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Abstract

The large scale expansion of renewable energielengas many prevailing electricity
markets all over the world. There is an ongoingsidiic debate if a market design solely
based on marginal cost pricing is sufficient toegrate renewable energies. Of particular
interest is the question if the investment risksasfewable plants, mostly due to their capital
intensity, are prohibitive high in a pure markettisg. Moreover, their fluctuating production
nature might also increase the investment riskedowventional fossil plants. The objective of
this paper is therefore to examine these questions.

For this purpose, a numerical electricity marketdelois conducted in a Monte Carlo
simulation to compute the investment risks of défe renewable and fossil plant types. The
resulting risk values are then incorporated inrtfuglel to study the influence of the risk on the
investment decisions. Furthermore, the risk isgrated on a stand-alone (per plant type) and
on a portfolio basis. The later case accounts éalging effects between different plant types
to lower the overall investment risks. This proaedis done for a market dominated by
renewable and a market dominated by fossil fueitplto analyze the difference.

The results confirm that renewable energies hagkdmniinvestment risks compared to fossil
plants on a stand-alone basis. But renewables eamsed as hedges for gas plants, which
increase their investment attractiveness in thsilfdgel market. However, in the renewable
dominated market there are not further hedging rtdgges and the renewable stand-alone
risks remains high. If these high investment rigegl to suboptimal renewable investments, a
de-risking market design extension might be a prguodution. Another finding is that the
investment risks for gas plants rise with higherergable shares, due to the impact of the
fluctuating renewables availability on the eledtyigrice and the production volumes of the
gas plants. This also has policy implications: Aoreased risk of gas plants might hamper
their construction which can cause blackouts. i thdeed becomes a problem, a capacity
market as an additional market design element eara lsolution since it leads to safer
revenues.



1 Introduction

An important cornerstone to mitigate climate chaisgine worldwide expansion of renewable
energies. Many countries introduced therefore supgmhemes to subsidy renewable energies
in the electricity sector (IPCC 2014). A notablyaexple is Germany, where a feed-in-tariff
scheme is in place. Under this support instrumeartewable producers are protected from
market forces, which is one reason why a rush asgef green electricity could be observed
over the last years. However, it is widely accepthdt also renewable energies must
introduced to market signals in order to realizestiitient electricity market (e.g. Steggals et
al. 2011). Clearly, this becomes more importanhvaigher shares of renewables in a market.
Nevertheless, there exists considerable uncertalmbyt the proper design of future electricity
markets with high shares of renewable energies @g»g).

A particular important difference to today’s mairflyssil fuel dominated markets is the
potential change in the investment risks for eleityr producers: The capital intensity of
renewables makes them inherently risky, since thmiestment costs are sunk and their
revenues depend on the volatile electricity prieA(2014). Additionally, their production
volume depends on the weather and varies betweerydhrs. For these reasons, some
observers see the need for “de-risking” low cartemihnologies (e.g. Schmidt 2014). But not
only might the investment risks of renewables thelmes be problematic, since also the
revenues of fossil plants are affected by the fiatthg nature of renewable production.

In this field of research the topic of this paperdaocated. The main research interests are to
analyze the investment risks for renewables inr& puarket setting and how the investment

risks change for fossil plant types with increassigres of renewable energies. Furthermore,
the portfolio risk of a representative investoraofenewable market shall be compared to the
portfolio risk of a conventional, fossil fuel domaited market. The results have certain

implications for the future electricity market redmg de-risking market design elements.

For this purpose, a three sage approach is followethe first stage, optimal plant capacities
for typical renewable and fossil plants are comgutamerically with a stylized investment

and a dispatch optimization model. The resultingaci#ties re-enter the same model as an
exogenous input in the second stage. Then Mont Gemnulations for three scenarios, each
for different risk factors like fuel prices and esvable availabilities, are applied. With this Net
Present Value (NPV) distributions and correspondivgstment risks for each plant type are
obtained. For the third stage, the model is extértdeinclude these investment risks. Thus,
the model computes again the optimal capacitiesitikhe first stage, but now the technology
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specific investment risks are part of the investiragtisions. This three stage procedure is
done for a conventional market with high sharetssil plants and for a market dominated by
renewable energies to study the difference betvoe¢im markets. They differ with respect to
their input parameters only in the gQ@rice, which is higher in the renewable market.
Moreover, the investor evaluates plant risks omfg@io basis. This means she accounts for
the correlation between the NPVs of the plant tyipes portfolio optimization, which is part
of the third stage. Hence, the investor can hedgeesrisk via investments in non-perfectly
positive correlated plant types. This reflects therent state in electricity markets where
typical hedging possibilities are flawed, since fxample long-term contracts between
producers and consumers are seldom observed (R@&liBatlle 2012). Thus, investors or
firms often diversify their plant portfolios to l@w~their investment risks (e.g. Bolinger 2013).

