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Introduction

OBJECTIVE OF THE PAPER

Investment decisions for the Belgian energy system, as any long-term investment decisons, have a
strong component of uncertainty. Because the life time of the technologies covers many years, one
has to take account of things that may happen in the future and this brings an eement of uncertainty.

The objective of this paper is to compare the solution of the stochastic strategy with solutions of
determinigtic srategies, when there is uncertainty about the CO2 emissions that will be imposed after
Kyoto'. The respective CO2-emissions paths and their costs will be compared, as well as the
primary energy input, the find energy demand and the choice of technologies.

STRUCTURE OF THE PAPER

The first chapter gives the theoretical background behind the practical gpplication for the Belgian
energy system. First the concepts of risk and uncertainty are introduced and it is shown how risk can
be represented by probability distribution functions. Then the gpproach proposed in the economic
theory for decision-making under uncertainty, which is based on maximisation of the expected utility,
is briefly explained. Findly, this gpproach is compared with some other approaches proposed for
decison making under uncertainty.

The second chapter describes how the problem of decison making under uncertainty was
implemented in “ stochastic Marka”, the linear-programming modd used in this study

In the third chapter, we present the results of “an optimisation of investments for the Belgian Energy
system under uncertainty”, generated by the stochastic Marka modd. In section A we give the
model assumptions. In the sections B to E, we give the results of the stochastic strategy and
compare them with results from deterministic strategies. In section F, we make some sengtivity
studies regarding assumptions adopted in the mode, e.g. we look at the impact of putting an end to
the invesments in nuclear power plants.

! Other elements of uncertainty, e.g. the availability and characteristics of some future technologies or
uncertainty about future energy-prices are only touched but not studied in detail in this document.



. Thetheory of decison making under uncertainty
A. Uncertainty and risk

1. Definitions of risk and uncertainty

People are certain if there is only one possible outcome. [f there is more than one possible outcome,
one dedswith risk or uncertainty.

Knight (1921) proposed to speak of risk if the possible outcomes and their probailities are well
known, in other words if the probabilities are an objective fact and of uncertainty if the
probabilities are not well known.

In practice, when the objective probabilities of the outcomes’ are not known, estimates are used,
and in that case one speaks of subjective probability. To obtain estimates of probabilities Raffa
eg. (1970) has proposed a structure for a dialogue between experts. With these subjective
probabilities, the choice under uncertainty can be treated in the same way as decison making under
risk. One additiond step is however useful: a sengtivity andyss around the estimated probabilities to
check the robustness of the solution.

2. Risk represented by probability distribution functions

The nature of the risk depends on the relative position of the possible outcomes and on their
(subjective) probability. For ingdance, one can fed intuitively thet the risk is smaler if the possble
outcomes are close to each other or if unwanted outlying outcomes have smaller probabilities. So,
in order to describe the nature of the risk, one will describe the reative postions and the
probabilities of the outcomes. These can be described ether through the probability density
function or through the cumulative distribution function. One widely used digtribution is the
normal distribution which is completely characterised by its mean and variance.

B. Decision making under risk: the economic theory approach

1. The utility function and the concept of risk aversion

“In Victorian days ‘ utility’ was thought of as a numeric measure of a person’s happiness. ... It was
naturd to think of consumers making choices S0 as to maximise thar utility, that is to make
themsdlves as happy as possble. ... The theory of consumer behaviour has been reformulated in
terms of consumer preferences, and utility is seen only as a way to describe preferences’ (Varian,
1993).

Modtly autility function, u(..), of anindividua has the following characteridics
1) the utility increases if the wedlth, X, increases du/dx>0
2) themargina utility decreasesif the wedlth increases: d?u/ (dx)?<O.

2| different “outcomes” are possible, we will also refer to this as “ states of nature” or “states of the world”.



If the second characteridtic istrue, i.e. if the utility function is concave, then at any level of wedth, X,
the utility gain from an extra dollar is amdler than (the absolute vaue of) the utility loss of having a
dollar less.

Mo individuds have an increasing and concave utility function; this means that their utility increases
if their wedth increases but the margind utility decreases if the wedlth increases. Risk averson finds
itsorigin in this decreasing marging utility. In annex, the concept of risk aversgon and its measuring is
further examined.

2. Maximising the expected utility

In the economic theory, the main gpproach for decison meking under risk is maximising the
expected utility. To cdculate the expected utility, we take the sum of the utility under dl possble
outcomes weighted by the probability of the outcomes. So, on one hand it is necessary to know the
probability distribution of the outcomes, on the other hand it is necessary to know the utility function
of the decision maker.

A risk, represented by a cumulative digtribution function, F(x), is then evauated by an individua with
utility function U(_..), by cdculating the expected utility:

U(F) = Ou(x) dF(x).
If such an individua has to choose between different risks, he will choose the one with the highest
expected utility, for him (which depends on his utility function).

C. Decision strategies under uncertainty in practice

If in theory the main approach for analysing optimal decison under risk is based on the maximisation
of the expected utility, in practice this approach is not dways followed. We will briefly described
different gpproaches used and try to compare the solutions they generate. The agpproaches
conddered are: determinigtic andys's, Sochastic srategy and minimax strategy.

1. Deter ministic strategies

In the determinigtic andlys's, one calculates the best actions to be taken for an outcome, under the
assumption thet it is for sure that this outcome will take place. Because in redity decison makers
are not ‘clarvoyant’ and therefore do not know which outcome redly will take place, they cdculate
the best solutions for a range of possible outcomes. Thus, a deterministic strategy leads to as much
different advices as there are different scenarios. Therefore this strategy gives only an indication of
the range of actions. It can be used in afirst step, but is not suited to give a find drategy to apply
under uncertainty.

If a deterministic Strategy is calculated for a gpecific outcome, it is possible that this outcome will be
the true one. But it is dso possble that it is not the true one. In that case the cogt that will be
incurred is higher than anticipated. The expected cost of a deterministic strategy can be much larger
than the expected cost of the stochastic strategy (Amit Kanudia and Richard Loulou, 1997, Birge
Jr. and RosaC.H., 1996).



2. Stochastic Strategies

Idedlly the moddling framework described in the previous section should be gpplied : maximising the
expected utility. However it is rather difficult to find a specific utility function and didtribution function
which yidlds a tractable form for the expected utility, when the Stuation consdered becomes more
complex. Therefore in practice when consdering investment decison under uncertainty, the mean-
variance model is gpplied. Other gpproaches have tended to linearise the objective function.

a) The mean-variance model

The mean-variance model maximises the objective function:

m | *s?,
where mis the expected return and s? is the variance of the disposable income.  The variance is
used as an indicator of the risk of the return and | is a parameter reflecting the degree of risk
averson of the decison-maker.

Thismode corresponds only exactly to the expected utility approach under very stringent conditions
on the utility function or on the probability distribution function :

1. the form of the utility function is quadratic, because the derivatives of the third order and
higher are zero for such functions and therefore the objective function can be written in
function of only the expected wedth and the variance of the expected wedth. However the
quadratic utility function has the unredigtic properties of satiation and increesing risk
averson.

2. theend of period wedth is normaly distributed, because then the probaility digribution is
entirely characterised by the mean and the variance

But as Vaian mentions “Even for non-normd digtributions, which cannot be completdy
characterised by their mean and variance, the Mean-Variance modd may well serve as a reasonable
gpproximeation to the expected utility modd” (1993).

This can be shown by expanding an individud’s utility as a Taylor serid around its expected end of
period wedth (Chapter 3 of Huang and Litzenbergers “Foundations for financid economics’
(1988)):

When u(..) isthe utility function, E{..} isthe expected vdue and
X isthe uncertain end of period wedth, we have:

@) uX)= u(E{X})+ u(E{X})(X-EX})+ Yu’(E{X}) (X-E{X}\+ Rs

with R = & ¥:3 nt UV (E{X}) (X-E{X})";  u"isthenth derivaiveof u.

n

Assuming that the Taylor series converges and that the expectation and summeation operations are
interchangeable, the individua’ s expected utility may be expressed as:
@) E{uX)} = u(E{X}) + V2! u(E{X}) s* (X) + E(R),



M

withRe= @ . Unl U™ (E{X}) nT(X); nT(X) denotesthe n-th central moment of X.

n=3
The firg two terms of the equation under (i), indicates that the individud has a preference for
expected wealth and an aversion to variance of wealth, which is consagent with the usud
assumption regarding utility functions. These properties are a'so completely captured in the Mean-
Variance modd.

