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Abstract: The RAINS mode is used to calculate cost minimising abatement policies subject to
Europeantwide spatial restrictions on pollution. The principlefor choosing environmental targetsfor the
1994 Oslo Protocol was closing a gap between benchmark- and critical loads for each grid with a
uniform percentage. During the negotiations for the 1999 Gothenburg Protocol accumulated eco
systems exceedances was adapted as basisfor gap closure, and overshooting of the constraints allowved
asan option, provided compensation could be found within the same country. A theoretical discussion
of this compensation mechanism is provided. A simulation study, using the full RAINS model, of the
impact of different levels of targets for troublesome Norwegian grids is presented, and results in the
form of changesin accumulated acidity excesses and costs for the participating countries are reported.
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1. Introduction

Concerns about acidification of the environment caused by ar pollutants crossing international

borders grew in Europe in the late 60s, and was an important topic at the first United Nations
conference on the human environment that took placein Stockholmin 1972. Empirical work ona
European atmospheric transportation mode started as an OECD project in the same year. The
programme was later taken over by the UN Economic Commission for Europe (UN/ECE) in
1979 under the Convention on Long - Range Transboundary Air Pollution (LRTAP) to reduceair
pollution in Europe. Internationa cooperation from the early 70s to solve trans-boundary ar
pollution problemsin Europe led to the development of the Regiond Acidification INformation
and Smulation modd, or RAINS for short, at the Internationd Indtitute for Applied Systems
Andyss(IIASA), Laxenburg, Audtria(see Alcamo et a., 1990 for thefirst general presentation).

The RAINS mode basicaly integrates an atmospheric transportation mode, the EMEP modd,
(see Eliassen and Saltbones (1983) for the start and Tarrason et . (1998) for an update) linking
the emissions from countries as sourcesof pollution to the deposition of pollutants at receptors,
with purification cogt functions for the emission sources at a country level. The EMEP model
digtinguishes the spatid pattern of deposition over Europe using as receptors agrid mashwitha
150x150 km resolution. Themodel can be used for scenario analyses and to derive cost- effective
European wide reductions of emissons. In this laiter “optimisation mode’, environmental
objectivesarelinked to acid deposition by formulating standardsin terms of depositionsfor each
grid-cdl. The present RAINS modd dedls with emissions of sulphur, nitrogen, anmonia and
volatile organic substances aswell asmoddling the formation of ground level ozone (see Amann et
a., 1998Db), and can be used to address, in addition to acidification problems created by sulphur
and nitrogen, a o problemswith eutrophi cation and ground level ozone. Thelatest development is
to cover fine particles so related hedlth problems might be studied (cf. www.iiasa.ac.at).

An innovative feature of the RAINS optimisation verson used for the Odo Protocol was the
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introduction of Critical Loads as environmental standards. Critical loads reflect, for a given
ecosystem, the maximum amount of aciddeposition at which no sgnificant environmenta damege
is expected in the long run according to present knowledge, i.e. ecosystems should function
normally asto reproduction and biomassstability (seeNilsson, 1986). The background anayses
for the 1994 Od o Second Sulphur Protocol soon revealed that it was not feasible to use critical
loads as grict environmental standards. More relaxed targets for deposition loads of receptors
hed to beformulated. The principlesfor formulating such target |oads became crucid astofairness
in a multinationd satting of consensus decisions (see Tuingra et al. (1999) for arecord of the
discusson). Fndly, the principle of cosing the gap between the criticd loads and some
benchmark deposition levels with a uniform percentage was chosen; the gap closureprinciple,
which ams for an equd relativereduction of excess deposition for dl grid-cdls?

But aso when wsng the gap closure approach, it was quickly recognized that optimised cos-

effective solutions might depend on the congraints of very few, inthe extreme case on only one,
grid-cdll. Inview of the uncertainty attached to the critical 1oad levelsinvolved in the environmenta

condraints, in order to am for more robust optimisation results when negotiating he 1999

“Gothenburg Protocol to Abate Acidification, Eutrophication and Ground-level Ozone’, thebesic
optimisation problemwas reformul ated by introducing acompensation mechanism (introduced
in the Fourth Interim Report to the European Commission, DG-XI, February 1998, and

developed further in thefifth and sSixthinterim reports, sse Amannet ., 1998a,b). Over-shooting
of grid targetswas alowed provided compensation could be found withinthe same country. Such
a compensationmechanism softened the spdid inflexibility of the environmenta objectives for
receptors that was essentidly driving the basic mode solutior?.

However, even with this compensation mechanism two grid - cells in Southern Norway made a
solution with otherwise preferred targets infeasible when 1HASA was preparing background

2 The Norwegian meteorol ogist Anton Eliassen introduced the idea.
3 A feasible solution with a very dominating constraint (for Germany) triggered the development of the
compensation mechanism (personal communication fromMarkus Amann).
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documentation for the 22nd session of the Task Force on Integrated Assessment Modellingin
1998. Initidly thesetroublesometargets were neglected. The Norwegian Ministry of Environment
requested some dternative smulations so that more reasonable targets for Norway could be
established. The purpose of this paper isto provide atheoretica discussion aswell asto report on
the smulation runs on how the compensation mechanism worked in the case of the Norwegian
grids. In the theoretica Section 2 wewill use a pedagogical version of the RAINS mode), as
presented in Farsund (1999b), focussing just on a single pollutant (e.g. SO,). However, we
believe tha the basic principles will be exposed within such a amplified framework.
Generdisations can be done more or less sraightforwardly. The different gap closure principles
used is reviewed, and average accumulated exceedances introduced in the basic model. The
compensation mechanismisintroduced in Section 3. A theoreticd discusson of thismechanismis
provided, including showing how conditions for optimality change using the mechanism. The
amulation runs usng the full RAINS modd, of the impact of different levels of targets for
Norwegian grids is presented in Section 4 and results in the form of changes in accumulated

acidity excesses and costs for the participating countries are reported. Section 5 concludes.

