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Abstract

In economic models a common approach to the description of technolodatainships
between input factors is the use of neoclassical production functiomsstyjpki of production
function is based on the assumption that the switch from one input caimbitaanother is
not restricted. Changes in the input combinations are mainly causeldabges in relative
prices. Putty-clay effects like the dependency of the productionbildss on the existing
capital stock or of the technological development on the vintagetste of the capital stock
are ignored in most of the models. From an engineering poineéwfdoubts are stated about
the ability of this approach to describe the technological optimmmput factor substitution
in a realistic way. It is argued that load factors ad a&lthe dependency of the use of fuels
and other materials on the development of the capital stock haveakdneinto account. For
example, the electricity sector shows that a considerable substitution af i;mputy possible

if there is a need for replacement investments i.e. new power plants. aking,imto account
technical restrictions and the fact that excess capactheinifferent load areas is limited, a
given power plant stock provides only a marginal ability to swgabstantially from one
kind of fuel to another — at least as long as there is no neetifaeplacement of whole
plants. The possibilities to change the fuel mix - allowing fohneml constraints, the
vintage structure of the power plant stock etc. - can be addagsesing the results of energy
system models. Such a model is used in the following. The ailsopéper is to point out
ways to improve the technological foundation of production functions in ecormoodels.
The paper aims at ensuring increasingly realistic rebakked on applied energy economic
modeling and, hence, at an improved robustness of policy recommendations.



1 Introduction

In recent years a lot of new economic models have been developealyre climate change
mitigation strategies and the effects such strategies daveconomic and technological
developments. These models usually use neoclassical production functiatescitbe
technological relationships between different kinds of fuels and betfweds and other
input-factors. Technological aspects like vintage structures, load\ail@dbility factors and
their influences on the structure of the fuel mix are ignored orlmmiyaken into account in a
very aggregated way. So such an approach may not reflect the optidoslfsubstitution,
and therefore the cost for G@nitigation strategies, in an appropriate manner.

To be able to assess potentials for fuel substitution it is reggets take a closer look at
technological structures. Very detail information about different kofdsnergy conversion,
distribution and end-user technologies, about availability of resoargshe interactions
between the technologies, different kinds of technological constraihtha vintage structure
of the capital stock can be assessed by using the resulte@yesystem models. In the
following we will use an example of this kind of model to identify ptitds and costs of fuel
substitution options in the electricity sector. The aim of doimg is to point out ways to
improve the technological foundation of production functions in economic modeé¢s. T
results should help to increase accuracy of applied energy econmdigling and, hence,

improve the robustness of policy recommendations.

2 M ethodol ogy

In the next paragraphs we present the methodology which will be uassgédss the potentials
and costs of fuel substitution options focusing on the possibilitieo&bgas substitutions in
the electricity sector. We will start our explanations w#bme preliminary remarks.
Afterwards we will describe the energy-system model whichwilleuse to identify the fuel

substitution options.

2.1 Preiminary remarkson costs and potentials of fuel substitution options

- Costs of fuel-substitution options
The example of the historical development of the fuel mix used iklthéor the production

of electricity shows that the structure of this mix has chdrgjgnificantly over time (IEA



2003). In the past the development of the fuel mix has been influencadobyf different
factors: changes in the fuel prices, technological progress aitdgdatonstrains might be
the most important factors. Also the importance of the vintagetsteuof the power plant
stock has to be stressed at this point: With an increasing age ptamts had become less
profitable. If they reached the status of uneconomic they had beesdpbatsand replaced
with new ones.
To assess how the fuel mix will look like in the future and whatlae potentials resp. costs
of options to influence the development of the fuel mix it is necessary to distingtustebe

o the fuel substitution options an existing power plant stock offers,

0 possibilities to influence the mix by putting new plants into operation.
In the second case it is necessary to make a distinctiberd is a need for new capacities or
if the new capacities leads to excess capacity.
Figure 1 shows an example of the costs of the different kinds a@ingpfior fuel substitution.
In the example it is assumed that using more gas for the prodwdtielectricity should
reduce the share of coal in the electricity production.
The additional costs of a simultaneous increase in the output oirgégpdwer plants and
decrease in the use of coal using the existing power plant stackinedependency to the
fuel prices to additional costs of approx. one cent/kWh. In this @algethe variable costs
(incl. fuel costs) of the different types of power plants have tedmsidered in the cost
calculations.
In second case (‘Construction of new capacities within the investment) ¢ieleosts of fuel
substitutions have to be calculated by comparing total costalfl@rand fixed costs incl.
capital costs) of each kind of power plant type. The total costasbgd coal-fired power
plants do not differ very much, so the additional costs of fuel substitate very low. Even

they could fall below 0 if low fuel prices and low load factors are assumed.
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Figure 1: Costs of different options for a substitution of gas for coal

The costs will be significantly higher if new gas-fired powéants are built and used to
produce electricity without any ‘real’ need for new ones, becewges case excess capacity
is created which will lead to additional costs. In our exanpk costs rise up to 2.5
cent/kwh.