The remainder term E(Rs) in the equation under (ii), contains centra moments of orders higher than
the second. Therefore, the expected utility cannot be defined in genera cases by using only the mean
and the variance of the wedth digtribution. However, a modd that uses only the mean and the
variance to choose between portfolio, can give a solution that approximates the solution maximising
the expected utility, assuming that the last term is close to zero.

When | is assumed to be zero, the decison-maker is assumed to be risk-neutral. Besides the
assumption regarding the attitude towards risk of the decison maker, this assumption has dso a
precticd advantage : the objective function becomes linear and linear optimisation programs are
much more powerful than non linear ones.

In some gpplications the variance/standard deviation is replaced with the upside standard deviation.
Then one assumes that the investor is not concerned about downward deviations of the costs or that
for wedlth leves larger than the expected wedth he isrisk neutrd. As such thisis difficult to justify,
but it is mostly taken as an approximation for the impact of the 2 and higher order moments in the

Taylor expanson.

b) Other ways of representing risk aversion

Risk-averse decison makers have a concave utility function (U’ (x)>0, u”’ (x)<0), therefore it can not
be represented by linear functions. In order to dlow for a solvable objective function one may
congder usng a linear gpproximation of this utility function, as has been done for MARKAL-ED.
Also an gpproach which is proposed for investment decisons in firmsiis, instead of a postive | , to
add a congtraint putting an upper bound on the loss.

3. The minimax regret method

The minimax regret method has dso been goplied for some problems of decison making under
uncertainty. The regret of a rategy s under outcome z, R(z,9), is defined as the difference between
the cost incurred when strategy s is used and outcome z occurs, C(z,s), and the minimum cost that
can be incurred under outcome z by any possible strategy” t:

R(zs) = C(z9) - Min C(zb;

th's

® The minimum cost that can be incurred for an outcome, is the cost under the deterministic strategy that
assumed from the start that this outcome would realise for certain and had the luck to be correct.



The maximum regret that can be incurred under a dtrategy s, occurs for the outcome, z, for which
the difference between the cost under this strategy, s, and the minimum cost for any possible strategy
isthe largest: Max§C(z,s)- MinC(zt)l'J.

z1Z tl's

The minimax regret method will then sdlect a Srategy, s+, with the smdlest (=>min) maximum regret
that can beincurred. In mathematica notation thisis given by:

s* I ArgMin (Max R(z,9))
or st | Arg |\é|!;n< Max%(z,s)- MinC(z,t)@

721 Z

withsT {al possble srategiess and withz1 {&l possible outcomes}
We want to stress that this strategy minimises the maximum regret and not the maximum cost.

An advantage of the minimax regret criteriais that it only needs a ligt of possible outcomes and no
probabilities of the outcomes. Loulou and Kanudia have experimentaly verified that the solution of
this minimax regret criterion only depends on the two extreme scenarios. They aso made a
comparison between deterministic, stochastic and minimax drategy for the optimisaion of
investment strategies under uncertainty for the energy system of the province of Québec (Canada).
In their comparison, five possible limits on the maximum amount of CO2 emissions during the period
1990-2030 are considered:

on average emissions have to stay at the 1990 levd;

on average emissions have to be below the level of 1990 with 10%,
on average emissions have to be below the level of 1990 with 20%,
on average emissions have to be below the level of 1990 with 30%
on average emissions have to be below the level of 1990 with 40%.

a s wbdpE

Until 2012 it is unknown which of the five limits will have to be satisfied.

The stochastic strategy assumes until 2012 that each of the 5 outcomes has a probability of 0.20 to
take place. The minimax regret strategy consders until 2012 that each of the 5 outcomes can take
place. After 2012 the best strategy is followed taking in account the true outcome and the past
actions. The authors caculated the tota discounted costs for the whole period for each of the
drategies. In the table below, each row presents data concerning the solution of one of the 7
drategies. In the column with heading “0%" the regret is given if in 2012 it turns out thet the yearly
emissons have to be 0% lower than in 1990, due to the cumulative condtraint. We have seen
dready that this regret is the difference between the cost under the outcome and the lowest possible
cogt that can be incurred for a strategy under this outcome”.

* We can also see this regret as the difference between a strategy and the deterministic strategy that was luckily
correct, since no strategy can be less costly.



Table 1: Comparison of strategies for decision making under uncertainty by comparison of
the expected cost and the possible regrets.

0% 10% | 20% | 30% | 40% |Expected| E.C.relative [ Max. [diff.in max| diffin max
Cost to E.C. Regret |[regret with|regret relative
(E.C) stochast. MMR to E.C
stochast
Det 0% 0 639 2714 7416|113059 1283900 1,01812] 113059 109748 0,08703
Det 10% 314 0 784| 2845 62559 1272435 1,00903 62559 59248 0,04698
Det 20%| 1377 408 0 532| 17868 1263172 1,00168 17868 14557 0,01154
Det 30%| 3302 1835 584 0| 4635 1261206 1,00013, 4635 1324 0,00105
Det 40%| 9183 7343 4702 2025 0 1263785 1,00217| 9183 5872 0,00466
stochas| 3526| 2118 811 88| 3023 1261048 1,00000 3526 215 0,00017
t
MMR 3311 2010 837 213| 3308 1261070 1,00002] 3311 0 0,00000

From the data in Kanudia and Loulov, it is evident that none of the determinitic Strategies performs
nearly as well as the stochadtic or the minimax regret srategy, the expected cost of their solutionsis
much larger, as well as the maximum regret that can be incurred. For this example the solution of
the stochastic and the minimax regret Strategy are very close to each other. The expected cost of
the minimax regret strategy is only 0,002% larger than the expected cost of the stochastic Strategy,
while the maximum regret of the stochastic strategy is 0,017% larger than the expected cost of the
sochadtic Strategy.

4. Conclusion

The deterministic Strategies are the least suited to give policy advise under uncertainty. Frg, the
expected cost of the individuad determinigtic dtrategies exceeds the expected cost of the other
drategies (sochagtic, minimax regret). A second reason is that the other dtrategies give 1 policy
advise, while the determinigtic dtrategies give a different solution for each possible outcome. And it
was found empiricaly that for complex problems, the solution from the stochastic strategy can not
be recongructed by weighing the solutions of the deterministic dtrategies. Also, if one weighs the
solutions for the different possble deterministic outcomes in order to get 1 policy advise, one is
more vulnerable to subjectivity than when one tries to estimate the probabilities of the different
possible outcomes in the beginning. Including the estimates of the probatiilities in the problem in the
beginning, means using the extra information when generating an optima solution and this extra
information will improve the solutions. As Raiffa (1970) argues, it is better to include subjective
information than not indluding the information a al.

The minimax regret criterion does not need any information on probabilities. However in fact it looks
only at the extreme outcomes whereas the stochastic strategy takes account of the whole probability
digribution. Therefore if there is epecialy uncertainty about the extreme outcomes and no or little
uncertainty about the middle part of the distribution this advocates for using the stochastic criterion
rather than the minimax regret criterion, wheress if the extreme outcomes are more certain and the
rest of the distribution less certain this would rather advocate for the minimax regret strategy. Also if
there are indications that the two extremes donot have the same probabilities, the stochadtic Srategy
would be more appropriate, because it takes into account the skewness of the distribution.



D. Uncertainty and Learning

When considering uncertainty it is important to take into account of the possbility of learning,
because this can change the nature of the problem.

If there is uncertainty but no learning, the ided policy can be set by minimising the expected
codts for different possble states of nature, given the assumed probabilities for the given states of
nature (or states of the world). The problem can be represented by a one-stage mode.

If there is uncertainty and learning, learning will reduce or resolve the uncertainty. It is best
to take account of this in the decison problem, because if more insght can be obtained after a
number of periods, usng this additiond information in the modd will improve the decison process.

Learning is a continuous process, but moddling it as such leads to complicated modd. The easest
way of moddling learning is to consder two sages in the modd. In the fird dage there is
uncertainty about the gate of nature that will be redised in the second dage. At the sart of the
second stage (t*) the uncertainty is resolved and the true State of nature becomes known.

stage 2
: outcome 1 with probability p{1)
stage 1 % outcome 2 with probability p(2)
@
0 gt*\ﬁ outcome 3 with probability p(3)

outcome 4 with probability p(d)

~+

To better gpproximate the continuous process of learning, more stages can be introduced, however
this complicates the model.

