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PRTFACE

IIASA's Acid Rain Project is a response to the need of tbe interna-
tional community for a technical overview of tbe acitl rain problem in
Europe. Part of our eFort is devoted to reconciling diversJ scientific
vierrs on the issue by providing a meeting plaee for scientists from dif-
ferent countries and disciplines. We also rish to help identify critical
gaps in unclerstancling the processes of aciil rain, and more broadly,
transboundary air pollution. Our principal goal, however, is to assist
decision makers in evaluating tlre most effective strategies for control-
ling acid rain impacts in Europe. This paper describes the progress
torards this goal accornplisbed at IIASA during 1983. The effort was led by
Eliodom- Rulca (Italy). Other Acid Rain Project staff inclucled Josepl
Alcamo (USA), Pet t ' I(auppi (Ilnland) and Maximillian Posch (Austria). At
the end of 1983 Eliodom Runca returned to ltaly and Technital (Verona)
and Peklca Kauppi to the Forest Research Institute in Helsinki. Finland.
Tbey rere replaeed by Juha K&miri (trlnland) anil myself (frorn the Neth-
erlands) as the ner project leader.

Leen Hordijk
Project Ie ader
Acid Bain Project
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SUUMARY

The ratification of the Geneva Convention on Transboundary Air Pol-
lution in llarch of 1983 shored that nationg of EasterD anal ll'estern
Europe rere iletermined to eontrol tbe problem of acid rain. In the same
year, IIASA offered its analytical skills to the international commuuity to
help solve the problem. It did so by entering into official cooperation
with the UN Economic Commission of Europe (ECE) whieh is responsible
for implementing tbe convention. As part of tbis cooperation IIASA is
developing a eomputer model which can be used by decision makers to
evaluate policies for eontrolling the impacL of acid rain in Europe. In
addition, ve bope tbat our work will help identify gaps in understanding
the acid rain problem and stimulate the research trecessary to over-
come these gaps.

lbis paper describes tbe status of tbe acid rain moalel after approri-
mately one year's rork- It also presents some exarnples of how the model
ig used anal tbe type of information it provides.

APOUCY OIIIENTED IOOL
$nce the model is designed to be esPecially usefuI to decision mak-

grg, we bave tried to ensure that it is both congrreh.enslhile artd nletiubly
acs3r to lrss. In addition it should incorporate past and curent research
in the acid rain fiel4 yet deal rith Lhe most important issues first. Otber
derirable characterisLics are (1) fleribiliby in incorporating ner iaforma-
tion as it bccomes available and (2) expticitness in treating uncertainty,

Baeed on the above criteria, re have established the folloting model
guidelines:

Ile model sysLem should be co-designed by aDalysts aDd Potential
model users,

2, Ilec motlel should be of modular construction and consist of a series
of linkeil subrzodels.

3. Submodels sbould be as simple as possible and be base4 rben feasi-
ble, on more ilehailed rnodels or data. They should be made more
compler only if necessary and only in conjunction with Pobential
tDodel user€.

- v a L -



4.

5.

lbe model should have interactive inpu! anal clear graphical output.

Tbe model sbould present a temporal piclure of the problem,

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

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

Tbe atmospheric traasporl, transformation and deposition of
pollutants.

lbe environmental impact of acidifying deposition.

Ar a starting point, the IIASA motlel currently conLains one submodel
for cach of tbese parts.

CI'RREI\IT SUBUODELS
lbe first submoilel, tbe h.ergy-Emis*i,orzs submodel, computes sul-

fur emissions for each of the 27 European countries based on a selected
aa.ergg pothtuoy for eacb country. The model user has a choiee of four
possible pathrays for each country, each of which is based on published
estimates from tbe Economic Comrnission of Europe (ECE). Each energy
pathray specifies trow much energy will be usecl by four fuel types in a
oountry: oil, coal, gas anil other, 'lbe sulfur-pro<lucing fuels - oil and coal
- are broken dorn further into 12 sectors. Oil has tbe following sectors:
conversiotr. conventional power plants, low sulfur power plants, indus-
try, ilomestie, transportation anil feedstocks. CoaI Eectors include:
eonversion, conventional porer plants. low sulfur porer plants. industry
aDaI domestic. There is an ailtlitional sector rhicb accotrrrts for sulfur
emissions rbich do not originate from fossil fuel use, for erample, the
sulfur emitted by sulfuric acid plants.

lbe moclel can compute sulfur emissions for each country vith or
dthout pollution control, To reduce sulfur emissions, the user may
specify any combinatioD of the following four pollution control alterna-
tives:

-v1l_ r- -



(f) nue gas control deviees

(Z) tuel cleaniag

(3) Ior sulfur porer plants, e.g. fluidized bed plants

(4) lor suuur tuel

lbe sulfur emissions computed for each country are then input into
the second submodel, tbe Atnosplrcri.c Procasses submodel. This submo-
ilel computes sulfur deposition in Europe due to the sulfur emissions in
each country and then adds the contributions from each country
together to conpute the total sulfur deposition at any location in
Europe, The submoalel consists of a source-receptor matrir, rvhich gives
the amount of sulfur deposited in a grid square (roughly 100 r 100 kilom-
eters) due to sulfur emiBsions in eacb country in Europe. Tbe source-
receptor rnatrix is based on a more complicated model of long range
transport of air pollutants in Europe. This model accounts for the effects
of tin{ precipitation and other meteorologic and chemical variables on
sulfur deposition. The eource-receptor matrix was made available to
IASA by the Institute of ldeteorology in OsIo, Norray.

The sulfur deporition computed by tb.e seeond submoilel is then
input to the tbird submodel Lbe tbrest ,$il pfl submodel. We analyze soil
pH as an indicator of potendal forest and aquatic impact of acidification.
lbe soil pH subruodel Gonverts sulfur deposition to acidic rleposition, andl
then compares tbis deposition rith the neutralizing abitity of Europe's
roils. Based on tlris comparison, the model computes an average soil pH,
lbis eubmodel is baged on research conducted largely at the UniversiLy
of Gbttingen in tbe Federal Republic of Gerrnany.

As the model currently stands, aulfur pollution is usecl as an indica-
tor of the acid rain problem since sulfur is recognized as the principal
contributor to acid deposition and aciilification of the natural environ-
ment in Europe. The model vill be expanded in the future to include NO,
attd possibly other air pollutants.

- l-x-



HOW THE MODEL IS USED
To use the model, tbe user 6rst selects an energy pathray for each

coultry. Secondly, he/she specities a pollutant control program. The
model tben calculates the sulfur emissions for each couniry, the pollu-
tant ileposition resulting from the emissions of each country, and the
resultant environmental impact. Moilel results are ilisplayed in a graphi-
cal format. Tbis consistent set of energy pathway, pollutant ernissions,
Pollutant deposition, and environmental impact is called s, scenojria and.
the tlpe_of analysis is sometimes termed scer.;or"lia czclysis (See Frontis-
piece). lbe time horizon of these scenarios is b0 years, from 19g0 to
2030. Tbeir spatial coverage is virlually all of Europe, incluiling the Euro-
pean part of USSR

Basecl on this output, the model user may select another energy
PathTay anA control program to evaluate f,ith the model, In this iteri-
tive ray, the user can quickly analyze the impact of many different poti-
cieB,

-x-



Table 91. Glossary of Terms

To aid the reader re present tbe definitions of frequently used terms in
tJris paper. Since these terzns are used in many different ways in the
Iiterature, tbe following ilefinitions sbould be viered as atorlcirrag defi,ni-
fdons pertinent only to this paper.

Aeid fuin Stress - The input of H+ to the top Iayer of forest soil.

Cornparhnent - One of the major parts of the acid rain problem
cover€d by tbe IIASA Acid Rain Model Tbere are currently f/ree
compartrtrents in the model:

. Energy-Emissions

. AtmosphericProcesses

. Environmental Impact

butgy fu,thury - A temporal picture of energy use in a country
based on consisteot set of assumptions, for example. trerr& corl;bin-
udfton tha present,

hrtpoct Indicator - A variable used to investigate the effect of aeid
rain. In its current state the model has two of these indicators: gul-
fur deposition and forest soil pH.

trlodel Sgsten - lbe model together rith proeedures for using it,

&enub - A conditional forccart. In tbis model a consistent set of
energy patbray, sulfur emissions, sulfur deposition and forest soil
PH,

&enzrio - A procedure for investigating the implications of
a policy by erploring scenarios of different actions.

Subno&I - A computer model rhich represents a particular com-
partr:nent of the acid rain issue, Tbese submodels are tben linked
together to provide an overvier of the problem.

- x a -



C E A P T E R  O N E

I N T R  O  D U  C  T I  O N

This paper is an interim report of the activities of IIASA s Acid Rain

Project, The principal objective of the project is to assist decision mak-

ers in tbeir evaluation of policies for controlling the impacts of acid rain

in Europe. To accomplish this re are developing a model and a set of pro-

oedures for using it. Together, re term tbese a tnod.et *ystem. Our hope

is that this model will serye as a corr';mcn teclmli,cal ground, in tb.e nego-

tiation of an international agreement to mitigate or elimiqate acid rain

impacte in Europe, ln addition re hope that our work rill help idsntify

gaps ia understanding tbe acid rain problem. and sLimulate the researcb

necessary to overcome these gaps,

rI{E PROBIEM OFACID RAIN

Society bas been plagued with air polution since the Industrial

Revolution, Clusters of smoke stacb plus unfavorable meteorologic con-

ditions resulte d. ia ortr polhttian ep{sodes, brief periorls of elevateil suUur

diorid.e and parUculaLe matter levels. In tbe twentieth century, automo-

bile elhaust added carbon monoxide, nitrogen dioride, photochemical

oridrnts and otber gases and aerosols to tJle list of noxious air com-

ponents. lhough the type and intensity of air pollution varied from place

to place, most problems rere both local (covering up to a ferr bundred

Bquare kilometers) and tronsttory (peak pollutant levels usually lasted. a
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fcr hours or less).

In tbe last trenty years the dimensiorrof the air pollution problem

have changed dramatically. Smokestacks 200 meters or higher, together

rith increased pollutant emissions, have made a loccl problem into a

flz.nsboutdary problem. It is now thought tiat 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 curnulative effects at Iocations very distant from

their sources. Through a reb of processes summarized. in tlgure 1-1,

these pollutants may be converted into a flux of acids to the terrestrial

aad aquatic eavironment which is broadly, though not too ascurately,

termed caid rria..

Tbe acidic compounds rtue tg sulfur and nitrogen emissions have

both direet and indirect effects. Direct elTects refer to tbe d.nage

caused by these compounds on the eurfaces on rhich tbey are deposited..