So the cheapest way to change the fuel mix is to use the opti@sment cycles offer.
Measures for fuel substitution using the existing power plant stceknore expensive but
compared with the costs of constructing new power plants outsdewbstment cycle they

are still low.

- Potentials for fuel substitution

In the following we want to analyze the potentials for the differoptions for fuel
substitution focusing on the possibilities for coal-gas substitutions.

To assess the potential for fuel substitution by using investrgel@sc information about the
development of the total demand for capacity and the developmerg oértfaining power
plant stock is necessary. Examples of this are presentedure2gThe first example shows
the electricity sector of France: It is expected thatnance the demand for electricity and
therefore the demand for the total capacity will increase up to 2020y. (Eureletric 2002)
In principle the gap between the demand of one period and the demandoefitiicbefore
can be filled by putting new coal-fired power plants into ojpaneds well as by switching on

new gas-fired plants. Taking into consideration that in the firstgeriods only a few power



plants will reach the end of their lifetime, in the shorimtéhere will be a small need for
replacements. Especially in the second period old coal-fired powets pAall have to be
replaced. If you replace them with new gas-fired power plantsshiaee of gas in the
electricity mix will increase. Meanwhile, due to the phasingaduhe old coal-fired plants
and the construction of new gas-fired power plants instead of mpldte old plants with
new coal-fired power stations, the share of coal will drop. Assumlifigtime of 40 years for
nuclear power stations, after 2015 the need for new power plantaseilsignificantly. In
principle, each of the different power plant types can be used ®ttlissgap. However, it is
very likely that for political and strategical reasons the raldlear power stations will be
replaced with new ones. Therefore the ‘real’ options for chanfi@duel mix during these
periods will be limited.

Especially in Germany the demand for new power plants is driveegiggcement needs. In
the short term, a lot of gas-fired power stations built in thergees will have to be replaced.
If they are not replaced with new gas-fired power plants, thes sifagas will decrease. In
this case it is likely that the share of coal will increg3a the other hand in every period
approx. 7 GW of coal-fired plants will have to be replaced by new ppiaats. This opens
the door to switch at low costs gas for coal.

In contrast to France and Germany it is expected that Iy dtad Spain the demand for
electricity will increase significantly. However, in this caues there will be only a small
demand for replacements. The sum of demand for expansion and replaveinefier a
high potential to increase the share of gas in the electricity mix at low costs

In the UK a lot of the existing coal-fired power plants will sseach their end of lifetime.
Therefore especially in the second and third period there will bignificant potential for
fuel substitution. Figure 2 shows that in the medium term theréowidl lot of capacity gaps,
which can be filled by putting different kinds of new power plamis operation. However, it
has to be stressed that once one gap is filled for the next tyeae will be no cheap way
back.
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Figure 2: Need for new capacities

Figure 3 illustrates a small, in comparison to Figure 2 miogeretical, example of the
limitations of fuel switching in the electricity sector assugmo new power plant is built. In
this example there are only two different types of power plamat and gas-fired fired
power plants. With the existing stock of coal-fired power plants gossible to produce a
maximum ofC™ of electricity and with the gas-fired power pla@&™.

In the example we assume tI@lf** < C™. So an amount o™ or less electricity can be
produced by using only one type of power plant as well as by usimg af them. In order to
produce more tha@™ of electricity at least one part of the demand has to be gedawvith
coal-fired-power plants. The colored lines in Figure 3 shows allljessptions to produce a
specified output. After reaching a maximunQ¥f the lines become shorter which means that
the possibilities to switch between the different types of pqiaerts decrease as the demand
for electricity increases.

The maximum output@™) can only be produced with one combination of power plants: In
this case both types of power plant are used at their maxiewneh 5o at this output level a

substitution of the different types of power plants is not possible.
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Figure 3: Example of possibilities for fuel substitution

In real life the maximum production of one type of power plamtasonly limited by the
amount of the existing capacities but also by technologicaiatests like the degree of
availability and the need to have excess capacity to ensure a safetysmmiyy Taking into
account that the utilities want to maximize their profits and domawit to have more excess
capacity than necessary, the possibilities for fuel substitutimg wsly the existing power
plants are very limited in the short-term.