®|f one thinks that the characteristic of learning being a continuous processisimportant for the problem, one can
model this by introducing successive shorter periods in which uncertainty disappears gradually.

10



[1l. TheMarka modd

A. Introduction

Markd is a linear programming model for the representation of the energy system of aregion. It
congders the energy demand from the indudtry, the residentia sector together with the commercia
sector and the transport sector and the supply of the different energy vectors. It has 9 time periods
of 5 years each. There are different versgons of the Markd model, which characteridtics are
presented in annex. The version used for this project is “ Stochastic Marka”.

In “Stochastic Marka” the demand for energy services is exogenous®. The demand has to be
satisfied by the supply, which is provided through an eaborated set of energy technologies. The
objective of the mode is to satisfy the demand a a minimad tota cost, which includes invesment -,
operation - and maintenance cods. Thisis done by choosing the optima mix of technologies, while
satisfying condraints such as capacity limits, and pesk-eectricity condraints and eventud emissions
congraints. The emissions of pollutants (CO2, NOx, SO2) by each technology are accounted for.
Both annuad and cumulative congraints can be placed on the emissions.

In the following section we give an dgebraic presentation of the stochastic modd. Theresfter we
discuss some parameters and characteristics of the model, and their impact on the moddl.

B. Presentation of stochastic Markal

The obj ective function of sochastic Markd is based on the Mean-Variance model. It tries both to
minimise the expected cost and the risk. The weight that is given to the risk is determined by the
parameter | . For arisk neutral decison maker | equds O, s0 that the only objective is to minimise

the expected cost.

Stochastic Markal considers 2 stages.
1. inthefirst stage, t = 1® t2, thereis uncertainty,
2. thesecond stage, t =12 +1 ® T, garts when this uncertainty is resolved and when the
future becomes known; T isthe last period in the modd.

(i) Objectivefuncion:  MIN  (z +1* UPDEV),
X

where X are the decision variables, the investment in technologies

In stochastic MARKAL, the upside standard deviation (UPDEV) is introduced as the risk measure,
there is no problem to consder the standard deviation, however both option leads to a non linear
optimisation program, much more difficult to solve. At this stage, consdering the Sze of the Belgian
Marka modd, | has been set to 0 in the gpplications for this study, i.e risk neutrdity is assumed.

® In Markal-micro and Markal-Ed the demand is determined inside the model, through the specification of demand
functions which are depending on the price and thus on the marginal cost of the production.

1



(i) with Z the expected total discounted system cost:

2 & $ 9
Z =d; a CxX)*(U1+r)'+ @ probs* [ A *Ci(Xis)*(1/1+1)'] }
t=1 s=1 t=t2+1

where C'(X) represents dl the costs that can be atributed to the use of “technology i” at time
period t. Thiscost includes fixed and variable costs.

(1/1+r)" isthe discount factor that is used at period t.

prob.s is the probability of state of nature s,

and Z the totd discounted system cost for the stochastic strategy under outcome s can be
computed as. o
Zs=a;{ A&riwer Ci(Xie)*(1/1+r)" 1.

(iii) the condraints, eg.
- Useful energy demand condraint: a demand relation ensures that the end-use energy
output is greater than or equal to the end-use demand thet is specified by the user. And
this for each demand sector (DM), time period (TP) and state of the world (SOW): a;
Xis >= (exogenous) demand.
Technology and capacity congraints.
Periodical or cumulative congtraints on CO2 emissions may be imposed

C. Influence of parameter values and model characteristics on the solution
generated by the model

Certain characterigtics of the modd and assumptions that are made in the model can influence the
generated solution and it isimportant to have them in mind to get a better understanding of the model
and aso to get a better interpretation of the results.

There are points that are specific for stochastic Markal :
1. theyear that uncertainty isresolved
2. the probabilities atached to the different possible outcomes and the degree of risk
averson
3. moddling of technologiesin the modd

and some characterigtics relevant for dl versons :
4. thediscount rate
5. cumulaive versus annud CO2-emission restrictions

1. Theyear that uncertainty isresolved

The date a which uncertainty is assumed to be resolved influences the solution.  If uncertainty is
resolved late, the stochastic will be closer to the deterministic Strategy with the worst possible
outcome. This is S0 because one of the assumptions of the modd is thet in the end it must be
possible to stisfy the condraints for dl possible outcomes. In the limiting case that the uncertainty is
solved only at the end of the horizon, the stochastic path matches the deterministic path for the worst
outcome.



2. The probabilities attached to the different possible outcomes and the
degree of risk aversion

It is obvious that changing these parameters will result in changes of the solution. Therefore it might
be important to make sendtivity studies around these parameters, as there is great uncertainty
attached to them.

3. Modelling of technologiesin the model

In the Belgian Markd modd the fuel switch possbilities in the industry are mainly represented
through technol ogies which can consume different types of fuels. Though the total cost is correct, the
fuel switching possibilities and goeed are overestimated. This can be important for the results, when
usng sochagtic Marka modd, because fud switching technologies are very convenient in the
uncertain stage. 1dedly monofud and bi- or trifue technologies should be moddled explicitly and
this will be taken into account in the future database for the Belgian Markd. This problem does not
arise for the technologies for the resdentid and commercid, nor for the transport and dectricity
sector, where the different types of technologies are explicitly modelled.

4. Thediscount rate

The discount rate that is gpplied in the reference strategy of stochastic Marka equas 5% per year.
The discount rate criticaly determines the comparison between the present and the future cogts (and
benefits). With a high discount rate, future expenditures (and benefits) have a smdler weight than

current expenditures and therefore a large part of possible emisson reduction will then be moved to
the future.

5. Cumulative versus annual CO2-emission restrictions
Allowing for a cumulative CO2-emission limit ingead of putting annua limits gives more leeway for
solutions in the MARKAL moded and will therefore result in a less costly solution.  For the same
reason the “banking” principle under the Kyoto-agreement is important. The Markd modd itself
chooses the most optimal path that corresponds with the requested cumulative emission congraint.
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IV.  Application of Stochastic Markal for Belgium : a comparison of stochastic strategy
with deterministic strategies for a Kyoto scenario

A. Description of the Kyoto scenario

We congder two types of strategies for the Kyoto scenario:
1. determinigtic drategies, one for each State of the World
2. agochadtic strategy combining the different States of the World

The model assumptions are:

1. Indl the strategies, the CO2-emissions’ for 1990 and 1995 are fixed to the observed levels?,

2. In dl drategies the CO2 emissons from 2008 to 2012 must be on average 7,5% below the
CO2-emissionsin 1990, thisto satisfy the agreements under the Kyoto Protocol.

3. Four posshble sates of the nature are consdered for the cumulative CO2 condraints to be
imposd

4. Under the stochadtic strategy, it is assumed that after 2012 it will become clear which one of 4
possible cumulative emisson levels will have to be reached between 1990 and 2030. Therefore
the first decison moment on which there is certainty concerning the state of nature is 2013.
Thus, one path is followed until 2012 and garting from 2013, four different paths are possble,
one for each aternative emisson condraint.

5. Rik neutrdity is assumed in the stochadtic Strategy.

The four possible states of nature, the attached cumulative emission levels (to be reached in 2030),
and their attached probabilities are presented in the table below. The same cumulative emisson
congtraints are used in the determinigtic strategies, Det..., Det 0%, Det —-8%, Det —25%.

State of nature Maximum on Cum. CO2- Probability
cumul ative emission level, to be emissions between 1988 State of
reached in 2030 and 2032 (Million tons) Nature
without cumulative constraint Stoch. ... 0.25
stabilisation at 1990 level Stoch. 0% 4541 0.25
-8% compared with stabilisation Stoch. -8% 4178 0.25
-25%compared with stabilisation Stoch. -25% 3406 0.25

For 1990, the Marka run gives a totd of 100,912 Million tons CO2-emissons for Belgium.
Therefore under the 0% cumulative reduction dtrategy, the average yearly emissions must be lower
than or equal to 100,912 million tons. The total CO2 emissions between 1988° and 2032 (both
years included) therefore equas 45 times 100,912 Million tons or 4.541 Million tons. Under the
8% cumulative reduction strategy, the average yearly CO2 emissions must be lower than or equd to
8% of the emissonsin 1990, so they must be below 92,84 million tons. 45 times this amount equals
4.178. Under the -25% cumulative reduction strategy, the average yearly emissons are at 75,68

" In order to make the scenario congruent with reality we should not only put fixed bounds on CO2-emissions but
also on the technol ogies that were used in the past period. Thisis not yet the case in thisimplementation.