Tbese iuclude corrosion of materials, deterioration of monuments. and

darnage Lo foliage. Indirect effects oscur after deposition and adversely

affect ecoaystems of soil, rater, and forests. Increaserl acidity of soil ean

restrict plant grortb. rhile acidification of groundrater increases the

solubility of beavy metals whieh can in turn affect human and animal

baalth. The acidification of lakes througb different meehanisms can limit

tbe diversity and abunrlanee of its aquatic life. Combination of direct and

iDdirect elfeets is also possible. For erample, forest grorth can be

reduced by both clirect deposition of polluta"nts on tbe trees and
rAcid llu: ton tbe atnoqrhclc may aho comc in tbc toru of lqg (E eof,. AlF, dqrr polfu-
ttrt gltar caal pdticlci mry add acids to tbe enviroDDclt o[cc they disolve i.! i.bc aoir
tutt ot Ell G vcgctati@,
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acidifr.cation of the soil. Since the rate of soil and water acidification

depends on tbeir neutraliziag capacity, some areas are more sensitive to

aeidification than others.

EUROPE,S RESPONSE TO THE ACID RAIN PROBLEM

The control of acidification in Europe is a task of ettreme complex-

ity because European countries export different amounts of acid.ifying

eompounds to eacb other and also vary in their sensitivity to acidifrca-

tioa. To this must be added that the attitude of a particular country

towarils euvironmeDtal issues very much depends on tbeir internal

locioeconomic situaHon.

Tide altention to tbe transbounilar]r nature of acidification ras

raiscd by a Srrcdicb report on the subject presenteil at the l9?Z United

Nation Conlerence for Human Environment in Stockholm, tbis report

Earkeil the offieial beginDing of international progranuDes on this issue.

IB 19?3, The Orgeni2stion for Econornic Cooperation and Development

(OECD) began monitoring aad modeling the long-range transport of air

pollutants in Eumpe. lbis ISTAP project (Long Range Transport of Air

Pollutants) Tas cor!.pleted in 19??. lbe project led to tbe rlevelopment of

a model whicb estimatecl lhe sulfur import-e4rort balance of the Euro-

pean OECD countries, aad established the basis for an analysis of cost

and bcDefits of sulfur control. I1ee OECD published results of its aaalysis

in 1980 and 1981.

Uonitoring and evaluation of long-range transport of air pollutants

continued, after 197? under the cooperative EItrEP programme (the

Cooperative Programme for llonitoring and Evaluation of Long-Range
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Traosmission of Pollutants in Europe) whicb is overseen by the United

Nations Economic Commission for Europe (ECE) in collaboration ritb the

United Nations Enviroument Programme (UNBP) and the World lleteoro-

logieal Organization (ffilO). This new prograrn included both Eastern aad

Testern Europeau countries for the first time. ln the same year, Norray

proposed the adoption of an International Convention on Transboundary

Pollution. The convention was signed by thirty-three eountries in 18?9.

and finally ratified by the required forum of twenty-four countries in

January 1983.

Tbe Conventioo contains no binding conmitments to reiluce pollu-

tant emissions, but its basic statement says tbat the countries "shall

lldeayour to linit anil, as far as possible, gradually reduce and prevent

air pollution, iacluding long-range transboundary air pollution". Ibe Con-

vention also states that the countries shalt, by means of inforoation,

cousultation, researcb and monitoring, develop policies anal strategies to

combat air pollutioa. To achieve these objectives the coDven[on calls for

the folloring four programs: (a) Air Quality Management, (b) Res€arch

and Development, (c) Erchange of Information, and (d) EMEP.

IIASAI S ACID RAIN PROJECT

By ratifying the Convention the signatory countries recognized the

noeal for aetion to combat "acid rain". In a sense the convention is the

result of a cost-benefit stu{y at the political level. However, as noted

before, the participating ccuntries have different viers on the severity of

the problem as vell as rhat to do about it. lYe felt, in this context, that

there was need for a lronauork fot the cn4l?tsis of wid roin- csttrol
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acarr,drios in Ezrope, rhich could contribute to the programmes rletined.

witbin the Geneva Convention and at tbe same time promote research of

oational institutions on acid rain. In addition, partieipants in tvo confer-

ences beld in 1982 - the joint IIASA-TVHO rorkshop on air pollution (JuIy

198?) and the Stockholm conference on aciilification of the environment

(June 1982) - emphasized tbat this framerork shoutd be a joint EasL-

llest effort.

IIASA s anaiytical skills and East-ffest background maile it an

appropriate setting for this work. Tbe support, suggestions and recom_

mcndstions of several members of botb the scientifie and d.ecision_

making community dealing with this issue were of paramount impor-

taoce in giving shape and consistency to IIASA s initiative. In Sinter

f98E-83, tbe objectives of the project and tbe plan of rork were esta_

blirhed.

An issue like "acid rain,', which involves phenomena very much

diversified in space and time, is bound to generate controversial viers

and uDalerstandiug. lt therefore appears. necessary to construct the

analytical fuamerork in such a ray tbat it promotes comrnunication

between different disciplines and helps reconcile d.irterences in scientific

opinion. In other rord.s, the achievement of these objectives depends

largcly on the ray the rork is conducted. We chose to operate with a

small in-house core group of 4-B rho rere closely associated Tith a large

netrork of collaborating institutions. Tbrough various meeungs, tbe cor-

laboratng institutions transfer ideas, data and moclels to tbe core group

anil participate in the design of the model syslem. Ttre ctire group is then

responsibie for constructing the moder and tra.nslating iL into a usable
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tool for decision makers.
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C H A P T E R  T T O

IENTODOIOGT,IND f,ODEL O1IERVIET

It is clear tbat decision makers will develop policies to control or

mitigate acid rain impaets in Europe ttrrough a very complicated pro-

cess. Ultimately these policies wiII be shaped by a blend of political and

scieutiflc, public and private forces. Despite this uncertainty it is also

obvious that access to basic infonn zlion can assist decision xaakers Lo

develop better policies. At a minimum, they need to lmor the relative

Gltectiveoess of different policies in controlling acid rain impacts, This

requires ttre integration of different parts of tbe problem in a quantita-

tive fashion. To accomplish this quantitative integration te have decided

to construct ^ comlnft$ tnodcl As mentioned earlier, re term the

model plus procedures for using 7L, a rnodzl Eysterri-.

Design of any model system depends very rnuch on (1) the dirnen-

liorrc of the problem it describes, and (?) the users of the model system.

9ome of the dirnensions of the acid rain problem in Europe most relevant

to tbe model system alesign are:

1, .E is trwzsbounfu,ry in na,tu,re, Closely relatetl to this feature is

tbe fact that different, countries share ilifferent levels of

rcsponsibility for acid rain impacts and differ in susceptibiliLy

to air pollution deposition,
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Ile problem is poorly tmd,erztood. There is great uncertainty in

the underlying scientific processes of acid rain. lrdoreover there

are conflicting views of these scientific processes.

Dilferent tirtr,e scalss ore funportdrrJ. The travel time of air pol-

Iutants from one country to another may be a few hours to a

few days; snomelt releases acidity to lakes over a few weeks: it

may take years or decad.es for soil to acidify or to implement

pollution control policies,

trIuag di,fferent di,seiplines we naedad, to znd,erststd, old, solae

tlt3 Trtblen, These range from economics and political science

to engineering, biology anil clouil physics.

Itbut &ttottltr;rr4ian obottt tlrp probletn is contilll,rctl"slg o;uuilo;ble,

lith growing arareness of the problem, more and more funds

are beiug iavested in acid rain research. Results of this

reaearcb sometimes invalidates past untlerstanding of the prob-

1em.

Ragarding the question of moilel users, re erpect that they rill be

ebietly &cistoa ma*ers. lbe term &cisim.l- n*,er is of course open to

iDterpretation but re take it to mean scientific advisors or administra-

tors alfiliated ritb government, some of rhorn may have a scientific

bac\grounil but all of whom are principally concerned rith policy

developrrent, We hope also that the model will be used by many others

for educational and research purposes.

2.

3.

4.

5.
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ITODEL SYSIEM GUIDEIJNES

Combining the dimensions of the problem *ith assumptions about

model users has led us to adopt the following guidelines for our moalel

sy8tem.

Since the model is designed for. the use of decision makers we

believe it should be bolh cotnVrehezrsible and eo,sg to,u,se,In addition it

sbould incorporale past and current research in the acid rain field yet

deal Titb the rnost important issues firsL. Other desirable characteristics

are (t) lteriUitity in incorporating new inforrnation as it becomes avail-

able, and (?) explieitness in treating uneertainty.

F ollorving from the above general criteria, re adopt the foltowing

more specifi c guidelines:

f. nB ntodel systetz shruld be eo-dasigned by onalysts attd poten-

l.ial users. Though tbis requires special effort, ultimately it will

lead to greater comprehension and relevance of the model sys-

t€tu.

Ilv r'rodel Ehnnd be oI nn&tl@ cottstttr.chion, Each aspect of

the problem should be represented by a separate conLpor"flr.tenl,,

These compartmeDts sbould tben be linkeil together. Each com-

partment can be Elletl by a oumber of interchangeable sr.cbmo-

&ls rhich permits comparison of different points of vier.

g99l}t Lodels shauld be as sir?ple cs possille yet be based. wh*e

poss&la on rrLore &tciled data or ntodek, Mo<lel sinplitlty is a

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

tource-receptor matrix based on a linear relationship betreen

z.

3,
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emissions and ileposition is quite simple cornpared to a mod.el

based on non-linear atmospberic chernistry. Advantages of sim-

plieity include: (1) computational time is short, allowing

inferactive computer use, (Z) models are easier to understaod"

(3) moaet inputs are simpler ryhich permits simpler and quicker

model use. However each simple submodel should be supportecl

rbere possible by detaiied models and data in order to increase

the validity of the submodel's estimates. Though submodels

should iBitiauy be as simple as possible they caa also be made

more complex if model users and scientific advisors feel that

more detail is justified.

Tb twilitate ,ifs rrsa, tlze ,nodel shauld, ltan *nteractbte *n,rlrtts

orzd clear gzplticol outpu.k, Communiciatioa of the model's

operation and results should not be an afterthought of model

developmenL,

Ite n t&I shottld, be dyrl;arr.ric *n ru,}tme. It is important for d.eci-

gion makers to see hor a problem evolves and horr it caD be

corrected over time. Thus it is important for tbe model to pro-

viile a "picture" in time of tbe causes and effects of acidiEca-

tioa,

5.
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CURRENT MODEL STATUS

One of the above maxims calls for co-design of the moclel ritb its

users. Since this process is continuing, the foltoring moclel description

sbould be vieretl as only the current status of the model nhich is subject

to r€vision.