2. The Basic RAINS M odel

The optimisation approach of the RAINS mode used for background analyses during the
negotiation process of the Odo Protocol reflects the overdl environmenta policy objectives by
specifying condraints on the maximum deposition. A cost- effective cooperative solution is then
obtained by finding a spatid pattern of emissions that minimise total emission control costs over
countries as sources, measured in acommon currency (Euro) for the countriesinvolved, that meet
the specified constraints on deposition The mode version that is used for the Ssmulation studies
encompasses emissions of sulphur, nitrogen, anmonia, and volatile organic compounds, and
addresses the environmenta problems of acidity, eutrophication and ground- level ozonein eech
grid-cell. In order to bring out the essence of the change from *“hard” environmental constraintsto
“soft” ones by introducing the compensation mechanismwewill smplify the large-scae computer
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modd by using one pollutant only#, and specify a smooth purification cost function. The model
dructureisshown by theforma optimisation problem corresponding to thetype of modd used for

the background scenarios for the Odo Protocol:

Min o & ci(eP-ei.el)

i=1
subject to
N (L) Eg£e0 i = 1,...N )
N .
4 ajeitbjEdj,j=1..R
i=1

where ¢(.) isthe control, or purificatior?, cost function for country i (i=1,..,N), e°isthe
reference emission from country i, g the emission, a; the atmospheric unit transportation

coefficient from country (source) i to receptor j (j=1,..,R) (i.e., the EMEP grid-cdls with a
150x150 kmresolution in the RAINS mode!), b; the background deposition and the variables d*

reflect the environmental objectives specified as deposition targets. The modd is Setic, but the
reference emissions are for afuture year and based on projections for use of different types of

energy, agricultura activity, trangportation, and some industrid process-indudtry activities. The
best practice purification technology of today isassumed dso to hold for thefuture year. Thusthe
RAINS modd is used for exploring cost efficient alocations of emission reductions for a future
year (e.g. 2010).

The reference emission, €°, is shown explicitly in the cogt function to enable an andysis of the
impacts of changing these references. The formulation is aso suitable for representing the actua
piecewise linear cost function in the RAINS mode (see e.g. Farsund, 1999b). The reference

emissonsareaso present in the congtraints on emissions, thusbeing crucid for the occurrence of

4 The reader may note that the joint interaction of sulphur and nitrogen in the creation of acidity is not
represented, neither the non-linear ozone formation process.

5 Purification costs are used instead of the expression control costs or abatement cost to remind the reader
that abatement in the form of reducing the production of goods generating emissions, or structurd changesas
changesin fuel mix, e.g. substitution of natural gasfor coal, are not considered in the RAINS model.
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infeasible solutions. We will return to this below discussing the solution to problem ().

Gap closureprinciples

The environmenta objectives, d*, are connected to the critical loads (CL), and they were
origindly termed target loads in the negotiation process (see Tuingra et al., 1999). The
calculations of target loads are based on the 1990 depositions as benchmark depositions, d°, and
the critica load for the ecosystemsin each grid . The Coordination Center for Effects’, whichisa
part of the LRTAP body, calculates the critical loads.

However, different principles have been used to caculate the targets (see Posch et d. (1999) and
(2001) for definitions and adiscussion of the principles). For the Odo Protocol the principlewas
closing the gap between the benchmark deposition and the critica |oad for agrid. Other principles
introduced later have been ecosystem ar eagap closure and aver age accumul ated exceedance
gap closure. The different principles areillustrated in Figure 1. The grid -cell is assumed to have
eight eco- systems, and they are ordered according to increasing value of CL. The horizontal bars
for each system from the verticd axisto the CL- va uesrepresentsthe eco-system areas. The CL
cumulative digtribution function is represented by the bold step- curvein Figure 1. Grid-cdlsmay
actudly contain from a few to severa thousands of eco-systems. (The most problemdtic
Norwegian grid has 112 eco- sysems.) Themaintypes are forests of different tree species, lakes,
grassland, bogs, moors, and tundra’.

To apply adeposition gap closure principle the CL for the grid-cell hasto be defined. It hasbeen
usud to define the CL for agrid-cdl by having five percent of eco- system area unprotected. Let
us assume that eco-system No.1 has an area share of five percent. The CL for eco-system No. 2
in the figure then determines the CL for the whole grid-cdll. The gap to be closed with agiven
fraction (or percentage), X, is(d® — CL,). The target deposition will then be

6 See Posch et al. (1995), Posch et d. (1997), Posch et al. (1999).
7 Details of distribution of types of eco-systems on countries and area covered are found in Amann et al.
(1998b) and Hettelingh et al. (2001).
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Figure 1. Gap closure principles

d* = (1-x) (d° — CL,). In Figure 1 a gap closure of about x = 1/3 has been used, resulting in
deposition d*, protecting systems 5 and 6 in addition to 7 and 8 already protected a deposition
leve c°.

A weskness with this principle is that the CL value representing the whole grid depends on only
one observation on the CL digtribution curve, and the resulting target load d* isaso onepoint on
the curve. For different shapes of the CL distribution curve, but going through both the same CL
grid vaue and the benchmark deposition vaue, d°, we may then have quite different eco-system

area protection.

Theareagap closure principle focuseson reducing the unprotected areawith acertain percentage.
The percentage unprotected areain a grid is the share of the ecosystem area where the critical
loads are less than the deposition. Let A; be the area of eco-systemi ingrid-cdl j, and let S be
the sat of eco-systems in grid-cdl j. We will partition this set into the unprotected eco-
systems,S; (d) ={i :CL,, <d}, andtheprotected systems, S' (d) ={i: CL, 3 d} adddwiasy
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we have S E SJ.+ =S. In Figure 1 the ecosystems 1 to 6 belong to the unprotected set at the

benchmark deposition level d°, and eco-systems 7, 8 belong to the protected set. Eco-system
area gap closure is usudly interpreted as finding the deposition, d*, that corresponds to a given
percentage, X, reduction of unprotected areaat abenchmark deposition, d°. Using our notation it
means finding the maximd leve of deposition d* satisfying:

& AE(@L-X & A

iT 55 (d}) it sf(dp)

In Figure 1 eco-systems 5 and 6 have about 45% of the total area of systems 1-6. Applying a
gap closure fraction of e.g. 0.4 resultsin protecting syssems 5 and 6, i.e. more than 40%, and
corresponds to a deposition exactly equal to the CL of system 5. It isregarded as aweakness of
the principle (see Posch et d., 2001) that since the CL distribution curveisa step curve, equaity
will in generd not hold in the equation above when ca culating target depositions, d* . Thismeans
that target depositions may vary over grid-cells dso located in different countries, which may
cregte problems of fairness. Also |eft out isthe digtribution of thedegree of excess of depositions
over eco- systems, it isjust a question of protected or unprotected eco- systems.

The average accumul ated exceedance principle focuses on the exceedancesin each eco- sygemof
agrid-cdl. InFigure 1, thedeposition of d° representsan excessover critica loadsin systems1to
6, as illugtrated by the broken line extension of the area bar for eco-system 5. For aforma
definition of theaverage accumulated exceedance for agrid-cdll, consider an ecosystem, i, in
grid-cdl j. The excess for eco-sysemi, EX;; 3 0, isthe difference between actua deposition, d
and the CL;;

ijs

and the average accumulated exceedance, AAE;, is caculated by weighing each

€co- system excess with eco- system area share:
AAEJ(d]): é_JEX”:é MaX}i(dJ-CL,J),O)H,
s A iMs, TAJ %
AAE, (d;) >0 AAE,;">0 for d; >Min CL;, 2
AAE,(d;) =0,AAE,'=0for 0£d, £ Min CL, il S,,j=1.,R

ij !