® Thefiguresfor 1990 and 1995 are drawn from aMarkal run under the scenario business as usual.

® Markal startsin 1988. The five year period indicated by its middle year 1990 stands for 1988, 1989, 2000, 2001
and 2002. “2030" stands for 2028, 2029, 2030, 2031, 2032.
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million tons. Thetotd cumulative emissons between 1988 and 2030 will therefore be lower than or
equa to 3.406 million tons.)

B. CO, emissions and Costs

1 CO2 emission pathsfor the different scenarios

In the table and figure below, the CO2-emission paths of the stochastic strategy (Stoch..) and of
two determinigtic strategies (Det) are presented. As we mentioned aready, the CO2-emissions for
1990 and 1995 were fixed. The stochastic strategy results in one path until the year 2012 (period
2010) and in four paths from the year 2013 (period 2015). The Kyoto constraints must be satisfied
for dl cases.

For drategy “Det -25%”, the CO2-emissions in 2010 are aready lower than should according to
the Kyoto-congtraint. Therefore the Kyoto congtraint is not binding under this strategy and does not
result in extra costs.

Table 2: CO2 emission paths for Stochastic strategy, Det ... and Det -25% (M ton/year).

Strategy 1990 1995 2000 2005 2010 2015 2020 2025 2030
Stoch ... 100,91 110,79 98,41 97,84 93,34 114,35 120,18 153,78 163,48
DET ... 100,91 110,79] 113,89 113,92 93,34 11542 120,45 151,81 161,74
DET -25% 100,91 110,79 86,87 84,27 72,32 66,29 61,81 53,45 44,46

Figure 1. CO2 emission pathsfor different strategies.
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2. Comparison of the costsfor the different scenarios

Table 3 compares the total cost for the different scenarios, with the total discounted cost under
“Det...”, the “deterministic strategy without cumulative congtraint”, taken as a reference. EV stands
for the Expected Vaue of the four stochastic cases.

Table 3: Total discounted costs and CO2 emissions under different strategies(/scenarios)

Cost (MBF) | relativcost | Diff.in Cost with | CO2emission relativ CO2 em.
'Det..' =100| 'Det.." (MBF) (Mton) 'Det ...' =100

Stoch. ... 20745559 100,3 66362 5265 97,3
Stoch. -0% 20813974 100,7 134777 4541 83,9
Stoch. -8% 20985476 1019 306279 4178 77,2
Stoch. -25% 22016738 1069 1337541 3406 62,9

BV 21140437 102 461240 4348 80,3
Det ... 20679197 109 0 5411 100
Det -0% 20793734 1004 114537 4541 839
Det -8% 20981696 1019 302499 4178 77,2
Det -25% 21762620, 105,2 1083423] 3406 62,9

In order to shed more light on the advantages of the stochadtic strategy, in Table 4 and Figure 2
below, we put together the costs that are incurred for the stochastic and deterministic strategy for
the 4 possible outcomes after 2012. To explain Table 4 below, we remark that the first 4 cells of
the header row give the 4 possble cumulative congraints, of which will be known from 2013 on
which isthe true one. So, for instance, for the row indicated by “Det...” the total discounted costs
are represented for the deterministic case where one assumes until period 2010 that it is certain that
there will be no limit on the cumulative CO2 emissions. If then indeed it will be revedled after period
2010 that there will be no limit on the emissions, the cost will be “100". However, if the limit on
yearly CO2 emissions will be on average 0%, 8% or 25% lower than the 1990 level, the cost will
be respectively 100.8, 102.0 and 108.7. In the lagt cdl of this row the expected cost of the
“Det...”- drategy is calculated as the sum of 0.25 times the cost under each of the four possible
outcomes.

Table 4. Relative total discounted costs under different possible outcomes after 2012, for all
strategies.

POSSIBLE OUTCOMES
0 -8% -25% EV.
S ([Det... 100.0 1008 102 108,7 102,88
ra |DetO 100,2 100,6 101,6 107,3 102,42
te |Det-8% 100,3 100,7 101,5 106,8 102,34
gi |Det-25% 102,3 1024 102,6 105,3 103,17
es |stochastic 100,4 100,7 101,6 106,6 102,33

For the stochastic scenario, the difference between the costs under the ‘most extreme' outcomes
remains limited. The cost of “Stoch. -25%” is 6% (or 1279 * 10° BF) higher than the cost of
“Stoch...”. In both cases we have the same (stochastic) strategy until 2012, but after 2012 in the
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first case avery strong cumulative congraint (-25%) has to be satisfied, whereas in the second case
there is no cumulative condraint & al.

For each of the four possible cumulative CO2 regtrictions that may be imposed after 2012, the tota
discounted system cost for the stochastic strategy never exceeds the cost of the “clairvoyant
deterministic strategy with the correctly assumed outcome” with more than 1%.

If one looks at Table 4 one remarks that the total discounted system costs under the stochastic
drategy are very close (+0.1%) to the best possible solutions for the “non- extreme” outcomes
(0% and “-8%" as cumulative restriction). For the extreme outcomes they are further away from
the best possible solution, 0.4% for outcome*..." and 1.3 % for outcome “-25%'.

If the solution of the stochastic strategy is compared with “Det 0% and “Det -8%" for the four
possible outcomes, the differences seem to be very smdl. Therefore it may seem that the stochastic
drategy has little advantage over intermediate deterministic strategies and that it may not be worth
the effort to use a ochagtic rategy. Thisis not the case. Firdt, since we dedl with huge cods, a
difference of 0.1% of the total discounted system cost remains a very large amount (i.e. 20.6 * 10°
BF). Secondly it is not always the case that the intermediate deterministic strategies are close to the
stochadtic strategy (cf. Richard Loulou and Amit Kanudia).

The graph below presents the same information as Table 4 above. Starting from each dtrategy (4
determinigtic + 1 stochastic), for each of the 4 possible cumulative congraints, the part of the costs
that exceed “100” are represented.

Figure 2: Total discounted costs under different possible outcomes after 2012, for all
strategies.
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In terms of the expected vaue, the stochadtic dtrategy performs better than the deterministic
drategies. This should be so, because the stochastic strategy is chosen in a way to generate the
smallest possible expected tota discounted cost.

For a certain outcome no solution can be less cogtly than the deterministic strategy which assumed
from the dtart that this outcome was certain to take place. In Table 4 above these costs are
presented in bold characters. In Table 5, we calculated the regret that can be incurred for each
strategy and each outcome as a percentage of the total discounted system cost of “Det...” if the red
outcomeis®...”. In Table 6, we caculated the same regret but now it is expressed in MBF.

Table 5: Regret for each strategy and each outcome as % of the total discounted system cost
of “ Det...” if thereal outcomeis*®...”.

POSSIBLE OUTCOMES
0 -8% -25% EV. diffinEV.
|St [Det.. 0 02 05 34 10283 055
|ra [Det0 0.2 0 01 20 10242 0.09
te (Det-8% 03 0.1 0 15 102.34 004
gi |Det-25% 23 18 11 0 10317 084
es |Stochastic 04 01 01 13 102.33 0
Table 6: Regret for each strategy and each outcome, in Million BF.
POSSIBLE OUTCOMES
. 0 -8% -25% EV. diff inEV.
S |[Det.. 0 41324 1033100 702508 21257054 113641
ra [Det0 41324 0 20662 413240 21162009 185%
te |Det-8% 6198 20662 0 309930 21145480 2066
gi |Det-25% [475226] 371016 227282 0 21316974 173561
es |Stochastic | 82649 20662 20662 268606 21143413 0

From the 5 drategies presented in the table above, the stochastic strategy has the smallest maximum
regret that can be incurred. The maximum regret that can be incurred under the stochastic Strategy
appears if outcome “-25%" is the true one. The regret is then 1,3% of the total discounted system
cost of “Det...” if “...” is the true outcome or thisis 269 * 10° BF. The minimax regret strategy
itself was not calculated, but we can deduce that under the minimax regret strategy more effort
would be taken to reduce CO2-emissions in the uncertain time-gpan than under the stochastic
drategy. The maximum regret that can be incurred under “Det...”, “Det 0" and “Det -8%" is
respectively 3.4%, 2.0%, and 1.5%, and this dways if outcome “-25%" appears to be the true
one, so that it isa“future’ regret. The maximum regret that can occur for sirategy “Det -25%” is
2.3% and thisif outcome “...” would be the true outcome, it isa“present” regret.

