing in of flue gas control devices in the power plant and
industry sectors for coal and cil. We phase in these devices as

follows:

Year Fraction of
sulfur removed**

1980 0.4
2000 0.8
2010 0.8
2020 0.8
2030 0.8

*Recell that a scenario, es defined in Chapter 2 of this peper is a consistent set of energy
walthuay, sulfur emissions, sulfur d.epositr_‘.on and environmenial impact.

**This assumes that 50% of ell power plants and industrial boilers in 1990 will have fiue gas
control devices which have an B0% sulfur removel efficiency (0.5 x 0.8 = 0.4). These devices
will be applied to 75% of all plants and beilers in the year 2000 (0.75 x 0.8 = 0.8) and all
plents after the year 2010 (1.0 1 0.8 = 0.8).

—



-87-

The complete procedure for developing this scenario interactively
with the computer is presented in Appendix A. Figures 4-12, 4-18 and
4-14 summarize the differences between the two scenarios for the

year 2010.
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Figure 4-12. Comparison
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Figure 4-13. Comparison of computed sulfur deposition in exemple 3.
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2010 AREAS WITH SOIL-PH < 4.2
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Figure 4-14. Comparison of computed forest soil pH in example 3.
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CHAPTER FIVE
ONGOING PROJECT DEVELOPMENT

The work presented in this paper represents the initial steps in a much
more extensive analysis of acid rain in Europe. This will incluﬁe focusing
on poliutants other than sulfur, for example NO,, and possibly photoxi-
dants, heavy metals and others. In the future we will also examine direct
Jorest impact* in addition to forest soil acidification. One of our next
major steps will be to evaluate the impact of acid deposition on surface
waters, especially lakes. Other possible impact areas to be incorporated
in the model include materials' damage and acidification of groundwater.

More specifically, our upeoming activities include:
(1) Testing and improvement of the three submodels presented in
this paper.
(2) Evaluation of uncertainty of the existing model.

(3) Improvement of the interactive input and graphicel output of

the model.

(4) Addition of new submodels including (a) surface water impact;
(b) direct forest impact; and perhaps {c) agriculture, {d)

materials, and (e) groundwater.

¢ Direci forest impact relers to the effect of high ambient air pollutant concentrations on
photosynthesis in a forest.
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New submodels will also be included to account for NO, emissions

and deposition.

We will explore other ways to use the model other than through
scenario analysis. This may include an extension of the model to allow
model users to investigate the optimum policy for a particular cost or
environmental objective. The model will also be used to assist in an
analysis of costs and benefits of control strategies for acid rain in

Europe.

We will of course, continue to introduce the model to decision mak-
ers and scientists for their comments and to encourage their use of the
model. The first review meeting of this type, held in November 1983,
yielded valuable comments from the participants which have been incor-

porated into our plans for further model development.
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APPENDIX A
A SAMPLE INTERACTIVE SESSION

The following appendix presents a typical computer session in which
a model user provides data needed to create a scenario. During this par-
ticular session the user creates the pollution control scenarioc deseribed

in Example 3 of Chapter 4.

The answers of the model user to the questions posed by the com-

puter are indicated by a box: E
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PLEASE N OTE

e

Due to the provisicnal nature of this nodel,
Please interpret model outputs cautiously.

Hit RETURN to continue:

The following scenarios are in the data base:
1l ... ECE-Trends continued, linear extrapolation
2 ... ECE-Trends continued, leveling off

3 ... ECE-Cmservation, linear extrapolation
4 ... ECE-Canservatiaom, leveling off

You can now:

8 ... look at one of these scenarioce
b ... create a new scenario (starting from an old one)

Your optian ('g’ @:’ quit):E'

Which scenario?:

Input name of new scenario (max.58 char's):
ENERGY PATHWAY #4 - Major Pollution Controls
A "policy' consiste in applying one (Oor more) of the foliowing actions:

1 ... sulfur removal by fuel cleaning

2 ... sulfur removal by pollution control {devices)
3 ... introduction of rlow sulfur power plants

4 ... use of low sulfur fuel

Your choice: @
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In which country (-ies) do you want to apply this policy?:

l ... Albania 16 ... German D.R. 19 ... Portugal

2 ... Austria 11 ... Greece 26 ... Romania

3 ... Belgium 12 ... Hungary 21 ... Spain

4 ... Bulgaria 13 ... Ireland 22 ... Sweden

5 ... Czechoslov. 14 ... Italy 23 ... Switzerland
6 ... Denmark 15 ... Luxembourg 24 ... Turkey

7 ... Finland " 16 ... Netherlands 25 ... United King.
8 ... France 17 ... Norway 26 ... USSR