A, isthetota eco-system areaof grid-cdl j. Theminimum CL isthe CL for thefirst eco-system,
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i.e.No. 1inFigure 1, snce CL isthe cumulative digtribution function. In Figure 1 sysems 1to 6
contribute to exceedanceillustrated by the continuation of the areabarswith broken linesfromthe
CL- vaues up to the d° leved, while sysems 7 and 8 obtain the vaue of zero in the second
expression in (2). There is a one to one correspondence between average accumulated
exceedances and deposition d° through the AAE-function for deposition vaues above the
minimum CL of a grid-cell’s eco-systems®. This vaue is indicated on the horizontd axis in the
figure as AAE(d®, It is measured in the same units as depositions, and obviousy we must have
AAE (%) < d° (aslong asd’> CL ,, see(2)). Thetarget for accumulated excessfor agrid-cell, j,
with x as the gap closure fraction, e.g. expressed as per cent, may be caculated as:

AAE; =(1- Y AAE;(d?), | =L..,R, ©)
which implicitly gives a target aso for depostions. As pointed out above there is a unique
correspondence between depositions and AAE-numbers. Using (2) targets for average
accumulated exceedancein (3) can betrand ated to targetsfor depositions. Assuming d* inFHgure
1 is such a cdculated target, the target for average accumulated exceedance, AAE(d), is
indicated in the figure. We mugt have AAE (d*) < AAE(d®) for d* < d°.

A measure based on average accumulated exceedances of depositions is more robust as to the
location of the CL-function and also takes into congderation the whole distribution of excess.

Notice that applying agap closure to average accumul ated exceedances we do not haveto usea
percentile as the lower limit to the critica load; there is no use for the concept of a CL for the
whole grid. Depositions haveto be reduced to aleve lessor equd to the CL of the most sensitive
eco-system for no environmental pollution to occur. In the background work for the Gothenburg
Protocol, the mgjor targeting principle changed from deposition gap closureto  eco-system area
gap cosure and findly to usng average accumulated exceedances as the gap to be closed. But
noticethat it might not be unproblematic to sum together exceedancesin different ecosystems. It

8 It should be mentioned that when addressing acidification in RAINS due to both sulphur and nitrogen
unique CL values do not longer exist, but the problem is solved by measuring excess as the shortest distance
from the deposition point for the substances to the now relevant concept of acritical |oad function ssePosch
et a. (1999) and (2001).
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impliesthat damages from exceedances are assumed to be directly comparable, aswould bethe

case if damages were the same linear function of exceedance for al eco-sysemsin agrid-cell.

The cost -effective solution
Introducing the average accumulated exceedances gap closure principle the environmenta
congtraint in (1) reads:

AAE (d,) = AAE, (aa +b;) £ AAE 4

ij i

Using (2) we may convert this condraint into a congraint formulated in depositions asin (1), but
for a comparison with later development we will use the form (4). The Lagrangian for the cost
minimisation problem (1) with (4) as congraint may be written:

N
=- _5 ci(e’ - e,e’)

BEINVY- (aae,+b) AAE
e L ©
-am(e - €
- 4g,(-e +e™ (e")
The necessary first order conditions are;
Ci‘ = g I jAAEjlaij-mi+gi :O ,i: 1,..,N (6)

=1

Thefirg term is the margind purification cost of country i, and the second term isthe margind
evauation of depostions resulting from emissons of country i. The term is composed
multiplicatively of three components, sarting from thelast thisisthe deposition per unit of emisson
from country i ending upingrid- cdl j, the next component isthe marginal impact of thisdeposition
on the average accumulated exceedances in grid-cdl j, and the last component is the shadow
price on the environmental constraint for grid -cdll j. The shadow prices, | j, on the environmental
standardsin theform of average accumulated excessarein generd non negative and only grictly
positiveif the corresponding congtraint isbinding. The shadow prices, p; and g; , onthe upper and
lower congtraints on emissions from a.country cannot both be postive a the sametime. If weare

at the upper boundary ; will be postiveand g, zero, and vice versaat thelower boundary. For



n

an interior solution both are zero. We then have the standard textbook condition: it is necessary
for an optima emisson leve that margind purification cost equds the total margind “shadow
vaue’ of unit depositions. Notethat margna purification cogtsdiffer between countriesdueto the
country-specific aimospheric dispersion coefficients.

The shadow prices, | j, on average accumulated exceedances constraintsarein generd interpreted
as the change in the objective function of a margina change in the congraint (evauated at the
optima solution). Relaxing a binding congraint will in genera improve the optima vaue of the
objective function; in our caseitwill decrease totd purification cogts. Tightening the environmental
standard, i.e, lowering the average accumulated exceedances target, AAE.*, will imposean

increased codt in the aggregate on the participating countries.

Aninfeasble solution to problem (1) meanst hat we cannot find an admissible emission vector thet
satidfies dl the congraints. Specificaly, even usng dl purification possibilities to the maximum,
implying by definition that emissions are set a minimum levelse™" , for al countries, will leed to
one or more deposition congtraints being violated. Using critical loads as target |oads within the
model version used for the Odo Protocol background studies lead to such an infeasibility, and
made the development of target loads necessary. However, it should be born in mind that the

benchmarks, e° , are kept fixed. By reducing these exogenous variables more roomis created for

satisfying congraints, keeping the sametargets. Reduced levels may be obtained by restructuring
the sectord composition of the economy or smply holding back on economic growth?®.

Returning to afeasible solution, if we have dominating upstream: downstream configurations asto
transhoundary flows of pollutants, it isto be expected that many congraints will not be binding,
i.e. average accumul ated exceedances or depositiorswill be below targetsin these grids Among
the participantsat the UN/ECE task force meetings discussing mode resultsit has been expressed

9 This is actually an alternative to using resources on purification. This aspect of the RAINS model is
addressed in Fersund (1998).
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concern with the “zero- one’ nature of environmenta considerations. Only binding congtraints
influence the optima cog-effective solution, while enjoyment of cleaner environments than
specified by targets loads does not count. We will return to this point in Section 5.