The morlel currently consists of three Linked, compartrnents,

. Energy-Emissions

At rrospheric Processe s

Environmental lmpact

Though re imagine that many different atbtnodels can be inserted

into tbese compartments, *e have begun ritb tbree linked submodels

illustratecl in llgure ?-1.

hhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhe Erst submodel, the Br?gA-E ni,ssi,ors submodel, computes sul-

fur emicsions. for each of ?? European countries baseal on a selecLed.

srre?gy Flhory for eacb country. Tte model user bas a choiee of .four

pesible pa.tJrrays for each country, eaeh of whicb is based on published

estimates t?om the Economic Commission of Europe (ECE), Each energy

pathvay specifies hotr much energy will be used by four tueI types in a

countr;r: oil, coal, gas and ofhar. The sulfur-producing fuel.s, oil and coat,

arc broken d.own furtber into 12 sectors. Oil has the folloring sectors:

convergion, sonventional porer plants, lor sulfur porer plaats, industry,

dornestic, transportation and feedstocks. Coal sectors include: conver-

sion, conventional porer plants, lor sulfur porer plants, industry and
..&{ir rmirrioas il tbir papcr rclem lo a combiaatioa ol $rJfur compornds cbiefly aultur
dioda..



-  1 3 -

@NTROL ALTERNATIVES
1� Fluc grs control
2. Fu.l chning
3. Low 3ulfur pow.r phnts
4, Low 3ulfur fucl

trtgurc 2-1. Current submodels of the IIASA acid rain moatel.

domestic. There is an additional sector whicb aceounts for sulfur emis-

sions rhich do not originate from fossil fuel use, for erample, the sulfur

emitted by sulfuric acid plants.

The model can compute sulfur emissions for eacb countrT witb or

dthout pollution control. To reduce sulfur emissions tbe user may

sFcify any cornbination of the folloring four pollution control alterna-

tivee:

(f) nue gas contml devices;

(z) tuel cleaning;

(9) low zulfur power plants. e.8. ttuiilized bed plants;
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(+) tor sulfur fuel.

lbe sulfur emissions computed for each country are then input into

tbe second submodel, Lbe Atnrosflrarllc .kocesses submodel. This submo-

del computes sulfur deposition in Europe ilue to tbe sulfur emissions in

each country and then ad.ds the contributions from each country

together to compute tbe 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 matrir is based on a more complicaterl

model of long range transport of air pollutants in Europe d.eveloped

under OECD and EMEP. This model accounts for Ure effects of win{ pre-

cipitation and other meteorologic and chemical variables on sulfur depo.

rition. Thc source-receptor matrix was made available to IIASA by the

lnstitute ol l{.eteorology in Oslo, Norrvay.

The sulfur deposition computed by tbe second. subrnodel is then

input to the tJrird submodel, the Fbrest fuit pH subrnodel. We analyze

loil pH as an inilicator of potential forest and aquatic impact of acidifrea-

tion. lbe eoil pH submodel converts sulfur deposition to acid.ic d.eposi-

tion, and tJren eompares this deposition rith the neutralizing ability of

Europe's soils. Based on this comparison, the moilel computes an aver-

age soil pH. lhis submodel is based on research conductetl largely at the

University of G6ttingen in the Federal Republic of Germany.
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[-rgure 2-2. Source-receptor m.a.trix of tbe Atmospheric Processes Submodel.
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Table ?-1, Model Features

r Sulfur-based

. 70 year simulation period

- 20 year past

- 50 year future

. 3 linked comparbments

. Interchangeablesubmodels

. Dynamic simulation

OI]{ER UODEL TEATURES

lbe simulation period begins ?0 years in the past so that the model

can be tested qgringt historical data where available. lLe future time

borizon is 50 years rrhich perzrits eramination of long-term environmen-

tal impacts such as possible soil acidification in forests or groundwater.

ln aildition, 50 years encompasses the turnover time of a countrj"s

energy system rhich permits the possibility of morlifying the energy sys-

tems of countries to control air pollution.

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

titic eommunity that eulfur is currenUy the principal contribulor to aci-

ilification in Europe. In the future, however re expect to include N0, and

other pollutants in our calculations.

Tbe model features are summarized in Table 2-1.
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HOW THE MODEL IS USED: SCENARIOS

A decision maker can use the model by the proced.ure illustrated in

flgure ?-3. Ilpically the model user first selects an ene?gg palFarty for

eaeh country, anrl then a pollution control program. Tlris information is

input to the model which calculates the sulfur emissions of eacb coun_

try, the sulfur deposition throughout Europe resulting hom these emis-

sions, and the resultant environmental impact. These calculaLions are

performed for the 50 year bime horizon of the model. A consisLent set of

energy path*ay, sulfur emissions, sulfur deposition and environmental

impact is called a scencrrit antt the type of analysis is sometimes termed

accneria analysis (see Frontispiece),

Baseil on this output, the moclel user may setect anottrer energy

pathway or coatrol program to evaluate with the model. In this iterative

ray a decision maker can quickly analyze tbe impact of many different

policies. Details of model use are presented in Chapter 4 and Appendix A-

Other rays of usiug the model apart hom scenario analysis are being

eonsidered- Tbege are briefly describecl in Chapter S.

lbe fleribility of the model is illustrated by two eramples in l*rgure

2-4. A moilel user bas a choice of both arzf4r points and intpo,ct indizo-

tons, Entry poirrts refer to the place rhere the mod.el user begins an

analysis, A user may begin by either (1) Bpecifying an energy pathray

for each country ancl having tbe model automatically compute sulfur

eurirsions, or (2) bypassing the energy systems of each country and

instead prescribing sulfur emissions for each country.
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Salrgt control
progr8m

Figure 2-3. Procedure for using the moclel.
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The decision maker also bas a choice of two ia�npont Lndinators,

eitber annual sulfur deposition or forest soil pH.

In example 1 of llgure 2-4, the model user begins tbe analysis by

relecting energy pathrays for each country and tben selects sulfur depo-

rifion as ao indicator, In example ?, he/she prescribes the sulfur emis-

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

ENTRY
POINT

Energy Sultur
Exrmd: 1

prth$y smirtions

r - -  -  - ' i
Enmpl.2

I ami3sion3
L _  _  _ _ _ l

Flgure 2-4. Flexibitity of modlel use.

ENTAY
N'INT

Sullur

IUPACT
,NDICATOR

9rlfur
daposition

9rllur

dcporition

IUPACT
INDICATON
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C t r A P T E R  T H R B E

C U R R E N T  S U B I I O I } E L S

This chapter describes tbe current status of the three submodels which

comprise the IIASA Acid Rain Model.

ENERGY-EIE;SIONS SI'BITOI'EL

SIJBUODEL PURPOSE

The purpose of the Energy-Emissions subrnoalel is to compute sulfur

emissions in each European country baeed on (1) estimated energy use

in eacb country and (?) assumptions about fuel characteristics such as

beat value and sulfur content. The model ras designed to meet the fol-

Ioring requirements:

1. Forecast sulfur emissions in each European country assuming

ao pollution coDtrol, i.e. a reference case ofno octil"�.n,

2, Evaluate effectiveness of major policies in eaeb 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 refi.nement of current estimates of sulfur emissions for

each country.
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5, Compute past sulfur emissions so tbat the other submoalels

(atmospheric processes and soil pH) can be tested against his-

torical data.

Before proceeding with a description of this submodel a brief revier of

some important aspects of the sulfur emission problem in Europe is

presented.

BACKGROUND

Any analysis of tbe acid rain problem in Europe must eventually

turn to the subject of sulfur emissions. It is rell accepted. that most sul-

fur emissions in Europe originate from buman-related activities. Tbe

mqgniturle of natural emissions rithin Europe is thought to be 1O% or

less of the magnitude of anthropogenic emissions (Semb, l9?S). There is

diragreement, horever, over tbe relative contribution of non-fossil fuel

rclateil activities (for erample, originating from sulfuric acid produc-

tion) to total anthropog enic emissions. Semb (1991) maintained that

Don-fossil sulfur emissions rere et most LO-ZOZ of. the total anthropo-

genic emissions in any European country. Ia comparison, OECD (1991)

repotteal that non-fossil fuel sulfur emissions erceeded fossil fuel sulfur

emissions in tbe Netberlands during 19?4, Horever on a European-ride

basis it is recognized tbat the overrhelming majority of lotal emissions

origiaate in fossil fuel combustioa.

Tbere are a ride variety of approaches available to red.uce tbese sul-

fur emiesions, In this paper we tertn these pobt$inn conlrol alterno,tiaes.

6ca, lor eramplc Eightoa crd Chaalrid( (r9AZ), Scmb (ro?B) crd OECD (r98r).
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Among four of tbe most attractive (because of their eost, technical

availability/feasibility or simplicity) are:

1 Fhn gos control dp,ui.ces - Tbese include a number of different

devices whieh rremove stack gases or particles afLer they are

produced- Conventional ret scrubbers, are the most widely used

devices of tbis category. AIso included, though less frequently

use4 are drJr limestone scrubbers.

htel cLen:i:ng - Incluiled in this category are various ways to

clean coal tbrough physical or chemical means, and different

types of distillate and residue oil desulturization.

Itu St $rE fuiter fr,srtts - Modifications of the combuslion

Irrocegser in porer plants aod industrial boilers provide another

opPortuaity to remove sulfur emissions before they are ernitted

into tbe atrnospbere, Among the most teehnically feasible of

these processes ar€ ofmoEohrric and presszri,sed flttifiized, bed,

combusbi,on, In comparison to conventional eoal-fired porer

plants which retain a nominal amount of sulfur in their ash,

f,uidizeal bed plants may retain up to 90% of the coal's sulfur i.o

the solid residue of the combustion chamber.

Imt sullut fznls - lbe potential for using low-sulJur coal or oil

to control sulfur emissions in Europe bas not yet been explored

io a comprebensive fashion. OECD (1981) pointed out the rela-

tively small remaining reseryes of low sulfur coal in lYestern

Europe yet also noted the opportunity for low sulfur North Sea

z.

3.

4.
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oil to reduce sulfur emissions.

Table 3-1 summarizes some feasible sulfur removal efriciencies of

these approaches.

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

Sulfur Removal
Technology

trlue Gas Control Devices

Physical Coal Cleaning

Oil Desulfurization
-Digtillate Fuels
-Vacuum Residue

Fluidized Bed Combustion

Sulfur Removal
Efficiency %

85-95

1(F40

.90
<80

<90

SUBUODEL STXUCTURE

Enaryg futlauqs

The submodel illustraterl in trlgure S-1 *as designed in accordance

rith the previously mentioneil objectives. Tbe folloving paragrapbs

present an overvier of this system. For more detail and a complete list of

model equations the reader is referred to another publication (Alcamo

and Posch, 1984).
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TIre moclel user Erst prescribes certain energy patiways for each

country. Tbese energy pathrays consist of energy use in each of 12

energy sectors for each country (llgure 3-1), Tbis is the most appropri-

ate disaggregatioo of European energy sectors according to tbeir impor-

tance in producing sulfur.