The outline of this paper is as follows: In the ingction an overview of the related literature
and the contribution of this paper are presentégrdafter the basics of idealized electricity
wholesale markets are briefly explained. In secipiong-term investments decisions from a
finance perspective are introduced. Besides thestnvent decision criteria (4.1), it is in
particular described how risks are evaluated inestment decisions and how portfolio
optimization functions (4.2). On the basis of théseoretical considerations, the numerical
model approach is conducted in section 5, whestlyfithe procedure is explained in detail
(5.1). Then, in section 5.2, the results of the el@te presented in sequence of their stage
number. In section 6, the results are discussedraptications for the future market design
are drawn. The paper ends with a short conclusion.

2 Literature Overview

Basically, there are different streams in the dtere regarding high shares of renewable
energies. A first stream focuses on the systengiat®n of renewable energies (e.g. Cochran
et al. 2012; IEA 2014). Besides other aspects,etlstsdies analyze the impact of variable
renewables on the security of supply, which me#&ms,example, the increasing costs of
ensuring a certain level of reliability.

Other studies show the short-run price depressiegtrrder effect caused by renewable
energies with zero variable costs (e.g. Sensfusa.2008) and additionally the long-run
impact on the optimal capacity mix (Saenz de Mieral. 2008; Bushnell 2011): Since the
residual demand (total demand minus renewable ptma) becomes more dispersed and the
capacity factors of the fossil plants decrease enflexible plants with lower fixed and higher
variable costs enter the market.



Kopp et al. (2012) explicitly model the profitalbyliof renewables for the German market up
to a renewable share of 80% in total consumptidmeyTconclude that the prevailing on
marginal cost pricing based energy-only market a¢ sufficient to refinance renewable
energies and see the need for a market designsexterAnother discussion of the market
design for high renewable shares is given in Win&leAltmann (2012), who also doubt that
the current energy-only market is suitable to recdkie costs of renewables.

However, these studies do not model or accoungtaildfor the investment risks. In contrast,
Redpoint (2009) and Poyry (2009) model the Brigsdctricity market up to 2030 with about
35% renewables in the production. They apply Mddé&lo simulations for the fluctuating
renewable availability and find that the price Vility and hence the investment risks increase
with the renewable share. Green & Vasilakos (2@149 observe a rise in the price volatility
in a similar (but simpler) model framework. But yh&o not find a significant increase in the
revenue volatility for the fossil plants due to thend penetration compared to a case where
only the demand is volatile.

Another large strand of literature focusses ondfiigiency of different renewable support
schemes, but only some model explicitly the riskinvYestment risk is considered, a typical
finding is that a feed-in-tariff leads to lower @stment risks for renewable producers
compared to a quota or a feed-in premium schemgigfiaet al. 2013; Kitzing & Ravn 2013;
Kitzing 2014). The reason is that the producersiveca certain amount per output in the case
of a feed-in-tariff and hence only the volume ok tbutput is risky. Under the other
instruments they additionally face the electricfjgnd quota) price risk. Opposed to these
findings, Nagl (2013) shows that for weather uraiatyy the height of the investment risk
depends on the slope of the fossil plants” suppiyec Thus, more market integration as in the
case of a quota or a feed-in premium scheme migbte favorable for renewable producers.

The next body of literature is not only relatedenewable energies but very relevant for this
analysis. The Mean-Variance portfolio theory (MMIAs initially developed by Markowitz

(1952) to determine efficient financial portfolidlsat do not include unnecessary risk. The
MVP uses the correlation between returns of differessets to diversify the risk. However,
Bar-Lev & Katz (1976) are the first who transfertdt the electricity sector, namely to

determine efficient plant portfolios in the USAstead of financial assets, the MVP in the
electricity sector includes plant assets. Awerbusled the MVP to study the impact of
renewable energies on the efficient plant portfolie.g. Awerbuch 2000). A typical outcome
of these MVP applications is that capital intengiants like renewables lower the portfolio
risk and hence are more expanded as in a detetimifi@mework. The reason is that they
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have high fixed and thus less risky costs. In @stirless capital intensive plants like gas
plants have highly volatile fuel costs and are d¢fme less favorable in terms of risk

(Awerbuch & Spencer 2007). However, these appbeatiare made from a social planer
perspective, where the returns of the plants arasared by the generation costs and the
electricity price does not play any rdle.

Roques et al. (2008) are the first who apply thePVig the electricity sector from a private
investor’s point of view. In this setting the efegty price becomes a very important risk
factor, since the profits of electricity firms a®ongly affected by it. This changes the results
of the MVP dramatically: Instead of capital intaresplants, high variable cost plants become
more favorable in terms of risk. In particular, {trehow that gas plants are to a certain degree
“self-hedged”. The reason is that they often setghce in the electricity market and therefore
can transfer their volatile variable costs diredthythe consumers. Moreover, the resulting
volatile electricity prices affect the profits die capital intensive plants and thus they are
more risky. This risk advantage of price settinghhvariable costs plants in a market setting is
also shown analytically by Meunier (2013).