9 ... F.R. Germany 18 ... Poland 27 ... Yugoelavia
28 ... countries with market economy (2,3,6-9,11,13-17,19,21-25)

29 ... countries with centrally planned economy (1,4,5,1¢,12.18,20,26,27)
30 ... nordic countries (6,7,17.,22)

31 ... EUROQOPE

Your choice:| 31

When should your policy become coperaticmal?:
19808 - 1985 - 1998 -~ 2088 ~ 2018 - 2020 - 2030

Input one of the above starting years: '19931

There are two optimns for a 'pollution control (device)' policy:

1 ... pollution control devices on all NEW Plants after 1998
in industry and/or power plant sector

2 ... user prescribed removal efficiency in reference years

Your optimzzl

For which of the following COAL sectars do you want to change 'alpha'?:

«e. COOV.
«++« PPODNV
s s Pplw
-+« Dom.
+sas Ina.

94 OMpWN

++». 8all COAL sectcrs

Your choice:_IE
Input new 'alpha' (@<=alphac<=1l):

for 1990:1 8.4
for 2000:/@.6
for 2610:| 0.8
for 2020:{ 9.8

g.8

.

for 20306
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For which of the following OIL sectors do You want to change 'alpha'?:

ces CONDV.
«+s« PPoiv
..+ PPlow
« s« DCM.
<= Ina.
+so+ Tran.
.+« Feed.

W OOV aAWN

«s+« all OIL sectcers

Your choice:
Input new 'alpha' (@<=alpha<=1):

for
for
for
for
for

1994:
2000 :
2010 :
2020 ;

2839 :

tTaoas

0o oo D

Do you want to apply ancther policy? [y/n_'l:
A 'policy' comsists in applying one (or more) of the following actioms:

sulfur removal by fuel cleaning
sulfur removal by pollution control {devices)
introduction of low sulfur power plants

use of low sulfur fuel

Your choice:

In which country (-ies) do you want to apply thie policy?:

CO~Jnnbh W

LIC I

28 L )

29
39

Albania 16 ... German D.R. 19 ... Portugal
Austria 11 ... Greece 20 ... Romania
Belgium 12 ... Hungary 21 ... Spain

» Bulgaria 13 ... Ireland 22 ... Sweden
Czechoslov. 14 ... Italy 23 ... Switzerlana
Denmark 15 ... Luxembourg 24 ... Turkey
Finland lé ... Netherlands 25 ... United King.
France 17 ... Norway 26 ... USSR
F.R. Germany 18 ... Poland 27 ... Yugoslavia

countries with market economy (2,3,6-9,11,13-17,19,21-25) _
countries with centrally planned economy (1,4,5,10,12,18,20,26,27)
nordic countries (6,7,17,22)

31 ... EUROPE

Your choice:



When should your
1988 - 1985

Input ocne of the

For which of the

. v =+

N o onaw
L] L2 L[]

Your choice:@
Input new ‘clean’

for 199@:(96.3
for 2000:(0.3
for 2019:|68.3
for 22820: 63\3/ 3
for 2036:|9.

For which of the

¢ .

SO AW

Your choice:[5]7 ]
Input new 'clean'

for 1990:
for 2000:
for 2010 :
for 2020:
for 2030@:

-7

policy become operatiomal?:
- 1992 - 2090 -~ 2010 - 2020 - 2030

above starting years:llQBﬂ!

following COAL sectors do you want to change
PPanv
PP low

Dom.
Ind.

all COAL sectors

(B<mclean<=1):

following OIL secters do you want to change

PPonv
PPlow
Dom.
Ind.
Tran.

Feed.

all OIL sectors

(B<=clean<=]) :

'clean'?:

‘clean'?:
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Do you want to apply ancther policy? [y/n]:@

Do you want to look at this

You can display

OO

..

LI

Your option:[e] |

for the following countries:

WOdoawmbd Wy =

LI I

LRI

.“s

-

«s

LI

Albania
Austria
Belgium
Bulgaria

. Czechoslov.