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

Albania
Austria
Belgium
Bulgaria

Czechoslovakia
Denmark
Frnland
France

Federal Republic of Germany
German Democratic Republic

Greece
Huagary
Irelan d

Italy
Lurembourg

lte Netberlands
NorraY
Poland

Portugal
Romania

Spain
Sreden

Sritzerland
Turkey

United Kingdom
Union of Soviet Socialist Republics

Yugoslavia

lbere are currently 2? countries contained in the ttata base {Table

8-8). Alao there are two types of sulfurproducing tuel, coal and oil. Non-
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sulfur produeing fuels are included for accounting purposes und.er the

categories ot Notttral Cas antl Oth.er, Tb'e data base for 196G.1990 was

taken lrom a variety of references, F'or 1980 to 2030, official ECB figures

from ECE (1983) nere adapted- ECE (1983) presents two scenarios:

. Tbends corXinued,

. Corrs�erudtipn.

lbe ?hareds Contirllgd, case covers from 1980 to either 1990 or 2000

ilepending on the country eonsidered- Most European countries have

their own trends cotttizw,ed daLa- T.be Cottsettta,fipn case is atr energy

rcenario to the year ?000, aggregated into three European regions: (l)

festern Europe, (2) Eastern Europe anct (3) tbe USSR

It ras nccessa4r to aodify tbe ECB scenarios BiDce they continue

only to the year 2000 while model calculations extend to tbe year A090.

This ras aceomplisbed by assuming tbat energy use dn ecch secfor either

(1) levels off, or (e) continues its trentls atter the year 2000, As a result,

tbe model user bas a choice of fort eaa?W porthrlogs for each country.

Tbey are:

Trends continued, Iinear erkapolation;

Trcnds continued, leveling of!

Conservation, Iinear extrapolation

Conservation. leveling off,

2.

3.

4,
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$lfur Elnissians

Sulfur emissions are computed by multiplying fuel use in each sec-

tor (in petajoules) by tbe estimated sulfur content of the fuel t"Lcing into

account the heat value of fuel and the amount of sulfur retained in tbe

ash.

In any energy sector, k, the sulfur emissions ($.) """ related to

enerSy use (E1) by an equation of the form

t . = E l ' s f ' p } ' ( l - r k ) (B-1)

vhere pk is the fraction of sulfur removed by pollution control actions.

Tbe value of pt is set to 1.0 rhen there is no pollutioD control. The vari-

.ble r is the sulfur r€tained by a particular energy sector and not emit-

ted to the atmosphere. ltis would account for tbe sulfur retainett in tbe

asb of porer plants, fo. erample.

Tithin this equation, tbe sulfur content of fuel (sc) is given energy

units. This is relatetl to sulfur eontent of tbe fuel in weight uoits, s1 anit

its beat value. h.

For oil this is simply

s!(oil) (3-2)

energy units accounts for tro types ofThe gulfur content of coal in

coal. hard and brorn:

Ev= -
h

rc(coar)=[ '  *[ . [ '  
*J" (3-3)
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Tbere the subscripts bc and, hc refer to brorn coal and hard coal, respec-

tively, and/ denotes the fraction of either brorn or hard coal,

Substituting tbe above erpression in equaLion (g-f), vre obLain for

eacb reference year and each coal sector ft..

{(coal) = 4 
' ' 4 ' ( l - 1 1 ) (3-4)

For each oil sector tbe emission equation readls

-t
S1.(oil) = EL' h' pu' (t - ry) {3-5)

tbe total sulfur emissions for each counLry S1 consists of the sum of

tbe contributions of oil antl coal in all sectors plus tbe contribution of

non-fossil fuel sulfur sources:

q= flq(coar) + f su1oll + Si(non-fossil fuel) (s-s)
L-l

Since there are 2? countries with 12 fossil fuel sectors in each coun-

try, ve must solve equations (3+) and (3-5) 3?4 times for each reference

year.

h llubian Corrt'� o I Alt ernfi La e s

The model user can nor adjust these sulfur emission estimates to

account for a pollution control program. There are currently four alter-

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

[t.'[" * [t ":
f.blbc + lf.h
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(a) Flue gas control devices.

(b) Fuel cleaning

(c) Ior SuItur Power Plants

(d) lor eultur tuel

Flue Gas Control Devices

fhe modei user can specify that a certain fraction of sulfur will be

removed from the power plant and industrial sectors in a particular

country by true gas control ilevices. The user can also specify tbat pollu-

tion control devices riII be installed on all new power plants or inrlustria.l

boilers after a particular reference year. The user need only specify:

. lbe energy sector

The removal efficiency of pollution control devices

The refere nce year

The model vill then compute the percentage of power plarts and indus-

trial boilers rhicb have been construsted alter tbe specified reference

year and a$igns the preacribed sulfur removal to this fraction. These

computations assume that power plants bave a 30 year lifetime,

b, Fuel cleaning

Removal of sulfur by fuel cleaning includes physical or ehemical clean-

ing of eoal or oil desulfurization. The model user has two options for

aceomplishing fuel cleaning:
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(1) Specify the fraction of sulfur r€moved in each sector by fuel

cleaning or,

(2) Specrfy that a certain sulfu! content objective sill be accom-

plished, For example, a user may inilicate that all coal in the

domestic sector wiII be cleaneil down to a 1% sulfur content.

Lo* SuIfur Power Plants

As a metbod for controlling sulfur emissions, the user may specify that a

certain fraction of power plants are Iorr sulfur power plants. power

plants rith fluidized bed combustion cb.ambers are one example of lor

sulfur producing plants. The user may also specify that all new power

ptants after a reference year rill be Ior su[ur producing porer plants.

In thia case, the model automatically computes the fraction of porer

PIaDts alter the specified rclerence year rhich are lor sulfur plants.

d- lor Sultur Fuel

The rernaining option concerns the use of Ior sulfur coal as a pollutioD

oontrol alteraaUve. The user has tvo options for this etrategy:

1, Herlshe can specify that a certain percentage of the coal in a

partieular sector will be lor sulfur coal. ln this case the sulfur

content of this coal must also be specifieil.

Z. lbe uger may also specify that a certain fraction of the total

coal in a country rill be lor sulfur and then list tbe priority of

gectors to rhich this coal will be allotted to. For erample. a

moilel user rnay specily tbat one quarter of the coal in country
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A iD reference years 2000, 2010. 20?0 riII be low sulfur coal

ritb a sulfur content of 0.82. The moilel vill then allocate the

specified amount of low sulfur coal to tbe sectors in the priority

calleil lor by tbe user,

SOURCES OF UNCERTAINIY IN TI{E ENERGY-EMISSIONS SUBMODEL

hverteinty due to trlod,el Snnhne refers to errors resulting from

an imperfect or inaccurate representation of reality by a model. In the

case of the Energy-Emissions submodel this source of error is not too

great because sulfur emissions are computeil in a very sllaigltforrard

fashion, based on the pri-nciple of conserving mass, This approach takes

into account all sulfur emitted in Europe other than natural emissiobs.

Neglecting natural sulfur emissions may result in uuderestimating total

sulfur emigsions in Europe by 10%.

, .furztneter u:ruertsitzti.es arise from inaccuracy of estimating model

Parameters, Ite variable 11 wbicb describes the sulfur retained in "ash"

rather than emitted by each combustion processt is not expected to vary

too mucb throughout Europe, 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 aature of tbis fuel lhe heat value of brovm coal

horever, varies by a factor of 3 or 4 tbroughout Europe, Eortunately

country-ride estimates of brorn coal beat value are available from ofti-

cial staustics.
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The parameter wbich describes tbe fraction of brorn coal to tolal

coal in a country, f6., should not radically cbange in the near future if

rre can agsume that countries rvhich possess brovm coal rill continue to

erploit it at tbeir current rales, As an exarnple, tbe bistorical stability of

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

Tbe model parameter with greaLest uncertainby 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

thia parameter.

the final category of submodel uncertainty is wtcertdi:rttg du.e to

cftantes in tlw drbittg filrl.ctiotrs oJ tlue sttbnodal. ln the case of the

Energy-Emissions submodel, tbe ilriving function is the erpeeted energy

useal in each sector in each country during the 50 year model time bor-

izon of the model. lTe make this uncertainty erplicit by giving the model

user a choice of four possible energy pathways for tbe future. Consider-

iug the high degree of uncertainty in forecasfing energy use, this may be

the best ray of dealing with tbis uncertainty in tbe acid rain model.
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f'igure 3-2. Percentage of total coal production that Tas brown coal in
USSR and Polan4 1950-1980.
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ATITOSIPTIENXC PROCESES SUBItrODEL

SUBMODEL PURPOSE

lhe Atmospheric Processes submodel serves as tbe link between sul-

fur emissions in each couDtry and their impact on tbe environment. The

following guidelines were used in iLs selection. It must:

I Compute sulfur tleposition patterns throughout Europe.

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

Be relatively simple eomputationally.

lbe folloring section reviers sorne important aspects of transport,

transforrnatioa anil deposition of air pollutants whicb are relevant to tbe

Belection of tbe Atmospberic Processes submoclel.

BACKCROUND

Once sulfur is emitted to the atmospbere, it unilergoes several com-

pler physical and cbemical processes before wet and dry deposition

return it to the ground. ffitbout removal, the concentration of sulfur

dioride in the atmosphere rould increase at the constant rate of about

7O 145 m-31year . Cornparing this ritb tbe annual US standarct for SO2

rhich is of 40 trrgS m-3, re realize the importance of dry anrl wet deposi

tion in avoiding accumulation of sulfur in the atmospbere. Unfor-

tunately, deposition of sulfur compounds is one of the major causes of

the acidification of the environment, Therefore, in order to generate

"acid rain" control scenarios re must relate spatial and temporal pat-

terns of sulfur deposilion to emission rate and d.istribution. lbis task,

a .

3.
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especially if conductecl over an area as large as Europe. presents great

conplexity and difficulty.

Ile mdority of sulfur released to the atmosphere is in tbe form of

eultur dioride; only a minimal amount is emitted direc y as sulfate. If

we neglect this fraction, the fate of anthropogenic sulfur dioxiale can be

represented by the simplified diagram of llgure 3-8,

so2

AnthropoFnic
Emi$ions

so2

Drv
Drposition

so2

Wct
Dap6ition

so;

Drv
Dapo3hion

so;

Try3t
Daposition

Ilgure $'3. Simplified cycle of atmospberic sulfur orides.

The time scales of these processes bave been discussed by Roclhe

(1978) for European conditions. The atmospheric lifetime of SO2 and S0.=

is in tbe order of 1-2 and 3-5 days respectively. Approximately 30% of SO"

is convertecl to SOa" before being deposited Deposition ancl transfortna-

tion rates depend on factors of meteorology, climate and topography.