3. Softening hard environmental constraints

The use of the basic modd (1) with deposition gap closure soon met with problems of infeasible
solutions, solutionsbeing driven by just afew environmenta congtraints, and instability of solutions
(in the sense that small perturbations in exogenous data would lead to sgnificant changesin the
spatid digtribution of depostions and costs while the vaue of the objective function remained
amost the same). Mainly due to cost considerations the negotiating countries was seeking an
interimsolution on theway to the ultimate god of achieving criticd loads everywhere. It turned out
thet evenfor politicdly redigtic ambition levelswhen formulating target loadswithin the ggp dlosing
mechanism, the modd may yidd infeesble solutions, as explained above.

The solution to the infeasibility problem when using the RAINS mode for negotiating process
leading to the 1994 Odo Protocol was to remove grid-cells that caused the infeasibility for an
otherwise acoeptable deposition gap closure level (60%). Such a procedure removes any
influence of the problem grids on the solution and may be questioned both from a scientific - and

policy point of view of the concerned countries.

The Compensation Mechanism

Instead of focussingon environmentad targetsfor individud grids as condraints, t hecompensation
mechanism keeps the grid- specific targets for average accumulated exceedances, but as a
congtraint takesthe total average excess deposition within acountry (or moregeneraly agroup).
A podtive aviolation in one grid-cdl, asillugrated in Figure 1 with AAE(d*) < AAE(d), can be
compensated by anegative “violaion” in another grid. Notice that according to the definition of
averageaccumul ated exceedancesin (2) adeposition below the minimum critical load for theeco-
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systems of a grid-cell cannot be used for compensation. AAE is zero until the minimd CL is
exceeded. Actual average accumulated exceedances below the target exceedances, AAE;(d) <
AAE* ingird-cdl j, can beused to compensate overshooting thetarget, AAE(d) > AAE* ,in
another grid - cdll, f, of acountry.

Thearguments put forward for introducing acompensation mechanism asan option varies Amam
et a. (1998b) convey the argumentswell (p. 99):

In order to limit the potential influence of small and perhaps untypical environmental receptor areas on
optimised Europe-wide emission controls and to increase the overall cost-effectiveness of strategies, a
mechanism was devel oped to tolerate lower improvements at afew placeswithout discarding the overall

environmental ambition level.

There are technical concerns like problems of infeasibility and robustness (lack of stability) of a
solution, and more user- based strategic concerns about afew grid targetsdriving the solution and
“holding up” scenarios viewed as more “baanced” or appeding. It is easy to understand less
enthusiasm for hard targets by delegates from countries not influencing the solution viatheir own
targets, but facing the bill for afew targets being fulfilled'®. People may fed more comfortablewith
asolution Srategy whereanumber of spatialy more baanced redtrictionsinfluencethe solution. A
rationdefor the specific design of the mechanism may bethat countries are more concerned with
tota (harmful) excess depogtion within their whole territory than about excess deposition of
solution on the way to the ultimate god of achieving critical loads everywhere.

Alternative ways of meeting this problem have been proposed in theliterature. Batterman (1992)
introduced a sub- square gpproach by grouping ecosystemswithin agrid- cdl into unattainableand
attainable shares with respect to critica loads at maxima purification. Then relativecritica load
coverage was used for the attainable part, and a deposition reduction god wasintroduced for the
unattainable.

10 The feeling of paying “too much” may be misplaced in view of distributions of environmental costs and
improvements see Wolfgang (2001).
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Ellis (1988a,b) advocated a multi-objective approach including a weighted sum of depostion
violaionsin the objective function, and introducing excess depositions as endogenous variables
(see Gough et d. (1994) for an exposgition). In the latter paper the problem formulation in (1) is
turned around and weighted exceedances are minimised subject to atotal cost congtraint and the
transportation matrix as in (1)!%. The weights were caled dopes of damage function, and the
possibility of performing cost benefit andyssis mentioned. However, one should be careful with
using such a mode framework for this latter purpose, see Farsund (1999a) and (2000) for
daification.

As mentioned in Section 1 and in Gough et a. (1994) reformulations of how to calculate
intermediate targets have helped towards relieving problems caused by few binding grids and
ingtability. Basing the gap closure on accumul ated excess reduces the dependency on singlevery
sengtive ecosystemns, and reflects better the whole digtribution of critical loads, as discussed
above.

In order to set up the forma model encompassing the compensation mechanism et us dlocate
receptors uniquely to each country (another grouping may eesily be used) and for amplicity
assumethat no receptors are shared (thisassumption can aso easly begenerdised). ThesetL, is
the sat of receptorswithin country k, and the sum of receptorsover dl countriesisequa toR. Let
us further introduce | as the set of N countries, and M asthe set of Rreceptors. The average
accumul ated exceedances gap closure principleisused. The cost efficient alocation of emissons
isthen found by solving the following problem:

11 This approach has been presented at a succession of meetings in the UNECE Task Force of Integrated
Assessment Modelling by researchersfrom SEI (Stockholm Environmental Institute at Y ork).
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For notationa ease the index, j, for grid-cell receptor on the average accumulated exceedances
function, trangportation coefficient and background deposition is kept as before without country
identification. The R receptor deposition condiraints in the basic model (1) are replaced by N
country balance congtraints (in the recent implementation of RAINS Ris of the order of above
700, and N is about 38). The grid condraintsinvolving the environmenta targets, AAE*, inthe
basic modd (1) with (4) as congraints are called “hard” because al grid- cell targets haveto be
satisfied, while using the country balancesin mode (7) the environmentd targetsare called “ soft”
because they may be exceeded, provided compensation can befound in other grid- cells. Notice
that that there is no longer a one to one correspondence between using depositions and

accumulated exceedancesin the environmenta congraint asit wasfor thebasic mode, unlessthe
AAE-functionsin (2) are dl the same linear function.

The Lagrangian for the cost-effective alocation modd with the compensation mechanism and

average accumulated exceedances gap closure principleis:
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The shadow prices for the limits of emissons, ; axd g, , have the same interpretation as for the

basic modd. The discusson of these shadow prices is therefore not repeated. Assuming an
interior solution (i.e., both p; and g, are zero), we see that marginal purification costs should be

equa to an expresson involving sums over the country grids of unit trangport coefficients
multiplied with margind derivatives of the average accumulated exceedances functions, and then
multiplied with country shadow frice, f |, and summed over countries.