Besides the possibilities the existing power plant stock offeusttae option to use the need
for new power plants for cheap changes in the electricity ha@retis as a third option: The
mix can be changed by putting on new power plants outside of investment byglesciple
the potential for this option is unlimited.

2.2 ThelKARUSMARKAL Model

The different kinds of options to change the fuel mix and the interacbietvgeen them
-allowing for technical constraints like the vintage structure of the powet gtiack etc. - can
be assessed by using the results of energy system modelsasplexof such a model is
IKARUS-MARKAL, which was developed within the IKARUS-Project ttescribe the
energy flow from the primary energy sector to the energy eadestors industry, transport,
households and small-scale consumers in Germany (Hake 1998, Btaréhsal. 2003).

IKARUS-MARKAL is a process-based optimization approach of theear Programming



type, representing (bottom-up) energy technologies along the enernygrsion chains
(Fishbone 1983). Assuming perfect foresight the model minimizes the net pralsenof the
energy system throughout the planning horizon. The model contains dletddemation
about costs and technical aspects of more than 500 different techapBgsde data on
investment and operating and maintenance costs, there is data orcaledifigiimes,
availability factors and emission coefficients for each teclgyldraking into account
exogenously given fuel prices, the levels of production activitiesstraints on penetration
of new technologies and emission targets, the model delivemsniaion about the cost-
optimal mix of technologies to satisfy the assumed useful enemggmnd. Apart from a lot of
other detailed information, the model provides data on the optimal nieclofiology for the
electricity sector. The mix of technology in this sector dependfi@mevelopment of fuel
prices as well as on the costs of the different technologietheomintage structure of the
capital stock, technical aspects (e.g. load factors, the needcloupacapacities [especially
for wind power plants]), the availability of resources, the strectof the demand for
electricity and policy constraints. Therefore all the differ&mtds of options for fuel
substitution are taken into account automatically. Changes in the pfioae type of fuel for
example will lead to an increase in the use of other kinds of flihe costs of using these
fuels in power stations are lower and if there are no constramtdh limit the substitution
options. Changes in fuel prices will also influence the decisiorhwkind of new power
plants should be built if there is a need for new capacity. leWeat of extremely high fuel
prices, it is possible that new, more efficient power plantk beilbuilt even if there is no
technological need for new ones.

Table 1 shows some key indicators which we used in our calculations.

Table 1: Key indicators

Unit 2000 2010 2020 2030
Population Mio. 82.0 81,5 80.3 78.0
Number of households Mio. 375 38.5 38.8 38.1
Average household size Personsg 2.19 2.12 2.07 2.05
GDP Mrd. € (95) 1963.8 2366.7 2797.5 3189.6
Lignite - Mining PJ 1521 >1 400 >1 400 > 800
Wind (installed capacity) GW 5.9 >19 > 25 > 35
Nuclear power (installed capacity) GW 22.2 18.3 7.8 0

The calculations are based on the assumption that the population cdiryeniti decrease
significantly in the long-term whereas an average increasbeinGDP of 1.8 to 2% is
assumed. Beside assumptions about population trends and economic grovgih,naimaber



of other assumptions are also taken into account. Regarding the teitaadevelopment of
the electricity sector the assumptions about the development of mangyeand the use of
nuclear power have to be stressed. For example in case of varglye¢he current trend for
wind energy which anticipates still a strong increase is takerconsideration. According to
the agreement about phasing out the peaceful use of nuclear powedrbgpdhe Federal
Government and the nuclear power station operators, the phasing out eathpéeted after
a quantity of 2.623 TWh have been produced, which corresponds to approx. 33 yeach for
power plant. Very important for the calculations are assumptions aleydrices. The prices

for fossil fuels, which are used for the following calculations, are presenieable 2.

Table 2: Fuel prices

€/GJ

2000 2010 2020
Hard coal 1.32 1.76 1.80
Lignite 1.44 1.51 1.64
Crude Qil 5.32 4.39 4.49
Gasoline 7.06 6.28 6.51
Diesel 6.95 5.45 5.61
Light fuel oil 6.95 5.45 5.61
Heavy fuel oil 5.06 3.51 3.60
Natural Gas A 3.27 3.65 3.82
Natural Gas B 4.11 4.56 4.77

In the following we will use the IKARUS-MARKAL model to shothe potential and
limitations for fuel switching in the electricity sector.

3 Results

To identify the potential of fuel substitution options we start oloutations assuming steady
prices for hard coal and gas. In the next runs an exponentich$seco@ to a specified level in
the prices of hard coal and gas is assumed.