Traosformation of sulfur dioxide to sulfate also depends on the
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concentration of oridizing compounds rhich in turn depend.s on the con-

centration aod interaction of otber pollutants. such as NO, and hydro-

carbons. Since deposition patterns of sulfur cornpounds are determined

by their rates of deposition and transformation, the selection of these

rates is one of the major challenges of modeling loag-range transport of

sulfur,t

Deposibion and transformation processes occur while sulfur ilioxide

and sulfales are transported by the wind and dispersed. by atmospheric

turbulence. The interaction of deposilion and transformation rith tran_

rport and dispersion processes is very complex. For a discussion of tbis

interaction, the reader is rcferred to Lamb (1998),

SUBUODEL STRUCI'I,TRE

Some of tbe processes rbich affect long range transmission of ai!

pollutants have been introcluced above. If a refi.ned spalial and temporal

resolution of aleposition pattenrs is required, tbese processes must be

pmperly parametrized and included in a model. This parametrization

greatLy depenils on the availability of a date base with the required level

of accuraey and resolution, both in time and space. Very ad.vanced

moalels are in development at various institutes, and tbey rill hopefully

be able to incorporate most or all of the relevant proeesses. Once tbey

become available, they rill be included in the IIASA system of models.

However, satisfactory results are achieved. for coarse spatial anil tem-

poral resolution by the simplified paramefrization developed rithin the

l3oc tc crample Eliclrca and Saitbooca (tF/t),
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OECD-LRTAP programme (see OtLar, 19?8 and Eliassen. 19?8).

The long-range model operated *ithin EMEP is of the Lagrangian

type. A fuIl discussion of this moilel is given by Eliassen and SaltboDes

(1983). Fisber (1984) and Lamb (1984) describe the context of this model

rithin current practice of lonS-ran8e modeling. Below re summarize

the basic concepts on which this mo<Iel is based, and describe how it bas

been adapted as a submodel for the IIASA acid rain model.

The EMEP model pretlicts concentrations of sulfur dioxide and sul-

fate at the center of 150 kn grid elements. Every 6 hours air trdec-

tories are computeil backrard from tbe center of eacb grid element anil

are follo*ed for 96 hours. Ttre model tben solves the mass balance equa-

tion for sulfur dioride and sulfate along eacb trajectory. The model

aasumes uniform mixing of the sulfur released from each grid element

up to the miring height, Tbe miring height is conatart and equal to 1000

trr. In practice, tro one-dimensional equations are solved along each tra-

jectory. These equations have the form:

Sourcegg2 - Sinkg62 (3-?)

(&,8)

&_=
dt

+ =sourcer*- - sin\*-

f,here C indicates concentratlon in sulfur units. For the above assump

tion the source term for SO2 is given by:

Sou""egga=7I

rbere C is the SO2 emission per unit area

(3-e)

and time, h is the miring
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beigbt and 7 accounts both for the part of SO2 rbich is directly deposited

in tbe gricl element and for the small fraction of it direcUy transforrnedl

to SOa=. TIee source term for SOi can be written as:

Source*o.=F$+tcro, (&10)

*here B is tbe fraction of the SOa directly transformed to S0o= and t is

the transformation rate SOt - gg;.

Both Sinkgqa and Sin\*. have the forrn:

Sink = 6C (s11)

rbere d is a suitable decay rate. Precipitation and dry deposition are

taken into account by modifying 6.

lbe values of SO, and SOa- concentration, computed by the above

cquations, are used to compute dry and vet deposition. EliasseD (19?B)

describes the paramet?ization whicb has been adopted to compute clepo.

sition,

Deposition and concentration values given by the model are

assumed to b an esbinto'te of the real values whieb occur at the center

bf tbe grid elements every sir hours, Because of the above simplifying

assumptions, satisfactory results can be obtained only if the values

rlmulated by t,he model are used to compute long-term averages so that

data and assumption inaccuracies are smoothed out (see Eliassen antl

Saltbones, 1982). Accordingly, in the present study rve have usecl only

annual averages, In atldition, annual sulfur deposition corresponds Lo

the needs of our forest soil pH submodel, rbicb is describeil in tbe next
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section of this paper,

lbe application of a lagrangian model requires the computation of

air trqiectories, lbe choice of a wind for the computation of the air tra-

jectory along rhicb pollutants are transported is to some extent arbi-

trar5r. However for long-term averages (monthly or longer), rnodel

results are not very sensitive to tbe choice of the advection wind

(Eliassen and Saltbones, 1983). Tbe trajectories of the EMEP model are

obtained by using tbe wind at 850 mb.

lbe EMEP long-range model is Loo demanding computationally (in

terms of data and time) to be used directly as a submod.el of the trASA

acid rain moilel. To make it usable in our analysis we have reduced it to

a "aource leceptor matrit'', schematically represenhed in Flgure ?-2 of

Chapter 2.

The rovs of the eource-receptor matrix correspond to European

countries aad the grid elements refer to the grid elements illustrated in

tr'lgure $4. The scenarios discussed in this paper are based on the

source receptor matri! of a tro-year simulation run, using 19?8-79 data.

In practice, tbe source-receptor matrix is linked to the Energy-

Emissions 3ubmodel as follors. lbe Energy-Emissions submodel com-

Putes sulfur ernissions for a particular country. Tbese sulfur emissions

are then distributed to different grids of the source-recepLor matrix in

proporuon to their current (19?8-?9) distribution. These sultur emis-

eions are then converteil by tbe source-receptor matrix to total (i.e. alry

plus wet) annual sulfur deposition in each grid square throughout

Europe. Figure 3-4 illustrates the grid used by the submodel. Tbe Atmos-



- 4 0 -

pberic Processes submodel then interpolates betreen computed sulfur

deposition values to create sulfur deposition maps shown in Frgures 4-5,

4-10 and 4-13 of Chapter 4. Ilgure 3-5 summarizes the operaLion of this

submodel.

SOURCE OF' UNCERTAINTY IN AI'}IOSPHERIC PROCESSES SUBMODEL

The uncertainty of tbe Atmospheric Processes submodel depenals to

a great extent on the uncertainty of the EMEP model upon rbich it is

based"

A maj6r source of uncertainty is due to rnodel stntctrt:re. The uncer-

tainty connected with tbe structure ancl development of a long-range

model is dircussed in detail by l,amb (1989).

Another m{or souree ol uncertainty is due to the variation of tzodzl

porztneters, Tbese parameters include:

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

sio! in the grid element

. haction of sulfur directJy emitted as sulfate J

r gulfur dioride transforrnation rate to sulfate

o sulfate decay rate

. transformation of air concentration to deposition rate

. heBbt of the miring layer

Apart from uncertainty due to model structure and model pararne-

ters, the variability of input data also ailds uncertainty to the results of

the EMEP model. This includes errors in estimating vind and pre cipita-

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

fur emissions,
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E

trl

trlgure 3-4. Grid of Europe used by atmospheric processes submodel.
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hgure 3-5. Schematic diagram of atmospheric Processes submo<lel
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FORESil SOIL PH SI'Bf,ODEL

ITODEL PURPOSE

lbe purpose of this submoilel is to convert sultur deposition esti-

mates iDto approrimations of forest soil pH. Tbe output information is

tben interpreted in terms of risk of for€st damage. Idodels rere not

found in the literature which would fulfill this purpose for the large spa-

tial rcale of tbe I1ASA study. An in-house model was therefor€ con-

structed with collaboration of Dr. Egbert Matzner from tbe University of

Gdttingen, FRG. A detailed report of the model is in press (Kauppi et al.

1984).

BACKGROUND

E:tensive forest damag e in rural areas has been observed in Central

Europe since tbe 1970's. Air pollution is generally consiilered a major

cause of tbis damage, lbo pbysiological pathrays have been identified:

(i) Direct intake of pollutants through the Ieaves rith the subsequent

decline of pbotosyntbetic productivity; and (ii) Root damage due to

uufavourable changes in the soil. SoiI acidification is associated with the

latter pathray.
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Accumulation of H+ ions leads to low pH in the soil solution; it is

thus appropriate to define acid sfress as the input of H+ ions into the top

Isyer of soil. The acid stress has tro important aspects, One is tJ:e cumu_

Iative 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. Tbe unit for the amount of stress is

kiloequivalents of aeidity per hectare (teq na-t;. ,$r.ass,s,re refers. in

principle to the rate of change of Lb,e otnotnl o/ sfress, although in prac-

tice it is given as annual input. Tbe unit for the atrass ,u,te is kiloe_

quivalents of acidity per hectare and year (keq ba-tlr-t).

soil reacts to the acid stress depending on its soil characteristics. A

certain level of acid stress may produce a substantiar decline of soil pH

in one t5rpe of soil and no change in another soil type. Such difference

result from the buffering properties of the soil. Buffering implies con-

sumption of pmtons, rhich tends to stabitize tbe soil pll. Atso, buffering

is alescribeal by two variables, one for tbe gross potential anil the other

for the raLe of tbe reaction

htlfer cqacitgis the total reservoir of tbe buffering compounds in

the soil. and has tbe same units as acid stress: kiloequivalents of acidity

per hectare (keq ha-t). htfre" ?ot. is defined as tbe rate at Thich pro_

tons r€act rith buffering compounds and can be exlrressed. in units com_

parable to those of the stress (keq Ua-lr,"-r;.

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

incorporate botb aeid stress and the buffering properties of the soil,
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SIIBUODET STRUCTURE

An overvier of tbe Forest Soil pH subrroclel is presented in Figure 3_

8. Based on input from the Energy-Emissions submodel, the Atmospherie

Procegses submodel computes annual sulfur deposition througbout

Europe with a spatiar resolution of 1b0 by 150 kilometers. Totar sulfur

deposition is converted in the soil pH subnodel to an equivalent deposi_

tion of hydrogen ions assuming that acid deposition enters soil solution

as rulpburic acid. It is assumed as a first approrimation, 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 Iarge number of chemical reactons.

These bulfering processes in soil have been systematieally describeel by

Ulrich (1981, 1983). Diserete categories, cal\ed, buJfer "''/tges. are used

to iodicate the dominant chemical reactions. Each buffer range has a

cbaracteristic soil pH (Table B-B). The name of each buffer range refers

to the dominant buffer reaction.

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

Buffer Range Typical
Carbonate buffer range
Silicate bulfer range
CaUon erchange buiTer range
lluminium buffer range

8.&8.2
8.3-5.0
5.(F4.?
1.2-3.O

Iron bufTer range <g.B
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Eigure 3.6. Forest soil pH zubmodel.