Note that the eval uation of depositionto agrid-cell of countryk isthesamefor dl of itsgrids. As
long as the country baance is binding an emisson reaching agrid- cdl with average accumul ated
exceedances|ower than thetarget hasthe same shadow cost asemission reaching agrid-cdl with
an excess over thetarget. Shadow prices of country balance congtraints can beinterpreted asthe
impact an totd purification costs of dl countries if the congraint is relaxed margindly, i.e., of a
margind increasein the room for violation. Aswe have s&t up the Lagrangian function, the impact
on costsis negative when the violation condraint isrelaxed. Using the envel ope theorem we have
that the margind impact of increasing atarget load for agrid within abinding country congraint is
evauated at the shadow price of the country balance. A relaxation of a target for agrid j in
country k decreasestota purification costs with the amount expressed by the country k baance
shadow price. The concept of ahot spot characterisng agrid -cdl with abinding condraint inthe
basic modd isreplaced by a hot country in the case of only country balances being binding

We mug typicdly have a least one country baance being binding for environmenta
congderations to influence the solution to problem (7). Shadow prices on country balances are
only drictly postive if the congraints are binding. For such countries the environmentd targets
only holds on average, and we must have that one or more of the average accumulated

exceedances targets in the country are violated compared with the basic modd, assuming the
same targets. The country baance cannot typicaly be binding if no average accumulated

exceedancestargets are exceeded. But noticethat one or moretargetsmay be exceeded without
the country balance congtraint being binding.
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With the compensation mechanism there are no longer shadow prices on the hard constraintson
average accumulated exceedances targets for individud grid-cdls but shadow prices on the
country balancesinstead. To illugtratethe difference between the hard and soft constraints model's
let us assume that a country with some binding and some non-bindinggrid - cell congtraintsin the
basic modd (1) - with (4) as congtraints- now hasabinding country baancein modd (7) withthe
same targets for grids. The shadow pricesthat in the basic modd consst of zeros and different
positive numbers will now, with the compensation mechaniam, in away be aggregated to a
common postive vaue for dl grid-cell average accumulated exceedances. Comparing the
expressions for totd margind evaduation in (6) and (9), we have that the grid- specific shadow
prices, | , in a sense are averaged into country shadow prices, f ,, for country k grids. It is
tempting to conjecture that this average shadow price is lower than the average of the positive
prices in the basic model, but this may not be the case in generd. A shadow price on a country
balance may aso get an extremevaue. If only one country had binding grid - cell condraintsin the
basic model, and only one and the samecountry abinding country balance, and if al target loads
are the same, then thiswill be true.

The margind cogts are gill country-spedific as in the basic modd. It isin generd the country
specific atmospheric dispersion coefficients a; that give rise to country-specific margina codts.
Whether the differences between margina costs are larger or smdler in the modd with
compensation mechanism follows the reasoning for the shadow prices above. Actud experience
with the full-scde mode is that decreased purification in one country leads to increased

purification in other countries with emissions reaching the same countrieswith binding congtraints.

The question may be asked if the solution to the problem with the compensation mechanism

implies higher overdll emissonsthan in the basc modd. However, thereis no unique answer to
this question, and thequestion is not redly interesting within our framework with an emphasison
the spatid digtribution of deposition We can statein generd that an optima solution with the same
grid-cdll targetsto the basic mode (1) isaways an admissible solution tomodd (7), but not vice
versa Therefore the solutions with respect to total costswill either beidentical (border case), or
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the modd with the compensation mechanism will yidd smaler totd cods. Intuitively, snce the
objective functions of the two problems (1) and (7) are the same, and the country balances are
summeations of congraints in the basc modd (with the average accumulated exceedances
congtraint (4)), for identical depostio ntargetsin generd thetotal optimised purification costsmust
be less with the compensation mechanism

Although exceedancesfor individua eco-sysemswithin agrid isaready summed together within
the accumul ated exceedances gap closure approach, one may fee uncomfortable with summing
together exceedances for different grids belonging to the same country within the compensation
mechanism. The RAINS modd opens for usng grid-specific weights on exceedances (see
Makowski et al. (1998) for details):

N . ~ R
Aé WkJ [AAE](I§1a|J3+ b])-AAEJ] £B|( ,kl I 1Lk| M (10)

i Lk
where w is the weight assigned grid | in country k. The average of the average accumulated
exceedances used asacongraint may aso be generalised to anumber different from zero®. The
balance of country k is By (a podtive (negative) number increasing (decreasing) the scopefor
violations). Notice that theintroduction of weights, wig, may be seen asastep towardsadamage
functionfor gridsasis standard in environmental economics(seee.g. Baumol et d., 1988); lake

grids are weighted relative to forest grids, etc®.

Asafurther safeguard againgt unduly exceedencesin sendtive gridsacongraint may be added to
the problem (7) to ensure that the exceedances of atarget, AAE: foragrid-cdl j inacountry is

limited (by agiven positive number, hy), thus preventing unintentiona environmental “ disasters’

12 In the discussion of emission trading between countries at UN/ECE Task-force level country balances
opening up for the average target |oad being violated by afraction wereintroduced, see Farsund and Neevdal
(1998).

13 To our knowledge weightsw); have all been set to 1, and zero have been used for country balances Bk in
official scenarios.
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AAE, (2 a6 +b)- AAE£h,>0,j=1.,R (12)

This limit may be s&t uniform for al grids, asin Amann et d. (1998c)>. Note that if the upper
limits, h;, are set to zero, we are back to model (1). A binding congtraint for agrid impliesthat the
shadow priceis pogtive, and there will be an extratermin thefirst order condition (9) consisting
of the sum of pogtive shadow prices on (11) weighted with the relevant trangportation
codffidients. The margina cost will cet. par. increase. However, as noticed above, when one
country increases purification one or more other countries usualy decresse purification, so the
impacts are not so straightforward to predict. We may have asol ution with no binding constraint
(11) for exceedancesof targets. Then at least one country balance congtraint must bebinding. But
more interestingly, now we may aso have no country baance binding if acongtraint (11) onthe

excess over target is binding.

14 Note the similarities with mechanisms for emission trading between countries elaborated at UNECE Task
force level (see Klaassen et al.,1994).Trade between countries implies that some deposition levels may be
increased, but various balancing constraints may be added (Fersund and Naavdal (1998)). Ho wever, wherees
the idea of emission trading was met with hostility the compensation mechanism has been introduced in
RAINS without much discussion or attention.

15 The concern expressed by the constraint may also be implemented as an upper (uniform) limit on the
exceedance of the CL for apercentile (e.9.2%) of the critical load distribution within agrid, see Seventh Interim
Report.
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4. The compensation mechanism simulations

Background for the simulations

In the fifth and sixth interim reports from the TAP project a 11ASA, it was suggested that targets
for acidification should be st differently for Norwegian grids than for gridsin the rest of Europe.
Thereason for thisisthat the cost-minimisngstrategy for reduced acidification in Europe becomes
very expensveif thetarget for reativeimprovement in two EMEP grid sin Southern Norway (with
grid coordinates 17/19 and 17/20 (the most studied Birkenes grid) in the EMEP modd) is the
same asthetargetsfor relaiveimprovement in therest of Europe. For ambitioustargetsitiseven
impossible to obtain the required improvement in the two grids for the abatement strategies
consdered inthe RAINS modd. As a consequence, there were no targetsfor acidification in the
two gridsin the scenario caled E8/2 of the fifth interim report, while the F8 scenario of the Sixth
interim report required much smaller relative improvement for these grids than for other grids
(80% versus 95% exceedances gap closure).