The results of the first run are presented in Figure 5. Thisefigiiows that even if coal and
gas prices remain unchanged the fuel mix of the electseityor will change significantly.

The development is mainly driven by the vintage structure of the rpplaet stock and the
decision to phase out nuclear energy within the next 20 years.
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Figure 4: Development of electricity production (constant fuel prices)

In the short-term an increase in the gas price will only henadl £ffects. In the ‘worst’ case
scenario (a 40% increase in the gas price and unchanged pricesifoo&lathe share of gas
will drop by 10%. In the ‘best’ case (steady gas price and a #@%ase in the price of hard
coal) the share will rise by 8 %. The results for coal endag. Changes in the coal and gas
prices induce only variations of the output of the coal-fired power plants of -6 % to 10 %.
However, in the long-term the same changes in the prices (campar2000) lead to
significantly different results. Assuming constant fuel prigdas, production of electricity
from using gas will rise to 134 TWh. In comparison to 2000 this megnswah of 94 %. A
10 % increase in the gas price will result in a sharp drop to 8. TNWe production will
decline to 75 TWh if further increases in the gas prices are assumed.

With high coal prices the use of gas-fired power plants becares profitable: In the event
of high coal and steady gas prices, the production will rise to 17@ TWhe scenario ‘Price
of coal +40 %’ the use of gas for the electricity production wmeithain almost unchanged
provided increases in the gas prices amount to less than 11 thohl\her gas prices the
production will decline sharply to 85 TWh. This limit is reachedhat level ‘Gas price of
2000 plus 24 %'. After that further increases in the gas prices tedygi$o small changes in

the use of gas-fired power plants.
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Figure 5: Electricity production - Variation of fuel prices

In the other scenarios with lower coal prices ranges of mdeseistable shares of gas in the
total electricity production and a range of a sharp declinebeamndentified. In each of
scenarios the range of the sharp decline is limited to 10 to 15 points.

In principle, the share of the sum of gas and coal in the tatahistant in all scenarios. Only
in the high price scenarios the share of other fuel increageificantly. (Figure 6) So in
general the development of use of hard coal for electricity prioductflects the inverse one

for gas.
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The employed approach also exhibits the direction and magnitude déikepment of the
relative use of fuels respectively the dependency of coal asdige on relative changes in
fuel prices for the years 2010 and 2020 and, hence, gives a firsegigoref the difference

between short- and long-term price elasticities.
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Figure 7: Direction and magnitude of fuel substitution possibilities

In Figure 7dCoal anddGas denote the changes in the shares of coal and gas use in the total
electricity production for the years 2010 and 2020 compared to the dewesibpmith
constant prices. The dark aréasandB in this figure show the situations at which the use of
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one of the fuels gas or coal decreases and the other one incesises's the combinations
with higher changes in coal than in gas 8rttie ones with larger changes in gas than in coal.
Less gas and less coal are used in the &easdD. C reflects the situations with higher
changes in use of coal than in the use of gadatite ones where the decrease in the use of
coal is smaller than the drop in the use of gas.

The figures for 2020 are dominated by combinations of B/pEhis indicates that in general
changes in prices lead to an increase of one type fuel and afdhwpother one whereby the
use of gas is more sensible to changes in the prices than the use of coal.

The results for 2010 are different to the ones of 2020: Insteadciasing one fuel and
decreasing the other one in the most cases changes in pricés deatluction of both types
of fuels. This reflects the limited possibilities for substitutions in thet-gaon.

4 Conclusion

In this paper we stress the possibilities of changing the fuelimmilte short and long-term
using the example of the German electricity sector. Threerdift ways to change the fuel
mix have been identified: The cheapest one is to use the ‘windows otwppoinvestment
cycles offers. This option depends on the development of demand ¢tricéle and the
vintage structure of the capital stock. A more expensive way to change a fusltmixse the
existing capital stock. Because the utilities want to maartheir profits and do not want to
have more excess capacity than necessary, the possibilitfeglfsubstitution using only the
existing power plants a at a given point in time is very éohifThe most expensive option for
fuel switching is to build new power plants although there is no ‘real’ need.

In the case of the German electricity sector in the short-(ep to 2010) cheap possibilities
to replace coal with gas are very limited due to small ‘windofvspportunity’. After 2010
the replacement demand for coal-fired power plants will be quite bayin the long-term an
increase in the share of gas in the electricity production could be achieved attlaw cos

To assess the options for fuel substitution, and therefore the cosEGormitigation
strategies, in an appropriate manner, it is advisable to link thef igsels to the development
of the capital stock. We also recommend using different alsesi¢or short- and long-term

analyzes.
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