To use the model it ls 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

Altbough quantitative relaLionsb.ips of this type are only partially under-

rtood, they are a useful first approrimation for quantifying the
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auseeptibility of the soils to acidification. Data values for tbe description

of the soil variables were obtained from tbe FAO/UNESC0 SoiI Map of the

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

All information regarrling the soil was stored in a computerized

grid-based format, Each grid square covered I degree longitude and 0.5

degrees latitude. lbe size of a grid square ras fixed at 56 kn in the

gouth-north direction, but varied from 91 krn to 38 krn in the east-rest

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, thougb for the time being, the initialization haal to be

bascd partially on erpert judgement. The year 1960 ras selecteal as the

bare year.

The morlel qas built to compare on a grid basis (i) the value for the

amount of stress (cumulative value over the time period of interest) to

tbe value for the buffer capacity, and (ii) the value for the stress rate

(year-to-year basis) to the value for tbe buffer rate. With tbese comparis-

oDs tbe program calculates rhicb buffer range prevails each year, and

then converts tbis information into an approximation of tbe prevailing

toil pH in that grid square. In this way the model produces pH scenarios

for European forest soils, The results are interpreted. in relation to tbe

potential forest damage by assigning a crltinol soil pH leael, belor rhich

forest damage is assumed to occur. Some scientists have suggested that

an appropriate critical pH is 4,2, since concentrations of toxic elements

iu the soil solution greatly increase when soil is more acid than this. lbe



- 4 8 -

definition of the cdtica-l level, bonever, is left to the model user.

The model user bas tro options to display model output. One option

indicates the area below the critical pH in a rnap format (see Figures 4-?,

4-11, or 4-14 in Chapter 4, for example) and may be interpreted as the

Iocation of high risk. Ibe otber option displays tbe time development of

the area of forest soils b€Iow critical pH. This option is calculated by tak-

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

SOURCES OF UNCERTAINTY IN THE FOREST SOIL PH SIJBMODEL

Uroerteinty dtn to th,e modnl sttt:;ch.tte, Forest damage, and even

the risk of forest damage, is a multicausal phenomenon, Isolating the

soil pH from otbcr factors sucb as the pollution due to ozone or beavy

Fetals, or clinatic factors, omits a part of tbe problem. Species differ-

lncea are currently not include{ though later sucb difrerences could be

implemented into the moilel by introducing pH response functions which

are species specific.

Biomass utilization (timber removal and logging) eauses a substan-

tial flu! of ions out of the forest ecosystem. It tends to add to the acid

gtress of air pollution. Accumulation of biomass in tbe ecosystem, sucb

as tbrough peat or humus formation has a similar e$ect, Tbe model can

account for theee factors by adding them into the value of acid stress,

grid by grid. Horever, data were not available for accomplishing this

task frerefore, the results tend to overestimate the soil pH especialy in

oortbern Europe where, for climatic reasons, the accumulation of the

biomass is tbe dominant phenomenon,
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A simple step-function ras selecteal to relate the risk of forest dam-

age to tbe soil pH. Belor a critisol pH leuel of,l soils were assumed to

ethibit the full risk ryhereas above the tbreshold no risk was assumed.

this stepfunction could be replaced rith a more realistic s-shapeil func-

tion once more data become available.

All soil layers rere assumed to responil equally to the acid stress. In

reality, there is a vertieal grcdient of acidity in soil, with the bighest aei-

dity occurring in tbe top layer.

AII deposition was assumed to react with the top soil. However, part

of the stress passes this layer either by percolating deeper into tbe soil

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

tltlcedatnfu du;e to llodel fus.tnpters, A deptb of 50 cm ras selected

to determine tbe volume of the rcacting soil. Ttre values for the buffer

capaeity anil buffer rate were adjusted aceordingly, lf the layer is fixed

at 1 meter then the values rnust be cloublerl Values for the buffer capa-

city and buffer rate were initialized for tbe year 1980. A detailed sensi-

tivity analysis regarcling these initial values is bei4g conclucted.

hqti Ilncertoinly. Sulfur deposition ras used to estimate the acid

stress. This approrimation is derived empirically and the validity of the

egtirnates are dependent on ambient conditions. llorc information is

Deeded to improve tbe estimate of acid stress, including tbe fraction of

sulfur comparod to other pollutants. Other uncertainty ineludes the pos-

lible dilference in the amount of sulfur deposition into forest vs. agricul-

tural land. The model usetl to relate sulfur emissions to sulfur deoosition
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uses a single value for deposition velocity over all land surfaces, yet it

has been observed tbat forest ecosystems absorb pollutants more effec-

tively tban other land surfaces. Therefore, averaging over all land sur-

faces tends to underestimate the deposition into forests. Ibis may result

in a seconclary feedback. If forests are damageil they may e:hibit reak-

ening capability of absorbing the pollutants. Tbis rould adcl to tbe pollu-

tant concentrations of the dorn-wind areas and in this ray accelerate

the damage.

Euethtl.stian of the &urces of (,tncertainty. An assessment is being

nade to rank the sources of uncertainty so that the most important

lources of uncerLainty can be quantitatively evaluated. This evaluation

;ill erplicitly expr,ess the uncertainty of the submodel and may lead to

model improvements.

The rclative importance of the various sources depends in part on

hor the model is applied.. In general, the Ionger the time periocl in the

simulation the larger will be tbe uncertainty.

Tro other sources of uncerliinty are particularly critical in many

applications. One is that risk of forest impact is not afrected by the soil

pH alone. Another is that biomass utilization and so-called internal pro-

ton production of ecosystems are certainly of importance in determining

loil acidity. A third source, eohanced deposition velocities of forest

areas, may be of importance especially in areas near to pollution

!ources.
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C H A P T A N  F O U R

I'SNGTIIE f,ODEL

As emphasized in preceding chapters, the morlel has been designed

for easy handling by non-technical users. CbapLer 2 and Figure Z-3 pro-

vitle an overwiew of this use. Cbapter 3 describes the structure of the

lubmodels rhich make up the model so that users can understand the

assumptions behind the moclel's computations. lLe current chapter

erplains in more detail the procedure for using the modet.

In practice, each session of model use begins with the user sitting in

front of tvo computer terminals each witb its orrn screen, On one

rcreen, b.e/she sees tbe questions which the computer poses in oriler to

obtain needed input for running the model, On another screen, the user

can see tbe information provided by the E.odel. Appenai* A presents the

input of a sample interactive session. IYe now present three examples of

how tbe model is used in practice.

E)(AMPLE 1 Eramining the Consequences of a Particular Energy
Pathway

To summarize our first eiample, a moilel user first selects one of

four possible enzrgtg Ttothtaoys, Nert the model computes sulfur emis-

sions in eaeh country for several reference years between 1980 anil 2030.

The user can then examine the impact of these emissioDs on either sul-

lur deposition or forest soil pH throughout Europe.
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This is bow the session proceeds stepby-slep: Tbe user selects one

of the folloring four energg pa,thrrca6 which are defined in Cbapter 2 and

described further in Cbapter 3:

lYends Coatinued - Linear Extrapolation

Trends Continued - Leveling Off

Conservation - Linear Extrapolation

Conservation - Leveling Off

After selecting a pathway, the user may eramine the itata base of

this patbway for a single country or a group of countries. In Figure 4-1,

tre have assumed for illustration that the rrrodel user has selected

Energy Pathway No. 4. Notice these data are arranged accoriling to year

and cnergy sector. As an alternative, be/she may examine the grapbical

summary of these data sborn in trlgure 4-2.

Thile the user examines the energy data, the rnodel computes tbe

sulfur emissions in each country between 1990 and 2030 resulting from

the selected energy pathway, The user can nov eramine a detailed tabu-

Iation of sulfur emissione for an individual country or totaled for Europe.

Figure zt-3 notes that these data are arranged in tbe same *ay as the

energy data. The user also may see the graphical summary of these data

presenteil in t'igure 4-4.

lilor tbe uger muet select either sulfur ileposition or forest soil pH as

an llrrpEct btdiza,tor (defined in Chapter 2) for evaluating the irnpact of

the selected energy pathway, Note, however. that the user may eramine

both indicators. If sulfur cleposition is selected, the user must tben

Bpeeily - (1) a country or group of countriesi (2) one or more isolines,

L,

2.

3.

4.
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i.e., Iines of equal value of sulfur deposition; and (B) a year. As an exarn-

ple, the user obtains the results in Figure 4-5 by specifying

the contribution of all European countries to sulfur deposition

the 0.5 and 2.0 g.m4.yr-r isolines of total annual sulfur deposi-

Hon

(3) the year 2010

Thcse r€sults pertain to energy pathray No. 4 originally selected by

the uger.

An additional option of the model permits the user to evaluate tbe

sources of sulfur deposition at any point in Europe for any year desired.

Let us assume tbat a model user risbes to krow the source of sulfur

deposifion at a location in central Hungary for tbe year 2010. The user

rtust iDput - (f) tUe latitude and longitude of the receptor location, and

(Z) tne year. Tbe model responds rith a breakdovn of contributing coun-.

tries illustrdted in llgure 4-6.

Ue no* proceed rith the final impact indicator - forest soil pH. To

eramine forest soil pH as an impact indicator, the user must specily -

(1) a critical pH level, and (Z) a year. The curcept of crdficct pfl is dis-

eu$ed in Chapter 3. For illustration, re assume tbe user has specified a

critical pH of 4.2 and tJre year ?010. The computer responcls rith Figure

4-? rhich depicts the area computedl to have a forest soil pH less than

4.2 in the year 2010 tlue to energy patbray No, 4.

(1 )

(?)
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Energy data (ar) ec E u R o p E

I  tda l

I
I---t------

L96gl 7523A.
197S I  L33988 ,
19  741  156714  .
rgaslLaL727,
1985 |  l99S7l .
L99Sl U49A6.
mas l2L6A35  .
?gLgl2L6A36.
a2s l2L6A36  .
2g3sl2L6A36.

coa I

PRI M. conv. PPqrv PPLoli' I D@. I------t-----l Ind.

38 321 .
&59 I .
&693 .
4277 4 .
45ggo .
46 588 .
f i 9 9 6 .
&996 .
&996 .
&996 .

7 9 3 r .
7 9 A .
7 4 6 2 .
7 1 1 3 .
asa6 .
8858 .
9 7 U .
9 7 n .
9 7 U .
9 7 U .

r.258 5 .
r5879 .
L7573.
2s594.
223aL .

aa77 .
u 4 7 7 .
u 4 7 7 .
? 9 4 7 7 .

es7 7 .
7444 .
6748 .
6362.
3628 .
2677 .
1535 .
L5 3g .
L53S .
1 5 3 S .

972A.
9348 .
9329 .
aTsL .