Onemay arguethat the targetsfor reduced acidification in two gridsin Norway should have only
limited influence on the dl- European abatement strategy for reduced acidification. On the other
hand it seemsillogical to totdly ignorethose environmentd targets, which arerdaively hardest to
obtain. After al, there are ecological reasons for low critica loads and drict targets for
acidification in Southern Norway. Therefore, in the wake of theseinterim reports, it wasastrong
Norwegian interest for sengtivity andyses that could establish reasonable targets for Norway in
the dl - European optimisation

The settings for the model runs

Thegenerd settings of exogenous variablesand parametersin the smulaionswere quitesmilar to
the ones used inthe sixth interim report. Therefore, only limited information about the settings are
presented in this paper. As to ggp closure, the gap is the accumulated excess in 1990 (the
benchmark year), AAE (d*°°), minus’5 e/ha. The subtraction (somewhat ad hoc) wasintroduced
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to further reieve the problem of influentid gridswith low critica |oads of the eco-systems. A 95%
gap closure target is in generd the level of accumulated excess that reduces the benchmark
accumulated excess by 95%. The gap closure share is given by x (see (3)):

AAE* = AAE (d***°) - (AAE (d'*%) - 5) x (12)

Due to the subtraction of 5 in (12) the gap closure percentage is somewhat |ess than 95%.

The targets are d o influenced by the depositions in a scenario cdled the reference scenario
(d™F). In this scenario the emissions are st to the minimum of what is already agreed upon in
protocols, and in addition calculated using current legidation on emisson standards and energy
projectionsfor the year 2010. If, for aparticular grid, the gap closuretarget in (12) islarger than
the calculated accumulated excess in the REF scenario, AAE(dFEF), then the latter is used as
target. Also, if theminimum of the gap closuretarget and the cal culated accumul ated excessinthe
REF scenario islessthan 5 eg/ha, then the target is 5 eg/ha:

AAE* = max{min{AAE * (1- x), AAE(d")},5] (13)
Using the compensation mechanism should reduce the influence of single grids like the two
sengtive Norwegian gridsin the optimisation. In addition two other measureswereintroduced to
reduce theimpact of Snglegrids Norwegian gridsaregiven asmaller ggp dosurethan other grids,
and by subtraction of 5 egyhain (12) al targetsincrease with 5x%. Thisincreasein targets might
reduce the influence of those targets that are hardest to achieve.

Along the lines of the F8 scenario of the sixth interim report, a 95% gap closureis chosen for all

grids outside Norway. In addition some gridsin the North were treated as grids outside Norway
snce Norway touches these grids only marginaly. Since al the Norwegian gridsare modified, it
will typicaly be someviolation in thetwo Southern gridsin the optima solution. Thisfesture might
be blurred if targets where modified for these gridsonly. Therefore, dl the Norwegian targetsare
modified. The targets in Norwegian grids a different gap closures from 70% to 93% are

presented in Table 1. Targetsthat areequa to 5 eg/hain al gap closure scenarios are not shown.
Gap closures at 70% and less yields targets corresponding to the REF depositions, while gap
closuresat 93% and moreareinfeasible. Targetstermed base tar getsare the 1990 accumul ated
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exceedances. Running the optimisation with these targetsfor the Norwegian gridsis defined asthe

base scenario. Theinfluence of setting targets using the rule (13) in Norwegian gridsistherefore

discovered by the difference between the base scenario and the other scenarios. Notice that the

two problem grids, 17/19 and 17/20, are the ones with the highest excesses and targets of all the

Norwegian grids (see Table 1).

In principle the abatement costsis minimised subject to the country balance congtraints. However,

inthe RAINS model the objective function consistsnot only of the abatement costs. Thereisalso

alinear pendty termin violation of targetsin grids. In addition thereisaregularisation ter mthat

causes some gability towards areference level of emissonsin

Tablel. Targetsin acidity equivalents per hectare (eg/ha) accumulated excess (AAE) in

Norwegian grids

Gap closurelevels (x) in % of average accumulated exceedances  REF
Grids 2010 Base

93 R 91 0 89 8 8 8 80 75 10 1990
17/19 63.3 717 80.0 883 96.7 1133 121.6 130.0 171.6 2133 241.2 241.2 838
16/20 332 37.2 41.2 452 493 573 613 654 790 79.0 79.0 79.0 467
17/20 51.2 57.8 644 710 77.6 90.7 97.3 103.9 1369 1699 199.3 199.3 665
18/20 36.6 41.1 456 50.1 54.6 63.6 681 726 775 775 775 775 456
15/21 16.7 184 20.0 217 234 251 251 251 251 251 251 251 172
16/21 140 152 156 156 156 156 156 156 156 156 156 156 133
17/21 93 93 93 93 93 93 93 93 93 93 93 93 105
18/21 13.7 13.7 13.7 137 137 137 137 137 137 137 137 137 157
17/23 65 68 70 72 74 74 74 74 74 74 14 14 27
1531 59 60 61 61 61 61 61 61 61 61 61 61 18
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case of no unique loca optimumté, The values on pendty and stability where set equa to the
vaues used in the gixth interim report. The databases on abatement codts, critica loads,
atmospheric transport codficients etc. were the state of the art at the TAP project when the

smulations were performed between the sixth and seventh interim reports.

In accordance with the interim reports, the emissons of SO,, NOy, VOC and NH; are
congtrained to be no larger than the REF - emissions. Notice that these congtraints ensure that the
accumul ated acidity excess, caused mainly by SO, and NO, emissions, isbdow the AAE (dF)in
al grids. The REF part of targets might therefore seem unnecessary. However, the REF part
guarantiesthat contributions compensating for increased depositions ésewhereis only conssting

of accumulated excess less than the amount corresponding to REF exceedances.

The results of the simulations

The optima emissions and control costs for each country are outputs from the smulations, in
addition to the accumulated excess in every grid. The outputs from the smulations do not show
which country baances are binding, nor the shadow prices on the binding condraints. \We present

instead the total impacts of different gap closuresin the Norwegian gridsin Figures 2-4.