From the strategies above, it is Strategy “Det -25%” that has the smallest maximum cost that can be
incurred.

3. Trade-off between costs and CO2-emissions
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In the table and graph below, the discounted margind costs are presented for 4 possible cumulative
congraints, both for the deterministic and the stochastic Strategies.

Table 7 and Figure 3: Discounted marginal costs for stochastic and deterministic scenarios

constraint (relative to 1990) constraint (Mton) | MC Stoch. (BF/Ton) [ MC Det. (BF/Ton)
none 0 0
0% 4541 288 412
-8% 4178 668 677
-25% 3406 2192 1416

2500

2000 T

1500 —+— MC Stoch. (BF/Ton)

—#— MC Det. (BF/Ton)

1000 T

500 T

Marginal Cost (BF/Ton)

none 4541 4178 3406

Cumulative Constraint (Mton)

We see that the margind cost for the cumulative congtraint of 4541 Mton is smaler under “ Stoch -
0% than under “Det -0%". This is normal, because in 2010 under “Stoch 0% aready more
measures are taken to reduce the CO2-emissions than under “Det 0%", so that reducing the CO2-
emissons with an extra Ton in comparison with the level of 4541 Mton is easier or less costly under
“Stoch -0%” than under “Det -0%".

The margind cogt for the cumulative congraint of 3406 Mton is higher under “Stoch -25%" than
under “Det -25%". Thisis so because in 2010 under “ Stoch -25%" |ess measures were taken to
reduce the CO2-emissions than under “Det -25%", so that limiting the CO2-emissions with an extra
ton is more costly under “ Stoch -25%" than under “Det -25%".

4, Influence of the Kyoto constraint on the generated solution

In order to look at the influence of the Kyoto congtraint we performed runs in which the srategies
are the same as before, with one exception: the Kyoto constraint™ on the CO2-emission for the
period 2010 was removed. These strategies will have aname smilar to the Strategy names we used
before, but we add “NKC” in the drategy name, which stands for No Kyoto Constraint.

The CO2-emissions paths that are attached to the optimal solution for the different strategies without
Kyoto condtraint are presented in the firg table below and the CO2-emission paths with the Kyoto
congtraint are presented in the second table below. We notice that the Kyoto constraint has no

1% The Kyoto constraint in our model, limits the CO2-emissions for Belgium at a level of 95,5 Mton for the years
2008, 2009, 2010, 2011 and 2012.
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effect on the drategy “Det -25%".

The Kyoto congraint is binding for the stochastic strategy, but

the effect of this congraint is only very limited. The CO2-emisson path for the sochadtic strategy
without the Kyoto congraint is only a very dightly higher than when this congtraint is added. It has
however asgnificant influence on the dtrategy “Det ...".

Table 8: CO2 emission paths for strategies WITHOUT the Kyoto Constraint (NKC)

Strategy 1990| 1995 2000 2005 2010| 2015 2020 2025 2030
Stoch NKC ... 1009 1108 93.1] 979 943 1147 1205 1541 @ 1641
DET NKC. ... 1009 1108 1145 1147 1175 1299 1340 1644 1710
DET NKC -25% 1009 1108 86.9 84.3 72.3 66.3 618 535 445
Table 9: CO2 emission paths for strategies WITH the Kyoto Constraint
Strategy 1995 1990 2000 2005  2010| 2015 2020 2025 2030
Stoch ... 1104 1009 984 978 933 1144 1202 153§ 1635
DET ... 1104 1009  113.9] 1139 93.3| 1154| 1205 151.8) 1617
DET -25% 11094 1009 86.9 84.3 72.3 66.3 618 535 445
Figure4: CO2 emission paths, with and without Kyoto constraint.
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Thisisadso reflected in the tota discounted cost, reproduced in Table 10.

Table 10: total discounted system cost for strategies with and without Kyoto constraint

strategy Stoch ... Det ... Det -25% Stoch NKC ... Det NKC ... Det NKC -25%
Cog (MBF) 20745559 | 21E+07 | 21762620 20742618 20576834 21762620
Cogt (relativ) 100.32 100.00 105.24 100.31 99.50 105.24

C. The primary energy demand




The primary energy demand under the different strategies are reproduced in Table 11 in PJ and in
Table 12 the primary energy demand is expressed relative to strategy “Det ...".

The main points are:

under “Det...” and “Det -25%", there is a shift away from solids and liquids towards gas and
nuclear energy, when the CO2-congtraint becomes more stringent. In the det... scenario this
shift is observed only in 2010 when the Kyoto-constraint has to be satisfied™.

under the stochagtic strategy the same shifts occur from 2000 onwards, however with a smaller
increase in nucdlear until 2010. The full potentid of nuclear is only used after 2010 when a CO2
congtraint appears to be necessary. A baance between gas and nuclear energy seems a
hedging strategy to face eventua CO2 condtraints after 2010.

On totd the primary energy demand in the stochastic scenario decreases dightly (- 2% in 2010)
compared to “Det...”, whereas the primary energy demand under “Det -25%" decreases by 7%
and 13% respectively in 2010 and 2030 in comparison to “Det...”. This is manly due to
conservation and to the greater efficiency in the use of gas compared to solids and liquid fuels. The
stochastic strategy lies rather in between the 2 deterministic scenarios. This can be explained by the
probability chosen (0.25 for each scenario) and by the relative easiness to switch between fuelsin
the Belgian Markd modd. In the year 2010, strategy “Det ...” gets closer to the Stochastic Strategy
compared to the previous periods, but this can entirely be explained by the Kyoto congraint.

On Table 11 and Table 12 the paths of the use of the primary energy sources for the 2 determinigtic
drategies are presented. For each of the 6 energy sources there is dso a graph that gives the
consumption path for the different strategies between 1990 and 2030, aswell as atable.

Table11: Primary energy use per strategy in PJ

strategy |E-source [1990 [1995 |[2000 (2005 |2010 (2015 |2020 |2025 (2030 % of | % of | % of

/CASE total | total | total
1990 [ 2010 | 2030

stoch. RENEW 8 8 22| 24 27| 0% 1%

stoch. NUCLEAR 382 396 446 446| 499 20% 23%

stoch. FOSSOLID| 388 438 226/ 218 160 20% 8%

stoch. FOS GAZ 301] 284 439 501 641 16% 30%

stoch. FOSLIQ 850 932 918 884 808 44% 38%

stoch. CONSERV 182 1760 224 262 275 9% 13%

stoch. Total (*) 1929 2058 2051 2074 2135 100%| 100%

Det ... RENEW 8 8 8 8 27 23 23 23 23 0% 1% 1%

Det ... NUCLEAR 382 396 446 446 521 416 420 140 140 20% 24% 6%

Det ... FOSSOLID| 397 439 392 312 152 304 320 652 710 21% 7%| 29%

Det ... FOS GAZ 282| 2571 301| 386 592 454 473 427 398 15% 27%)| 16%)

Det ... FOSLIQ 853| 950 1021 1063] 889 1060[ 1095 1130[ 1206 44% 41%| 49%

Det ... CONSERV 174 1760 183 191 268 241 2320 235 232 9% 12% 9%

Det ... Total (*) 1022| 2051 2168 2216| 2181 2257 23300 2371 2476| | 100%| 100%/| 100%,

Det -25% [RENEW 8 8 22 25 28 35 39 45 48 0% 1% 2%

Det —-25% [NUCLEAR 382 396 446| 446 557 557 557 557 557, 20% 27%| 26%

Det —25% (FOS SOLID 398 395 131 74 20 6 4 4 4 21% 1% 0%

Det —25% [FOS GAZ 334 454 607 707] 768 829 863 905 935 17% 38%|( 43%)

" Without Kyoto constraint there is no increase in the nuclear capacity.
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Det —25% |[FOSLIQ 813] 8600 763[ 730 658 616 618 618 608 42% 32%| 28%

Det —25% |CONSERV 174 189 262] 299 318 336 346 358/ 368 9% 16%| 17%

Det —25% [Total (*) 1934 21120 1970] 1982 2030] 2043 2081 2129| 2152| | 100%| 100%| 100%

(*) The sum here does not include the conservation of energy; source: table Primary in MUSS.