L99A6.
L2432.
8868 .
8858 .
8868 .
8868 .

s . l
s . l
s . l
s . l
s . l
s . l
s . l
s . l
o . l
s . l

Encrg:f abta (I,,t) f6E E U R O p E

oi l
,l sas

PRI M. cqtv. PPclv PPJ.ow DcE. Indl.

3AS6 .
)9625 .
12L97 .
rl8 25 .
tga84.

9439 .
7 9 3 8 .
7 9 3 8 ,
7 9 3 8 .
7 9 3 8 .

Tran. Fc€al. I-----t
974 ,1  2566 .

3423.1 L2255.
4586 . | 18669 .
&aa. |  26SAS .

I other I
t - - - - - - l
t l
l=------lL96g

t97S
L97 4
L98S
19 85
L99g
8SS
n a
m2g
8 3 5

2619 L .
766AI.
9226a.

t94439 .
t95347.
u 2 9 L 6 .
u g 5 L 3 .
ug5 l3 .
)gs5 \3 .
ws5 l3 .

1458 t .
42535 .
5966A.
5622L.
57472.
58753 .
58A7 2 .
*a72 .
5AA72.
5a872.

ass .
3 7 1 8 .
4994.
9558 .
9Lg7 .
7L67 .
3835 .
3 8 3 5 .
3835 .
3 8 3 5 .

2299 .
4s24.
8 9 7 3 .
4422.
6542 .
5479 .
3 3 3 5 .
? ? 2 R

J J J ) .
? ? 2 R

3 5 8 1 .
8 8 3 5 .

uass.
L3493.
15877 .
1 7 1 3 3 .
n 9 5 5 .
24955.
u 9 5 5 .
m 9 5 5 .

5965.
5345 .
5377 .
) J T  I .

557 7 .
557 7 .

3 2 7 & .
J 1 L 5 ) .

3 5 8 6 6 .
35866 .
3 5 A 6 6 .
3 5 8 6 6 .

3 1 4 3 .
4 5 t 9 .
5 r 7 4 .
8434 .

1 5 9 8 3 .
23347 .
3 9 4 6 1 ,
39116I .
3 9 4 6 1 .
39 46Ii.

s .
g .
s .
s .
g .
g .
g .
g .
o .
g .

Figure 4-1, Energy data base for eranple I .
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ToLal  Bul fur  eni t ted (k t )  in  E U R O p E

I
---- l

I---l
L96sl
L97g
L97 4
L98�g
1985
L99S
8SS
8Lg
u2s
a3s

to ta l  I coal

PRT M. conv. PPGrv

18 515 .
27 6gA .
39222.
34889 .
34469.
32644.
27 L7A.
27 L7A .
27 17A .
27 I7a .

I4792.
1 6 4 3 6 .
167 33 .
1 7 8 5 9 ,
1 8 3 7 1 .
LA57 S .
1 5 9 9 9 .
1 5 9 9 9 .
r59 99 .
1 5 9 9 9 .

4 7 7 .
939 .
882 .
4 7 6 .
942 .

L g 3 5 ,
w 9 2 .
L 9 9 2 .
w 9 2 .
L 9 9 2 .

6225 .
7 8 8 4 .
4443 .
9997 .

t5624 .
ts32l  .
LS L2A .
wr2a.
LS L2A .
v L 2 A .

31LS.l  428L.
3388 .  I  423 3..
3L96 . | 42L2 .
w35 . | 395s .
L7S7 . l  599a .
1 2 5 2 . 1  5 9 6 3 .

7L3 . | 4567 .
7L3 .  |  &67 .
7 L 3 , 1  M 6 7 .
7 L 3 , 1  M 6 7 .

Total sul,fur etqitted (kt) in E u R o p E

o i I

PBI M. edtv. PPGlv I Pp IoLr D6. Iad. Ttan. Feeal.
--- l
L960 |
L97g
L97 4
1986
19 85
t99g
nos
aLg
n2g
m3s

3 7 2 3 .
LLLT 2.
1 3 4 8 9 .
L7 S3L .
1 6 s 9 8 .
t4s7 4 .
1 1 1 7 8 .
1 1 1 7 8 .
1 r r 7 8 .
u 1 7 8 .

937 .
2539.
3 1 9 5 .
3 5 5 6 .
3664.
3657 .
3624.
3624.
3624 .
3524 .

5 8 3 .
L9gg .
2213 .

L 7 5 9 .
L4A4 .

929 .
929 ,
929 .
929 .

1 5 9 5 .
4424 .
5S4A .
1 |€79.
4 7 9 5 .
4,25.
3541 .
3541 .
3541 .
3541 .

Lgg .
244 .
299 .
3 7 4 .
442.
485.
5 8 5 .
5 8 5 .
5 8 5 .
5 8 5 .

8 9 .
118 .
L25 .
1 4 5 .
156 ,
L67 .
L o / .

L67 .
L67 .

-----t-----
4a9.

1966 .
27A5 .
5724 .
5388 .
4262 .
2332 .
2332 .

2332.

Figure 4-3. Computed sulfur emissions lor e:ample 1 .
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Ilgure +5. Total 3ulfur deposition in the year 2010 compuLed in eram-
ple 1. lbe isolines of 0.5 and 2.O8 .m{.yr-r are sbown.
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( Iongi tude,Iat i tude [degrees])  :  2A 47

to  t c ' t a l  gu l fu r  depG i t i ca  a t  (29 .O ,47  .O)  s

C cunt ry

Hungary
Yugos lavia
C zech 06 lov.
Rdnania
Polanil
ce rEn  D .R .
Ita ly
BACKGROUND
F.R.  Germany

Dep oe iti cn sum *

2 . 5 9 5
9 . 5 6 A
9 . 5 L 6
9 . 4 2 5
s .249
9.295
g . L 7  4
s . r5 t
g . L g t

4 9 . 3 5
rg  .79

9 . A 2
a . a 7
5 . 4 9
3 . 9 1
3 . 3 r
2 . 8 7
L . 9 2

49 .35
69.L5
6 9 . 9 7
78.54
8 3 . 5 3
e 7 , 4 5
9 5 . 7 5
9 3 . 6 2
9 5 . 5 4

Computed sources
the year 2010.

Figure 4-6. of sulfur deposition in mid-Hungary in
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ENERGY PRTHLJRY 4

8 / -RPR-  14 ,  17 '19

Figur€ +?. Area ol forest soit Titb pH < 4.2, computed in erample 1.
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Comparing tbe Consequences of Trvo
Difrerent Energy Pathways

In tbis exarnple, *e introduce the procedure for comparing two dif-

terenl er*rgg pz.tfutays,In brief, the user begins by selecting tro, rather

tban a aingle, energy patbrays, Herlshe can then compare - (1) the

energy al,ata base; (2) sulfur emissions; (3) sulfur deposition; (4) lorest

soil pH.

In this erample, we assume that the model user has selected the

bighest and lowest energy pathnays, numbers 1 and 4, The user can

tbcn erahine detailed tabulations of these data bases in the same for-

mat ag T.rample 1, The user can also inspect a grapbical comparison of

the two energy patbrays for any country of group of countries as noted

in trlgure .[-8.

At a nert step, the user can look at a detailed tabulation of sulfur

emisEions as in bwnple J, Alternatively, the model can procluce the

graphical comparison shorn in Figure 4-9.

The user now selects an impact indicator as in the first erample. To

obtain a map of Bulfur deposition, he./she once again specifies country

(or group of couotries), a sulfur deposition isoline, anct year. The model

th€! proviales a. map of sulfur cleposition rhich compares the tro energy

pathrays (Eigure 4-10).

The moilel user follors tbe same proeedure for eramining forest soil

pH as ln Erample 1. Onee the user provides the neederl information , tbe

model presents a map comparing areas with forest soil pH less than 4.2

for tbe tro energy pathrays (Figure 4-11).
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Egure t8. Comparison o! energy use iD example A.
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Sgure 4-11. Compagison of computed forest soil pH in erample 2.
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Eramining tbe Consequences of a Pollution Control
Policy

lYe no* illustrate how the model is used. to evaluate different poli_

cies for controlling acicl rain in Europe. In tbis example tbe user speci-

fies a pollution control strategy and compares it rith a case of 'no

action'.

First re asaume that for economic or otber reasons, all nations of

Europe follow energy pathway No. 4. Now we wish to compare two

gcenarios. One scenario calls for major pollution control activities and

the otber no pollution control*.

The pollution control scenario inclurles:

(1) SOZ removal of sulfur in the ilomestic coal sector ttrrough co"l.

clcaning and 602 removal of sulfur in Ure domestie oil sector by

oil deeulfurization..

(?) Phasing in of flue gas control d.evices in the power plant cnat

indurtry sectors for coal and oil. lTe pbase in these devices as

follors:

Year Fraction of
gulfur removed.r

1990

uo00

u010

20zo

2030

rBccall tbat a .cir?{'b, qr dcfiaed ir Chapter Z of tbj! pape! ir a clas.is,3nt 5c! oJ er:,f,r'/:g
tcgrujqy, rrr{fu" anr*rsbrus, {'alfur dopos'uior qd cz'f,timwt'altrUt tnnc[Jt.

lg:-,a:a1�:: q.J,18 "t all pove: pl,ants and ildusrrial boilcrs i! tggo,iI have flue gas
smrnot dcvlcB vhich b.vc ar 802 sulfut- r€-moval ctficiercy (0,5:0.0 = 0,4). lhece deviies
:?ll F -.tptr_* , *I-91 + -rt"'O lrd ioiters ia tlc yeai iooO (d.rc r 0.6 = 0.61 "oj "npartr atter Lhc yec ZOIO (1.0 r 0.8 = 0.8).

0.4

0.6

0.8

0.8

0.8
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The complete procedure for tleveloping this scenario interactively

vith the computer is presented in Appendix A. Frgures 4-12, 4-13 and

4-14 summarize the differences between the tro scenarios for the

year 2010.
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Ffgure +12. Comparison of computed sulfur emissions in example 3.
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trlgure 4-!4. Compar:ison of com.puted forest soil pH in example S.
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C E A P T E R  F I V E

OilCOING PBOIECT DBYEU)PXENT

Ihe work presented in this paper represenls the initial sLeps in a much

more extensive analysis of acid rain in Europe. This wiU include focusing

on pollutants other than sulfur, for example NOr, and possibly photoxi-

dants, heavy metals and others. In the future re rill also examine direcf

torest ir.npo;ctt in atldition to forest soil acidification. One of our next

major steps rill be to evaluate the impact of acid deposition on surface

vaters, especially lakes. Other possible impact areas to be incorporated

in tbe model include materials' damage and acidification of grounclwater.

llore specifically. our upcoming activities include:

(1) Teeting and improvement of the three submod.els presentecl in

this paper,

(2) Evaluation of uncertainty of the eristing moilel

(3) Improvement of tbe interactive input and graphical oubput of

the moilel

(4) Addition of new submoclels including (a) surface rater impact;

(b) direct forest irnpac! and perbaps (e) agriculture, (d)

materials, and (e) grounilwater.