Each scenario is labelled according to the gap closure level in the Norwegian grids. The gap
closure in the Norwegian grids in the scenarios t89 and t90, etc. is 89% and 90% respectively,
while the gap dosure in dl other grids is 95% in dl scenarios. In Figure 2 we can see that the
increased gap closure yields increased costs and reduced accumulated excess in Europe. Of
course, dricter targets in Norway will yield depostion redictions e sewhere in Europetoo. The
largest caculated gap closure is 92% since the 93% gap closure was infeasible. The 75% gap

closure scenario is close to the base scenario. This might be surprising a first Snce there are

16 See Makowski et al. (1998) for details. However, the explanations are rather short. It may seem that also
negativeviolations of targets are penalized, and the nature of the reference emission levelsin theregularization
term, forcing the solution in case on no unique local optimum, is not elaborated upon.
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Figure 2: Costs and accumul ated excess

substantid differencesin targets. However, the emissons are congirained to be no larger than in
the REF scenario. Therefore, the deposgition will never be larger than the depositionsin the REF
scenario. Also, the targets at 75% gap closure areequd to the REF accumul ated excessesfor all
grid-cdls except 17/19 and 17/20. This explains why the t75 scenario is close to the base
scenario. Since a 70% gap closure yields REF deposition targets, it is dso evident that gap
closures less and equal to 70% has the same effect as removing the Norwegian grids from the
optimisation problem. Consequently the Norwegian grids have no impact on the optimisation in
the base scenario, and changing the targets for the Norwegian grids causes al changesfrom this
scenario. At gap closures up to 80%, the targetsin Norwegian grids have inggnificant impact on
the optimisation resultsfor costs and exceedancesin therest of Europe. At gap closures between
80% and 85%, the Norwegian grids have some impact on accumulated excess. However, the

impact on cogtsis Hill inggnificant.
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Figure3: Changes from base scenario

It may be more informative as to locating when sgnificant changes occur to look at relative
changes from the base case. h Figure 3 the percentage changes in European costs and

accumulated excess are presented. Clearly, the targets for Norwegian grids have impacts on

accumulated excessif targets are above 80%, the accumul ated excess being reduced by 9% going
for the 85% gapclosure, and afurther reduction of 11% to the 87% gap closure. But theredlative
cost changes are smal up to the 87% gap closure, only 1.3% from the base scenario. So at the
87% gap closure leve, total accumulated excess in Europe is reduced by almost 20% while the
costsisincreased with only 1.3% from the base case. However, starting from 87% gap closure,
the targets in Norwegian grids have significant impact on costs too, and this impact increases
rapidly astargets get stricter. From the 87% gap closureto the 89% cogtsincrease with afurther
2.4% while accumulated excessisreduced with additional 10%, but then the costsincrease more
rapidly. To go from the 91% gap closure to the maxima feasible 929 the cogts increase with

15% and accumul ated excessis further reduced with 9%.
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Figure 4. Estimated shadow price on the Norwegian country balance

Thechangein the objective function when congraints are changed margindly iscalled the shadow
price of the respective constrant. In our context the relevant shadow priceisthe changein tota
cogtsif the Norwegian country balance is changed marginaly. The Norwegian country baance
must be binding when changing targets for Norwegian grids change the costs and depositionsfor
other countries. As pointed out in Section 3 the shadow price on the country baance aso
measurestheimpact of changing accumulated acidity targets (identicd effectsfor dl targets), usng
the envelope theorem (disregarding the limit on exceedances violation and the optiona pendty
termin the objective function of RAINS). Unfortunately, as mentioned above, thereis no shadow
prices reported in the output of the available verson of the RAINS moded with compensation.
However, the shadow price on the Norwegian country balance can be average approximated.
For ingtance, the shadow price for the 90% gap closureis caculated asthe changein costs from
an 89% gap closureto a90% gap closure, divided by the changein the Norwegian exceedances,
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etc. The estimated shadow pricesare presented in Figure 4. The shadow priceiscloseto zero at
gap closures|ess than 85%. Between 85% and 89% the shadow priceincreases steedily, whileit
is acceerating from the 89% leve, and is increasing with about 160% from gep closure 91% to
92%. At UN/ECE task force meetings“ knuckle points’ of total purification cost curveshave been
identified in other contexts and been sdlected as suitable ambition levels for emission reductions.
Such a knuckle point seems to be located in the interva of 87 to 89% gap closure for the
Norwegian grids. Changing the binding targets dwaysyield changed costs and depositions. If the
distribution of change in costs and accumulated excess where evaluated for al possible target
combinations in Europe, the mass of information would be unmanagegble. The exploring of

digtribution changes caused by targetsin Single countiesmight therefore be an unfruitful Sdetrack.
Stll, since attention has been focussed on Norwegian grids it may be of interest to report on the
distribution of costsincreases and environmental benefitsin terms of reduced exceedances when

the Norwegian targets are varied.

In Figures 5 and 6 the relative changes in accumulated excess (AE) and costs compared to the
base scenario, is presented for Norway and Europe in total’. From Figure 5 it is clear that
Norway only experience approximately the same percentage improvement asthetota of Europe
when the targetsin Norwegian grids are taken into consideration. At cap closures between 80%
and 87% Norway in fact experience less percentage improvement than the totd. These results
might seem strange, but they are quite understandable. UK isfor instance amgjor contributor to
acidificationin Norway. Therefore, the UK emissionsaretypicaly reduced when targetsare made
dricter in the Norwegian grids. However, only a smdl fraction of the UK emissons resultsin

depositionsin Norway. In fact, the gridsin UK benefit much more from reduced UK emissions
then grid-cells in Norway. The dgositions resulting from UK SO, emissions for 1990 are
affecting England most, then Scotland, Wales, Irdand, and to the west Norway, Southern

Sweden, Denmark, Germany, Be-Ne-Lux and France and even further westward.

17 For theoretical work that explores the effects of changed targets see Wolfgang (2001).
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Figure 5: Change in accumulated excess from base case

The relative costs changes presented in Figure 6 show that Norwegian abatement codts is
relatively more sengtive to the targets in Norwegian grids than the tota European abatement
costs Thisreflectsthat alarge share of the Norwegian emissonsyield depositionsin Norwegian
grids. Norwegian SO, emissions (in 1990) mainly end up in Norwegian grids. The reduction in
accumulated excess is about average in Norwegian grids, and the Norwegian codts increase
relatively morethan thetotal costsin Europe. A claim that the Norwegian targets make the rest of
Europe pay for environmenta improvement in Norway can therefore be questioned.
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5. Conclusions