The difference in primary energy use of the strategies “stoch.” and “Det -25%" with Strategy “Det
.. are represented below, as a percentage of the use under strategy “Det ...”. eg. under strategy

“stoch.”, inthe year 2000, 170% more renewables is used than under “Det ...".

Table 12: Primary energy use: relative.

strategy |E-source [1990 |1995 |2000 (2005 (2010 (2015 [2020 |2025 |2030 % ofl% of(% of

ICASE total |total total
1990 |2010 2030
stoch. RENEW 0% 0%| 170%)| 201% 0% 0% 2%
stoch. NUCLEAR 0% 0% 0% 0%| -4% 0% -2%
stoch. FOSSOLID| -2% 0%| -42%)]| -30% 6% -3% 8%
stoch. FOSGAZ 7%| 10%| 46%| 30% 8% 6% 11%
stoch. FOSLIQ 0%| -2%| -10%| -17%| -9% -1% -7%
stoch. CONSERV 4%| 0%| 22%| 37%| 3% 4% 5%

stoch. Total (*) 0%| 0%| -5%| -6%| -2%

Det -25% [RENEW 0%| 09%| 170%| 205%]| 3%| 56%| 70%| 97%| 111% -1% 10%| 143%

Det -25% [NUCLEAR 0%| 0% 0%| 0% 7%| 34%| 33%| 299%| 299% -1% 15%| 359%

Det -25% [FOSSOLID| 0%| -10%| -67%| -76%]| -87%]| -98%| -99%| -99%| -99% -1%| -86%| -99%

Det -25% |FOS GAZ 19%| 76%| 102%| 83%| 30%| 83%| 82%| 112%]| 135% 18% 39%| 170%

Det -25% [FOSLIQ -5%|  -9%|[ -25%| -31%]| -26%]| -42%| -44%| -45%| -50% -5%|  -20%)| -42%

Det -25% [CONSERV 0%| 7%| 43%| 57%| 19%| 39%| 49%| 52%| 59% -1% 28%( 83%)

(*) The sum here does not include the conservation of energy

It can be observed that for the same energy sources, there are some differences in the demand for
energy in the year 1990 (and 1995) for different drategies. This is due to the fact that for these
years, though the CO2-emissons where fixed at the BUS levels, the technologies were not. In
order to get a more redligtic prediction, it would be better to fix the technologies as well. This was
not done because on this moment it is difficult to fix them in Marka and because the differences
between the scenarios remain margind thisis not redlly a problem.



Figure5: Sourceof “Primary energy input” for strategy det ...
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Figure6: Sourceof “Primary energy input” for strategy det -25%
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Figure 7, figure 8 and figure 9:
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Table 13: Use of energy sources under the different strategies.

Case Energy 1990 | 1990*) | [ 2010 | 2010(*)|[ 2030 | 2030(*)
source
STOCH. ... RENEW 8.1 1.00 26.8 1.00 27 1
STOCH. 0%  |RENEW 8.1 1.00 26.8 1.00 387 1.7
STOCH.-8%  |RENEW 8.1 1.00 26.8 1.00 448 1.97
STOCH.-25% |RENEW 8.1 1.00 26.8 1.00 50.0 22
DET ... RENEW 8.1 1.00 26.8 1.00 27 1
DET -25% RENEW 8.1 1.00 275 1.03 479 211
STOCH. ... NUCLEAR 3819 1.00 4988 098 1169 0.84
STOCH. 0%  |NUCLEAR 3819 1.00 4988 0.96 557.0) 399
STOCH.-8%  |NUCLEAR 3819 1.00 4988 0.96 557.0) 3.9
STOCH.-25% |NUCLEAR 3819 1.00 4988 096 557.0 399
DET ... NUCLEAR 3819 1.00 521.4) 1.00 1395 1
DET -25% NUCLEAR 3819 1.00 557.0 1.07 557.0) 399
STOCH. ... FOSSOLID 3883 0.98 160.3 1.08 7258 1.02
STOCH. 0% |FOSSOLID 3883 0.98 160.3 1.08 174.2 0.25
STOCH.-8% |FOSSOLID 3883 0.98 160.3 1.06 44 0.1
STOCH.-25% |FOSSOLID 3883 0.98 160.3 1.06 44 0.1
DET ... FOSSOLID 397.1] 1.00 1518 1.00 7100, 1
DET -25% FOSSOLID 397.7) 1.00 196 0.13 44 0.1
STOCH. ... FOSGAZ 3006 1.07 641.2 1.09 405.2) 1.02
STOCH. 0% |FOSGAZ 3006 1.07 641.2 1.08 8236 207
STOCH.-8% |FOSGAZ 300.6 1.07 641.2 1.08 9737 245
STOCH.-25% |FOSGAZ 300.6 1.07 641.2 104 [ 10524 265
DET ... FOSGAZ 2816 1.00 592.3 1.00 397.7 1
DET -25% FOSGAZ 3337 1.19 768.2 1.30 9350 235
STOCH. ... FOSLIQ 850.1] 1.00 808.1 ool [ 12026 1
STOCH. 0%  |FOSLIQ 850.1] 1.00 808.1 091 768.7 064
STOCH.-8%  |FOSLIQ 850.1] 1.00 808.1 091 647.5 054
STOCH.-25% |FOSLIQ 850.1] 1.00 808.1 091 526.2 0.44
DET ... FOSLIQ 853.1] 1.00 889.0 10d | 12063 1
DET -25% FOSLIQ 8130 0.95 658.0 0.74 608.0) 05
STOCH. ... CONSERV 182.2 104 275.3 1.03 2315 1
STOCH. 0% |CONSERV 182.2 104 275.3 1.03 297.2 1.29
STOCH.-8% |CONSERV 182.2 104 275.3 1.03 360.1 1.55
STOCH.-25% |CONSERV 182.2 104 275.3 1.03 369.9 16
DET ... CONSERV 1744 1.00 267.7 1.00 2319 1
DET -25% CONSERV 174.4 1.00 318 1.19 368 1.59
STOCH. ... TOTAL 23109 1.00 2634 097 [ 25001 099
STOCH. 0%  |TOTAL 23109 1.00 2634 097 | 29192 112
STOCH.-8%  |TOTAL 23109 1.00 2634 097 | 27844 1.06
STOCH.-25% |TOTAL 23109 1.00 2634 0.97 2747 1.05
DET ... TOTAL 2303.7 104 | 27027 10d | 26157 1.00
DET -25% TOTAL 2316.3 101 | 25873 09d | 27093 104

(*) The figures in this column are relative to the demand for energy for the case DET ...



It is interesting to note that the stochastic path does not lie necessarily between the deterministic
drategies. for some characterigtics it may lie closer to one extreme determinigtic path and for others
it may lie closer to the other or even for the same characteristic for some periods it may lie closer to
the one and for other time periodsit may lie closer to the other. This can be illustrated by looking at
the primary energy use of renewables, gas and solids in the previous tables. On Fgure 13 we see
that the stochadtic path for the use of renewables lies very close to the extreme deterministic path
“Det -25%", while the stochadtic path for the use of gaseous fossl fuels lies more closdly to the
other extreme determinigtic path, “Det...”. On Figure 14, we represented the stochastic path for the
use of solid fossl fuds. We see that the stochastic path lies very closeto “Det ...” in 1995, whilein
2000 it lies more closdly to “Det -25%” and in 2010 it lies again more closdly to “Det ...”.

Figure 13: Primary energy input of renewables and gaseous fossi| fuels (in PJ)
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Figure 14: Primary energy use of solid fossil fuels (in PJ)
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D. Final Energy Demand

The graph and tables below show that the find energy demand is decreasing in the industry and in
the resdential and commercia sectors when CO2 condraints are imposed, both in the stochastic
and the deterministic scenarios. No decrease is observed in the transport sector, with the exception
of the end of the horizon under the most stringent CO2 scenario.