. Db.ct,orr.t itn',qcl rctcr! to tI. cffect ot high allbiclt air pollutlBt cotccttratioos on
photctrtlcEir ia a fqelt.
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New submodels will also be included td account for N0, emissions

and deposition.

lle rill explore other ways to use tbe model other than through

sceDario analysis. This may include an exlension of the model to allow

model users to investigate the optimum policy for a particular cost or

environmenlal objective. The model wilt also be used to assist in an

analysis of costs and benefits of control strategies for acid. rain in

Europe.

We rill of course, continue to introduce the model to decision mak-

er8 aid scientists for tbeir comments anil to encourage their use of the

mod.el. The first review meeting of this t1pe, held in November 1993,

yielded valuable somments from tbe parHcipants which have been incor-

porated iDto our plans for further model development.
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A P P E N D I X  A

A SATPI.B INTERAETWE SGSSION

The following appendix presents a typical computer session in rhich

a model user provides data need.ed to create a scenario. During this par-

ticular gession tbe user creates tbe pollution control scenario described

in Erample 3 of Chapter 4,

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

puter are indicated by a box: I



P L E A S E

Due to the provie icna I
pLeasc j.nterpret Dde I

- 7 1 -

N O T E ;

natur€ of t$18 rpab l,
ou tpu tF cau ti d.r a Iy ,

Bit RETUnN to continue:

The f oUor,rlng aoenari a are in the drta base:

I ... ECE-Trends contlnuedl, linear ertrapolaticn
-2 .. . ECE-Trends c.,nt i.nu edf , bveling-;ii--
3 ... EcE-canaervaticr , linear .*t"jp"i"ti_4 . . .  ECE-Ccoaervat ict ,  fevef ing oi l

Ici.r cLn tr*!

t ... Iook at sre d ttres e EeoarlG
b ... cseate a new genario {starting froal an olat qre)

of the f oUohring aeLicrra 3

;ff!nT3g,l";;ff quit):Fl

IDPUt latE of new aenario (nax.Sg char'e ):

I

2

3

4

Ycr:r choL ce:

gulfur rercrral by fuel cleaning

aulfur relb\ral by poUuticrr control (dlevicee,

introductiqr of Iw sulfur porer p].anta

uae of low gulfur fuel



In nhldr couDt ry (-ies ) dlo

I  . .  .  A lbania
2 . .  .  Austr ia
3  . . .  B e 1 9 1 u n
4 . .  .  Bulgar ia
5 . . .  C z c d r 6 l o v .
6 . .  .  Denerk
7 , .  .  F in landl
I  . .  .  France
9  . . .  F . R .  c c r D . n y

- ? 5 -

want to apply ttr iB policy?!

. . .  G e r n n  D . R .  1 9  . . .

. . .  G r e e c e  2 S  . . .

. . .  H u n g a r y  2 L  . . .

.  .  .  I r land 22 . .  .

. .  .  I t a l y  2 3  . .  -

. . .  L u x e E b o u r E  2 4  . . .

. . .  N e t b e r l a n d s  2 5  . . .

. .  .  N c w a y  2 6  . .  .

. . ,  P o l a n d  2 7  . . .

yqr

Lg
t l

L2
1 3
14
15
l5
L 7
t8

countri es with Drket econ om)' (2,3 ,6-9,f 1 ,I3-L7 ,Lg ,ZL-2S|
count ri e6 witb entt'ally planne d e con odrjr (L,4 ,5 ,LS ,L2 ,LA ,29 ,26 ,27 )
nord i  c  countr iea (6;7;L7:22)
E U R O P E

2 A  . . .
2 9  . . .
3 S  : . :
3 1  . .  .

Ycur choie!

l l l|en sho.rld ycur poliqf becoc q)eraticrral?:

l98S -  1985 -  r99S -  UOg _ 2gLs _ 4 '8 _ Uf i

Input care of ttte aborr€ starting y*"-, [Ef]

fhere rre two optj,cr6 fcr a ,pollutiat control (dtevice)' polj.cy:

I ... po:,Iuticn control devioes ql aLI NEW plantg after 1996
in iDdustry and/or po.rer plant sectc

2 .. . uaer pres(rj.beat rercval efficienqy in reference years

J

4
!

6

yc.rr ct od.e, lJfE-l
InPut  new 'a lpha '  (0<-atpha<-1) :

tq tggstrt-/-l
fw  ua6 z l  o  .61
f u  A L O : l  O  . a l
t q  n u z l s . e l
f o r  m 3 s . l s . a l

cctt v.
PPcnv
PPld
D e .
I nd!.

aU COAL sectcs

Yanr opticn:fTl

- Fcr whi dt of the f ollding COAL secLcs dlo yor rrant to ctrange ,alpha,?:

Pctuga I
R@ania
Spal'n
Sweden
Switzerland
Turkey
United King.
U b D I (

Yugos la\ria
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aector€iFc whi dr of ttre foUouing OII,

2  . . .  c c r t v .
3  . . .  p p c r v
4  . . .  p p l o w
5  . . .  D q n .
5  . . ,  I n d .
7  . . .  T r a n .
I  . . .  F . e d ,

do yan rrant to ctrange ralpha '?:

9 . .  .  a l l  OIL aeetca3

Ycur choie: !ftJ
I n P u t  D e w  ' a 1 p h a ,  ( O < = a l p h a < = I ) :

fc  1999:
f s  S O O z
t 6  n W .
tor  8U.
tw 839 z

l s . 4 l
l s . 6 l
I  s . 8 l
l s . 8 l
l e . B l

Po.ycr l .want to apply another pol ic l ,? ty lnl :  lTlA 'pon cy ' cqraiat's in applying qre (or rcre-]l- of ttre f ollowing acticrrs :

I

z  . . .

Ycur chole s

sulfur rercnal by fuel cleanj-ng

sulfur rerc\ral by polluticn control (devicee )

i.nt rodu cC i ctr of Low sulfur p crrer ptants

use of Iow aulfur fueL

. .  .  G e r D . n  D . R ,

. .  .  Gteece

. . .  E u n g a r y

. .  .  I  re  Land

. . .  I  t a l y

.. . Luxenbourg

. . .  Nether landB

. . .  N  c w a y

. .  .  Poland

In uhi ih count ry (-ies ) dto yqr elnt to apply ttr is poliql?:

1  . . .  A l b a n i a
2 . . .  Austr i .a
3 . .  .  Belg iuur
4 . .  .  Bulgar ia
5 . . ,  C z e d l c L o v .
5  . . ,  D c n E r k
7  . . ,  F l n l a n d
8  . . .  F r a n c e
9  . .  .  F . R .  c € r E n y

l 9
2S
2 L
22
1 J

24
25
25
27

LS
1 1
L2
l 3
l 4
l f

16
1 ?

L 8

. .  .  Portugal

. .  .  Rdania

. . .  S p a i n

. . . Slreden

. . ,  Sv i tzer land

. . .  T u r k e y

. . .  U n i t e d  K i n g .

. .  .  u ssR

. . .  Yugos lav ia

28 . .  .  count  r i  ea y i th  D,rket  eccnr  qry (2,3 ,6-9, l l ,13_17 , lg  ,2L_25)29 .. . countriea with enrralry pta-nned-econdry ii,+ ,s itlg',il ,ta',zg ,26 ,27,39 ..  .  nordLc countr i  es (6,7 ,t1 ,22,,
3 I  . . .  E  U  N  O  P  E

Ycu r ctr oi e : li I-l



When sherld

L9AS -

Input qle of

F@ uhi ih of

J

4
t

6

f c

f€
fc
fcE

L99E t  16 .3
4 O 6 : 1 O . 3
2 0 L 9  t l O . 3
u % t l s 3 \ 3 / . 3

l 7 -

yorr poli ey be corc cperatlcnal?r

1985 - r99S - ngg - u\g - 2s2s _ 2S3S

ttre abovc starting y"arr, lE6-l

the follorring COAL seeLcr3 dto yqr want to drange 'clean ' ? :

PPcrv
PP lort
Dcm.
I n d .

aU COAL aectca

Yqrr choie: fil
Input nes 'c iEan'  (  O<-clean <=I)  :

8 3 A :  l A  . 3

Fc whicilr the folldring oIL aectc3 dlo yqr want to c h a n g e ' c l e a n ' ? :

PPqlv
PP lorr'
De.
I  nd.
Tran.

. .  .  F € e d .

. . ,  a l l  OIL sectcra

of

I

4
t

6
7

I

9

Yanr choie: l3T7]
InPut D€w 'clii-n ' ' ( O<-clean<-l) :

fc uso:ft-ol
t e  m o o z l o . s l
f c  N A t l s . 6 l
f q  z u  ' l s . 6 l
f . 6  m 3 s  4  s . 5 l



Do y ql want to apply andtrer policy? ty,fn]: [f

Po ycr, r'ut to look at this aenario? [y/n]: |!|Ycu can diaplay the following aata ap";i;;;r€j,

Gn::Sy per fuel per prooers
:urtuT content try wai ght
lrrctlcn brdn coal of tc,tal coal
eleaning effici enctr
sulfur rerpval ef f iciency
tctal sulfur erdtted

for the follorring countn eB r

I  . . .

3  . . .
4  . . .
,  . . .
6  . . ,

8  . . .
o

2 A  . . .
2 9  . . .
3 A  . . .
3 1  . . .

countri es vith D.rkct ccon omlf (2 ,3 ,6_9,11 ,13_ tZ ,L9 ,2L-2Stc€untriea with entral]-y planned ecqrof, il ,+ ,S-,ry',ii,ia',ZS ,ZO ,ZZlnordic couEtr iea (G,7 ,L1 ,22)
E U R O P E

- 7 8 -

t
lr

c
dt
e
I

Yorr opticn:pl

A lbani- a
Auatri a
Bel,giun
Bulgaria
CsedtGlov.
DenErk
Finlandl
F ran ce
F.R.  ceruny

. . .  G e r n a n  D , R .

. . .  G r e e c e

. . .  H u n g a r y

.. . I !e landl

. . .  I t a l y

. . .  LuxeDlcourg

.. . Nether.Lands
, . .  N  q w a y
. .  .  P o land

. . .  P o r t u g E  l

. .  .  R@ani  a

. . .  S p a i n
, . . Srreden
. . .  Swi tzer land
.. . Turkey
. . .  Unj . ted King.
. .  .  ussR
. .  .  Yu9o6lav la

l9

z t
24
25
26
27

LS
1 1

1 3
l4
J-f

Lo

L 7
t8

Yorr choie: fft-l
Fractiar of gTffur reD\red by polluticn coEttrol in creece

coa I o i l
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