Theorigind RAINS model has been continuoudy devel oped and extended to be ableto servethe
needs of cooperation in Europe to reduce trans- boundary air pollution problems. Themodd has
been used for scenario andyses of spatid patterns of pollution not only from acidity, but dsolady
ground level ozone and eutrophication. The optimisation runs to explore cost- effective emisson
reductions have been mogt influentid in choosing an interim Strategy for emisson reductions
towards the ultimate god of keeping loads in Nature within critica |oads.
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Thestructure of the optimisation model wasthat Europeart wide purification costs congtitutesthe
objective function, while environmenta goas have been entered as condraints. However,

problems of infeasihility of solutions and solutions driven by a few, or in the extreme, only one
condraint, lead to the development of severa ways to relieve such influence. One such
development in the focus in this paper was the compensation mechanism. The countries

negotiating the 1994 Odl o Protocol accepted theinterim strategy of closing the gap between some
benchmark |oads on the environment with the same rdaivefactor for dl receptorsirrespective of
country, asfair, but when negotiating the Gothenburg Protocol it was acoepted to introduce the
compensation mechaniam. This compensation mechanism relaxes the spatid rigidity of the
environmental congtraintswithin each country. Overshooting atarget load at one receptor can be
compensated by depositing less than the deposition target congtraint (but compensation is only
dlowed aslong asdepogitions are above critica loads) in other receptorswithin the same country.
Asan analogy one can say that the compensation mechanism dlows acountry emissiontrading
between its own receptors (see, eg., Klaassen et al. (1994) and Farsund and Naavda (1998) for
emission trading building on RAINS).

Comparing thebasic mode without the compensation mechanism and therevised versonwiththe
compensation mechanism we conclude that in generd tota purification cogts arelower with the
compensation mechaniam, given the same target loads. This is the reward for raxing a drict
gpatid compliancewith the environmenta standards. But on the other hand it must be noted that
targets that were hard or costly to be achieved now are permitted to be exceeded, and the
compensation gained other places may not be in accordance with environmental preferences.
Seen from the perspective of emitting countriesdl receptors of areceiving country with abinding
country balance congraint have the same shadow eva uation, irrespective of the differencesin
target |oads reflecting different environmenta sengitivitiesto deposition, assuming that the* safety
vave' (11) of redricting exceedances violations is not binding. The key question is how the
“hard” condraints are interpreted concerning fairness of interim solutions. |s the spatid rigidity
redly wanted? If yes then the compensation mechanism should only be used if the nature of an
“uncompensated’ solution raises concerns about the robustness. Thecompensationmechaniamis
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an available option in the RAINS optimisation modd. Using the compensation mechanismasa
generd standard impliesachangein theinterpretation of thefairness principle of ggodosure, from
srictly applied to each receptor, to a more relaxed interpretation focussing on each country’s
deposition balance relative to its deposition targets.

Thereason why the Norwegian gridswere given specid treatment in the use of the RAINS modd

by I|ASA wasthat “hard” targetshad “too” large influence on optimisation. However, one must
accept thet they have someinfluence. After al, the aim cannot beto ignore acidification problems
in Norway. Higtoricdly this problem was one of the main reasonsfor the European concernson
trans-boundary air pollution®. Therefore, taking out Norwegian grids where targets were

impossible or very expensive to obtain cannot be a satisfactorily approach. The purpose of the
compensation mechanism was to treat problem gridsin abetter way, but thiswas not enough for

high ambition levels.

The generd approach of the smulations has been to use a range of gap closure vaues on

accumulated acidity for Norwegian grids, keeping the gap closure at 95% for a other gridsin
Europe. Our results show that a gap closure of the level of 87% has substantia influence on

accumulated excess in Europe, but only asmdl influence on costs. However, from this point on
the targets have more significant impacts on codts, too. At a gap closure of 89% the changein
total cogtsisgtill below a4% increase from the base scenario, but the approximated shadow price
on gricter targetsin Norwegian grids accelerates from thislevel. There seemsto be a“knuckle
point” ontheinterval 87— 89% gap closure. However, agap closure of 85% was chosen for the
key scenario (caled medium ambition G5/2 in the sixth interim report, or central scenario Jlinthe
seventh) of the negotiationswith reference to the smulations reported in this paper, dthough there
seems to be room for a somewhat higher ambition level. In Amann et a. (1998c) the term cost
effectiveness of emisson reductions seems to be used in the meaning of the reduction in

exceedances obtained per Euro. The 85% ambition level for the Norwegian gridsimplies about

18 See Alcamo, Shaw, and Hordijk (1990), chapter 2.
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the same reduction per Euro of totd purification costs as a 95% ambition level esewhere.
However, such consderations are not expressed by the model formulation (7). Theformat istill
total purification cost minimisation subject to environmenta congraints. If other criteriaor typesof
cost — benefit consderations are wanted, the model set-up should change accordingly. It is
difficult to see how different spatia distributions of pollution can be compared without addressing
the question of how to compare environmenta damages a individud grid-cdls It is highly
unlikely that the environmenta damages are uniform across Europe and across different eco-

systems, as implied by focussing on reducing exceedances & the same cost in al grid-cells.

Changing the binding targets aways yield changed costs and depositions. If the digtribution

of changein costs and accumulated excesswhere eval uated for al possible target combinationsin
Europe, the mass of information would be unmanagesble. The exploring of digtributiona changes
caused by changes of targets in sngle countries might - therefore be an unfruitful Sdetrack, and
may unduly disrupt the approach of basing caculaions on commonly accepted principles d
fairness. This gpproach has been used so far in the LRTAP, and it probably reduces the conflict
level between countries. The compensation mechanism with different ggp closure levelsbetween
countries should therefore be used with caution.

Therecent development of the RAINS model with apendty termin exceedancesof targetsand a
stabilisation term added to the objective function, together with the possibility of introducing

individudised condraints for grids and epecidly the weighting of exceedances at the grid levd,
and specifying country- pecific baance condraints, is transforming the origind concept of the
RAINS modd of a clear dichotomy between purification costs and “hard” constraints for

environmental objectivesa grid level into atypeof environmental modd found in the economics
literature based on “damage functions’ for environmenta effects (see eg. Baumol and Oates,

1988). Such adevelopment is, of course, not a problem for economists, but it should be noted
that operating with a set of coefficients, gpparently not based on careful, controllable estimations
or cdibrations, changes a transparent mode into an non-trangparent one to the detriment of

ingghts of persons outside the group of modd experts.



We will findly give a generd warning about usng cost benefit arguments for usng the
compensation mechanism to overcome the influence of a few “problemgrids’. A mistake
sometimes made is to compare the shadow price on a hard congraint with some estimate of the
environmentad damege in the grid in question, and then accepting overshooting of targets if the
shadow priceis (considerably) higher than the environmenta damage. The point isthat depositions
arereducedin quiteanumber of other gridsa so dueto the* problem grid” condraint being biting.
A piecemed grid-by-grid approach to acost benefit analysisistherefore not to be recommended.
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