Denmark

. Finland

France
F.R. Germany

countries with market economy (2,3,6-9,11,13-17 /19,21«
countries with centrall
nordic countries (6,7,1

EUROPE

Your choice:
Fraction of sulfur removed by pollution control in Greece

19
11
12
13
14
15
16
17
18

scenario? [y/n]:
the following data (parameters):

enerqgy per fuel per process
sulfur content by weight

fraction brown coal of total coal
cleaning efficiency
sulfur removal efficiency
total sulfur emitted

German D.R.
Greece
Hungary
Ireland

» Italy

Luxembourg

+ Netherlands

Norway

. Poland

. Romania

Portugal

Spain

Sweden
Switzerland
Turkey
United King.
USSR

Yugos lavia

25)

Y planned economy (1,4,5,10,12,18,26,26,27)
7.22)

{ { coal I] oil Il
! |Ic:o:w. IIPvaIPPlowlle. 1I Ind. IIconv. |PPenv | PPlow | Dom. I]Ind. lI'I'a:'am. IlFeed. l[
|1968| o. g. | e. | 8. lo@. |o. | g g. |e. | 8. lw. | @. |
|1978| 2. e. | e. |o8. | e. | eg. | 8. e. | e. | o8. | e@. | B, |
l1974] o. 6. le. |e. |e. |&. |le. |@. | @&. | 8. | 8. | 9. |
j1986| 9. | 8. | 8. | 8. | 8. | @. | &. 6. (e. | 8. |e&. | 8. |
1985 @, 6. le. |e. |e. |eg. |o. e. | 8. le. |e. | 8. |
|199¢] o. p.48| 8. | 2. | 9.408| 6. | 6.48] &. | 2. | g.48] 8. | 8. |
|2008] 6. | 9.68] 6. | 6. | @.68| 2. | 68| . | B. | p.e2] 8. | 6. |
|2018] 2. g.86|l 6. | eg. | o.806] 6. | 0.88] ©. | @. | .80 . | g. |
120628 @. o.86| 6. | 8. | 6.88| 2. | @.8¢] 8. | @. | 6.88l 8. | 8. |
|2638| o. | o.806| 8. | ©. | @.809]| @. | e.e2l 8. | 2. | @.80] 0. | @. |
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Do you want to have another display? [y/n]:
You can display the following data (parameters):

--. energy per fuel per process

-+. sulfur content by weight

-+. fraction brown coal of total coal
cleaning efficiency

+++ sulfur removal efficiency

+++ total sulfur emitted

motanoe

Your optim:@
.
for the following countries:

1l ... Albania 18 ... German D.R. 19 ... Portugal

2 ... Austria 11 ... Greece 2@ ... Romania

3 ... Belgium 12 ... Hungary 21 ... Spain

4 ... Bulgaria 13 ... Ireland 22 ... Sweden

5 ... Czechoslov. 14 ... Italy 23 ... Switzerland
& ... Denmark 15 ... Luxembourg 24 ... Turkey

7 ... Finland 16 ... Netherlands 25 ... United King.
8 ... France 17 ... Norway 26 ... USSR

9 ... F.R. Germany 18 ... Poland 27 ... Yugoslavia

28 ... countries with market economy (2,3,6-9,11,13-17,19,21-25)

29 ... countries with centrally planned economy (1.4,5,1¢,12,18,20,26,27)
30 ... nordic countries (6,7,17,22)

31 ... EUROPE

Your choice:
Fraction of sulfur removed by fuel cleaning in Austria

- | | coal | oil Il
| i
' }ppmvllpplowllnom. IlInd. llPva'IPPI.owIIDan. IIInd II'I‘ran.lIFeed.ll
l196és! . | @&. | 8. | 2. | 2. | @& | 8. | @. 8. | o. |
1979 @. g. |e. |e8. le. |e. |@&. |e. |e. |a. |
1974| o. p. |le. |e. |e. le. |e. |g. | &. | &. |
1986 8. | eo. | o. | e. |o. |e. | 8. | @e. | g. 1 8. |
1985| @. . |e. |o. | 8. |wo. |o. | 8. | 8. | @. |
l1999]| @. 6. | e.38l 8. | 9. | 8. | B.60| 8. | 0.68] 6. |
|2e90| @. 8. | @38l 6. |@. | 8. | g.6el 8. | 8.62] . |
|2810| @. . 1 B.3¢l 8. | 8. | ®. | 2.68| 8. | 0.601 €. |
|2020] 8. | 8. | B.306l @. | 2. | 8. | B.68| ©. | #.68) 2. |
12030l 8. | 8. | @36l 0. |@. | @8. | 9.66| 8. | 2.68] 2. |
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Do you want to have another display? [y./n]:@
Do you want to save this scenario in the database? [y/n]:

The following scenarics are in the data base:

l ... ECE~Trends continued, linear extrapolation
2 ... ECE~Trends continued, leveling off

3 ... ECE~-Conservation, linear extrapolation

4 ... ECE-Conservation, leveling off

5 ... ECE-Scenario 4 + ma jor controls

You can now:

a ... lock at cne of these scenarios
b ... create a new scenario (starting from an old one )

Your option ('q’' to gquit): @
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