Table 14: Energy use for the different strategiesin industrial, residential and
transport sector. (For “Det ...” in PJ; for the other strategiesrelativeto “ Det ...”)

scenario sector 1990 | 1995 | 2000 [ 2005 | 2010 | | 2030 |

Stoch. INDUSTRY -24%| -02%)| -88%| -10,7%| -1,7%

Stoch. RESIDENTIAL | -02%]| 00%| -26%| -65%| -3,7%

Stoch. TRANSPORT 00%| 00%| 00% 00%| 00%

Stoch. TOTAL -08%| -01%| -40%| -60%| -18%

Det ... INDUSTRY 493 569 613 629 580 692
Det ... RESIDENTIAL 487 513 547 573 564 703
Det ... TRANSPORT 484 502 523 542 562 582
Det ... TOTAL 1464| 1586 1681 1744 1705 1977
Det -25% |INDUSTRY 00%| -39%| -150%| -20,0%| -13,3% -24,0%!
Det -25% |RESIDENTIAL 00%| 00%| -71%| -96%| -15,6% -44,8%
Det -25% |TRANSPORT 00%| 00%| 00% 00%| O00% 0,2%
Det-25% |TOTAL 00%| -15%| -7,7%| -104%| -9,7% -24,3%

(the energy use for strategy “Det ...” isexpressed in PJ; the difference in energy use under the other strategiesis
presented relative to the use under “Det ..." )

As the demand for energy services is fixed in this verson of Marka, the decrease is due to a more
efficient use of energy (through shifting towards gas) and through conservation. In the stochastic
Marka scenario, these shifts are dready starting in 2000.



In the industrid sector, gasis clearly a hedging strategy until 2010, subgtituting oil and cod. Thereis
an increase in conservation in the stochastic scenario compared to “Det ...”, but it remains far below
the conservation under “Det -25%".

In the resdentid and commercia sector, the same trend is observed for the substitution of oil with
ges.
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Table 15: Final energy demand in the industry (PJ)

H -Fk

in Figure18: Energy consumption for transport

Strategy 1990 1995 2000 2005 2010 2015 2020 2025 2030
Stoch ... TOTAL 487 579 563 567 576 649 670 691 701
Det ... 500 580 623 639 587 647 670 683 701
Det -25% 501 555 498 480 477 473 479 519 528
Stoch ... Energy conservation 11 18 22 32 41 41 33 31 31
Det ... 12 18 22 26 39 43 33 34 31
Det -25% 12 15 39 67 77 88 95 102 108
Stoch ... I:Coal + coke 170 209 171 170 129 214 214 214 214
Det ... 182 209 219 218 119 214 214 214 214
Det -25% 183 189 89 54 18 5 4 4 4
Stoch ... I:0IL 99 120 63 20 11 118 125 126 128
Det ... 101 134 137 126 11 117 125 126 128
Det -25% 101 106 16 10 11 11 11 11 11
Stoch ... I:NATURAL GAS 99 113 140 179 220 96 99 101 101
Det ... 99 104 112 98 239 94 99 100 101
Det -25% 99 107 210 210 226 227 228 260 261
Stoch ... I:HYDROGEN 0 0 0 0 0 0 0 0 0
Det ... 0 0 0 0 0 0 0 0 0
Det -25% 0 0 0 0 0 12 18 13 0
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Stoch ... Electricity 116 130 150 154 171 176 186 203 212
Det ... 115 130 144 157 173 176 186 197 212
Det -25% 115 133 146 162 181 186 192 199 207
Stoch ... I'HEAT 0 3 36 41 42 42 43 43 44
Det ... 0 0 8 37 42 42 43 43 44
Det -25% 0 17 62 70 69 61 56 31 44
Table 16: Final energy demand in the residential and tertiary sector (PJ)
Strategy 1990 1995 2000 2005 2010 2015 2020 2025 2030
Stoch ... TOTAL 486 514 533 535 542 571 606 648 704
Det ... 487 514 547 573 563 501 624 654 703
Det -25% 487 513 508 518 476 443 426 405 385
Stoch ... Energy saving by 66 76 86 111 121 128 135 141 146
insulation
Det ... 66 76 84 94 120 127 134 141 146
Det -25% 66 76 101 114 128 141 150 161 170
Stoch ... RT:COAL 22 18 13 10 6 9 14 12 4
Det ... 22 21 16 14 6 9 14 12 4
Det -25% 22 18 13 9 2 0 0 0 0
Stoch ... RT:OIL 216 256 275 258 150 164 204 248 383
Det ... 217 260 298 316 266 274 295 321 386
Det -25% 179 202 181 137 48 3 0 0 0
Stoch ... RT:NATURAL GAS 162 155 161 161 242 244 225 209 127
Det ... 161 149 143 136 160 160 158 144 124
Det -25% 200 207 221 256 259 242 196 137 77
Stoch ... RT:HEAT 0 2 8 20 41 44 47 49 49
Det ... 0 1 6 17 37 43 47 49 49
Det -25% 0 5 11 24 44 48 51 53 54
Stoch ... RT:ELECTRICITY 80 81 76 85 103 109 115 129 139
Det ... 80 81 82 0] 94 104 111 128 140
Det -25% 80 81 82 91 121 149 178 215 253

If one looks at the technology level, for most technologies the use under the stochastic strategy liesin
between the use of the extreme determinitic solutions. But there are examples where thisis not so.
The optima use of a technology under the stochaestic strategy may exceed the use of both
determinigtic srategies, when this technology alows for an easy adaptation for the different possble
outcomes after 2012. There are two such examples in our scenarios. “the use of natural gasin gas
boilers in the industry” and “the use of naturd gas for bailers in the resdentia sector”, as can be
seen in the tables below.

Table 17: The use of natural gas boilersin theindustry in PJ (GI1.IPA + GI1.1YA)

Scenario 1990 1995 2000 2005 2010{|sum(*)||2015(°) |{2020(°)
STOCH. 228 24.2) 455 444 41,8 179 01 01
DET ... 228 152 16,7, 0] 45,6 100 01 01
Det NKC ... 228 152 7,7 0] 01 46 01 01
DET -25% 228 18,2 89 14 46 56 01 03
(*) sum from 1990 to 2010.
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Table 18: The use of natural gas boilersin theresidential sector in PJ (GR1.R1E)

Scenario 1990] 1995] 2000] 2005  2010[[sum(*)][2015(°) [2020(°)

STOCH. 15 11 58 49 499 63| 499 476
DET ... 15 172 1 01 o1 4 01 o1
Det NKC ... 15 172 1 01 o1 4 01 o1
DET -25% 1,5 172 8,1 21 21 53 21/ 13,9

(*) sum from 1990 to 2010.

E. The electricity sector

Under the stochastic Strategy both the nuclear and gas options are present, as shown in the tables
below. The nuclear potentid is not fully used, contrary to “Det -25%". The increase in the use of
nuclear energy under “Det...” is entirely due to the Kyoto condraint in 2010. Because under
“Det...” in 2010 more energy is produced by nuclear energy, less energy has to be produced by the
gasfired STAG power plants.

Table 19: Production of éectricity in nuclear power plants (LWR.E21) under the different
strategies (PJ)

SCEN. 1990 1995 2000 2005 2010| [sum(*) |2015(°)  [2020(°)

STOCH. 147 152 172 172 192 835 153 153

DET ... 147 152 172 172 201 844 160 162

Det NKC ... 147 152 172 172 172 815 133 133

DET -25% 147 152 172 172 214 858 214 214

(*) sum of energy 1990,1995,2000,2005 and 2010.
(°) After 2012 there is no more stochastic path, the numbers are those for "Stoch. ..."

Table 20: Production of electricity with gas in Stag power plants and in decentralised Stags for
combined heat and power under the different strategies (in PJ)

Scenario 1990 1995 200 2005 2010] [sum(*) [2015() [2020(%)

STOCH. o 1807 4546 3407 289 127 54,7, 522
DET ... o 2784 3279 376] 1376 112 484 46,2
Det NKC ... o 2776 3289 372 6076 159 4613 4569
DET -25% 0 54 2533 4063 3653 108 987 1424

The shift from centralised to decentralised dectricity production starts a bit earlier under the
stochastic strategy and under “Det -25%", but by 2010 the shares under the different strategies are

relatively close to each other.

Table 21 and Figure 19:
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The disposd of CO2 in aquifersis only used when high CO2-emissions are imposed. It is aso used
under “Det...” in 2010 to satisfy the Kyoto congtraint.

Table 22: Disposal of CO2 in aquifers.

Description of technology |SCEN. 1990| 1995 2000 2005 2010 2015 2020 2025 2030| sur
Carbon dioxide disposal in|STOCH. 0 0 0 0 0 0 0 0 0
aquifers
(CDR.SCZ) DET .. 0 0 0 o 1,21 0 0 0 0
Det NKC... 0 0 0 0 0 0 0 0 0
DET -25% 0 0 001 001 4,58 9,45 15,68 24,35 28,89 8

(*) sum of energy 1990, ...2030.

F. I mpact of a nuclear moratorium

Because of the importance of nuclear power when CO2 congraints are imposed, a “NoNucl”
scenario is conddered, which is the same as the previous scenario with one exception: investmentsin
new nuclear units are not dlowed for. We will compare the stochagtic solutions for both scenarios
for the case that after 2012 it appears that the -8% cumulative congtraint has to be satisfied.

The total discounted system cost for “NoNucl -8%” is0,7% higher than for “ Stoch. -8%”. Until the
year 2005 in both scenarios the path for nuclear energy is fixed by assumption and therefore only
after 2005 a difference gppears. The use of nuclear energy is 10,5% lower under “NoNucl -8%”
than under “Stoch. -8%". In 2015 and 2020 it is 38% lower and in 2025 and 2030 it is 88%
lower. Thereis dso adecrease of the primary demand of solid foss| fuels. All thisis compensated
by a higher use of gas under “NoNucl -8%".



Table 23 and Figure 20: Differencein primary input between No Nucl. -8% and Soch. -8%

1990 1995 2000 2005 2010 2015 2020 2025 2030
Stoch -8% |FOSSOLID 388,3  438,1 226,3 217,8 160,3 1414 85,2 39,7 4,4
NoNucl -8% [ FOS SOLID 390,51 438,33 226,5(  202,0 107,3 99,4 53,6 14,5 4,4
O FOSSOLID| 0,6 0,0 0,1 7.3 -33,1 -29,7 -37,1 -63,5 0,0
Stoch -8% | FOSLIQ 850,1  931,6 017,8] 8843 8081 7294 6672 6620 6475
NoNucl -8% | FOSLIQ 843,8  924,8 849,1 840,6] 7809 701,9] 6698 6552 6432
0 FOSLIQ -0,7 -0,7 -7,5 -4,9 -3,4 -3,8 0,4 -1,0 -0,7
Stoch -8% | FOSGAZ 300,6] 2844 4387 501,3] 6412 7236] 8335 91120 9737
NoNucl -8% [ FOSGAZ 3051 2930 501,4( 561,9] 7441 90455 1006,3 1309,8 1343,0
O FOSGAZ 1,5 3,0 14,3 12,1 16,0 25,0 20,7 43,7 37,9
Stoch -8% | NUCLEAR 381,9 3958 446,3| 4463 4988 5566 5570 557,00 5570
NoNucl -8% | NUCLEAR 381,9 3958 446,3| 4463  446,3 3450 3450 64,4 64,4
0 NUCLEAR 0,0 0,0 0,0 0,0 -10,5 -38,0 -38,1 -88,4 -88,4
Stoch -8% | Renewable 8,1 8,1 21,9 24,4 26,8 29,1 33,1 41,7 44,8
NoNucl -8% | Renewable 8,1 8,1 21,9 24,4 26,8 30,3 33,1 35,9 44,8
O Renew. 0,0 0,0 0,0 0,0 0,0 4,1 0,0 -13,9 0,0
Stoch -8% | Conserv. 182,20  176,0 2238 2619 2753 2905 317,7] 341,7 3591
NoNucl -8% | Conserv. 180,4  176,0 2257 2622 279, 3044 3322 3506 3591
O Conserv. -1,0 0,0 0,8 0,1 1,4 4,8 4,6 2,6 0,0
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V. Conclusion

After a short description of the theoretica background for andysing investment decisons under
uncertainty, an application with the Marka mode is presented. The focus lies on the comparison of
a sochastic grategy with the deterministic strategies.

The stochadtic Strategy has the advantage, to define “one’ Strategy which takes into account the
possible congraints that can be imposed after a certain period. It alows to keep a certain flexibility
before the uncertainty is resolved and this comes clearly out of the comparison.

This exercise will be repeated when the Belgium Marka database will be updated, because the
flexibility of the energy system is overvaued, by the way some fud switch technologies are now
modelled in Markal.
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VII. Annexes

A. MARKAL Versions

MARKAL computes a compstitive partid equilibrium on the energy market, where the
endogenous energy prices are equd to the margina costs of the energy vectors and where demands
for energy services are exogenoudy set by scenario. We used a stochastic version of this moddl.

MARKAL-micro is an extenson of the MARKAL-mode. In this modd the demands for
energy services are eadtic to their own prices. Instead of fixing demands, the user specifies demand
functions. The dadticity may be different for different demand categories and for different time-
periods. The mode should prove useful in the context of andyzing scenarios where environmenta
taxes or condraints impose a non-negligible strain on the various economic sectors in the form of
severe increases in the margina cost of some energy. This modd captures the greatest part of the
feed-back effects not previoudy acounted for in MARKAL. It dill is not a generd equilibrium
model, because there is no adjustment in the modd for changes in the macro-economic variable for
GDP (Denise Van Regemorter and Gary Goldgten).

MARKAL-ED is dmog the same as Marka-micro, but in Marka-ED the objective
function is made linear by using stepwise functions (Dennis Lavigne and Garry Goldgtein).

MARKAL-macro goes a step further concerning the impact on the macro-economic
variables (eg. changes in GDP). Markd-macro is in this respect a generad equilibrium modd.
However, because of the sze, only one price dadticity is assumed for al sectors.

For more informaion take a look a the following address on the internet:
http:/Amww.ecn.nl/unit_bs/etsap/markal/ .

B. Risk aversion

1. Definition of a“risk averter” and a “risk neutral person”
A decison meker isarisk averter, if for any digtribution F(x) the following istrue:

receiving the amount (‘)j x dF(x) with certainty is considered at least as good as taking part in a
lottery with distribution F(x). This can be represented by:
WQ, xdFX) ) >= @, uK) dFX).”

The above inequality is caled Jensen’s inequdity and is the defining property of a concave function.
Hence in the context of the expected utility theory, risk averson is equivaent to the concavity of

u(..).
For arisk neutrd personwe have: foral F(.): u( OxdF(x) ) = Ou(x) dF(x)

2. Measuring risk aversion



Representations of a preference ordering by utility functions are not unique (Spinneweyn F, 1989).
The class of utility functions representing the same preference ordering is more restricted under
uncertainty than under certainty. Under certainty, podtive monotonic transformations of a utility
function, do not dter the preference ordering. Under uncertainty only positive linear transformeations
represent the same ordering.

Risk averdgon is determined by the form of the utility function. A possible measure of risk averson
therefore isu’’ (x). However, because this measure is not invariant to postive linear transformations
of the utility function, it has not become a tandard measure of risk averson.

In the economic literature The Arrow-Pratt (A-P) coefficient is the sandard measure of risk
averson. The Arrow-Pratt coefficient of absolute risk aversion is the smples modification of
U’ (x) thet isinvariant for pogtive linear transformations. It isdefined as. -u’’ (X)/u’ (X). The negetive
dgn results in a postive Arrow-Prait coefficient for a concave and increasing utility function. The
more concave is the utility function, the higher will be the degree of risk averson and the larger will
be the A-P coefficient.

The A-P coefficient can be used to compare the risk attitudes of individuas with different utility
functions. The A-P coefficient can be used as wdll to compare the risk attitude of one individud at
different levels of wedth,

Instead of the A-P coefficient of absolute risk averson, sometimes the A-P coefficient of relative
risk aversion isused: -x u”’(x) / u'(x). The concept of relative risk averson is particular interesting
for andysing risky projects where outcomes are expressed in percentages of gains or losses of
current wedth.

It is observed that an individud is more willing to take a risk, when he is rich than when he is poor.
If somebody is rich, he can afford to take arisk. This behaviour can be modeled by assuming that
the Arrow-Pratt coefficient of absolute risk averson decreases when the wedlth increases. If thisis
the case one speaks of “ decreasing absolute risk aversion”

The assumption of decreasing absolute risk averson yieds many economicaly reasonable results
concerning behaviour under risk. However this assumption may be too weak and may therefore be
replaced with the stronger assumption of “non-increasing relative risk aversion”. This means
that the Arrow-Prait coefficient of relative risk averson does not increase when the wedth leve
increases.