A drawback of the approach of Roques et al. (2088}hat they simply assume fixed
production volumes and normal distributed fuelpoarand electricity prices and then apply a
Monte Carlo simulation to compute the plant retusind their correlations. Instead, Lynch et
al (2013) couple a Monte Carlo simulation with déectricity optimization model. Hence, their
approach considers market interactions and all@evsm endogenously electricity price and
production volume computation. They also apply M@Pthe resulting returns of the Monte
Carlo simulation. Like Roques et al. (2008) theydfithat gas plants are most favorable in
terms of (portfolio) risk. However, their approdchas also a large disadvantage: Their model
does not include scarcity prices such that all islédave negative expected returns. From this
follows that the peaker plant has no risk, becahseelectricity price never exceeds the
variable costs of the peaker. Thus, the peakersl@ways its complete capital costs.
Nevertheless, it is the only efficient investmemttheir portfolio, since all other plants make
even higher losses.

Finally, another method to account for risk in istreent decisions is given by the real option
approach (cp. Dixit & Pindyck 1994). It is an oftesed method to account for the risk about
uncertain developments, for example the,@@ce path. Fortin et al. (2008) couple a real
option approach with a Monte Carlo simulation técakate profit distributions and apply a

! Beside the papers of Awerbuch there are some &M&? applications for the electricity sector fronsacial
planner perspective, for example Delarue (2011)e8ano et al. (2012) and Bhattacharya & Kojima 2201
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portfolio optimization. They are the first who ube Conditional Value at Risk instead of the
variance in the portfolio optimization in the engrgector, which is also done in this paper.
One main finding is that investors have an incenttvinclude wind in their portfolios even if
the expected COprice is not high enough to make wind profitalskjch can be traced back
to the diversification effect of wind.

In this paper a similar approach like in Lynch &t(2013) is followed. But the here used
model computes the long-run equilibrium which mednslso includes scarcity prices.
Furthermore, instead of optimizing the portfolio afsingle investor, like in Roques et al.
(2008) and Lynch et al. (2013), the portfolio ofegresentative investor is optimized. More
precisely, the portfolio optimization is integratedthe electricity market model. Therefore,
the model considers also the feasibility of thetfptio in the electricity market. This
procedure avoids extreme results like in Lynchl.e2913) with a portfolio that consists only
of peaker plants which is not realistic and in faatd to interpret in their study. However, this
method and the pre-coupled Monte Carlo simulatemesconducted to analyze the investment
risks in renewable energy compared to fossil fumhishated markets. This is a significant
contribution to the above described literaturecsionly some studies analyzed model based
investment risks, especially for renewables, ufptiay. Moreover, no study, to the best of my
knowledge, compared investment risk in one cohefemework between fossil fuel and
renewable dominated markets.

3 Basicsof the Electricity Wholesale Mar ket

In this section, fundamental concepts of eleciricitarkets are introduced. The focus is
exclusively on investment and dispatch decisionslectricity producing plants that sell their

output to the wholesale electricity market. For rap&e, balancing markets, heat as a by-
product or other specifics of the electricity mdriee net constraints or storage are not part of
the model analysis in this paper. The advantagesimple model is that the effects of certain
risk factor inputs on the market outcome can beilzesd to basic market mechanisms. Hence,
the risk effects are isolated from additional effethat might come into play if, for example,

storages are introduced.

2 Besides the here presented paper, there are sihiereal option applications for the electricigctor for
example Fortin et al. (2008) and Fuss et al. (2012)
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In the following, a simple deterministic (withousk) market model is outlined (see e.g.
Bushnell 2011 for a similar model). This is done ti@o reasons: Firstly, it helps to clarify
important economic notations and concepts usebisnpaper. Secondly, it leads to the same
results as the numerical model used later on, 9utadeled from a firm rather than a social
planer perspective as the numerical model. The perspective is more convenient when
analysing investment risks. Throughout the wholegpd assume perfect competition between
firms in the electricity market and abstract frogpital electricity market problems like
insufficient demand elasticity. The underlying d&ture of this subsection is the standard
economic text book of Varian (2010) and for thectleity economics related content Stoft
(2002).

Suppose firmi € I can construct a plant type with variable cogts per unit of produced
electricity git in periodt € T. In order to produce electricity, each firm needpacitycapi,
which can be used in all periods. The investmestscof one unit capacity are givenimypc;i.

In period t, the demand isD:(pt) > 0 for the corresponding electricity pricg:. In
equilibrium, Yi git = Dt(pt) holds, which means total supply equals demandn Fis total
short-run profit is defined as the total revenudsus the total variable costs, denoted as
" = Ri — Vi, with Ri = Ytpeqic andVi = Ytvcigic. Note that | abstract from discounting
here for reasons of legibility, instead the disdowte is introduced to the model in the next
section.

In the short-run perspective, the production isogiethous to the firms, but capacities are
fixed, because the considered stretch of timeasstwrt to adjust the capacities. This implies
that in the short-run the investment costs of ttistiag capacities are sunk, assuming that the
capacities cannot be sold. These sunk costs apeciab case of fixed costswhich emerge
independently of the production level. Opposed #iable costs that increase with the
production and hence, can be adjusted in the stortTherefore, a rational profit-maximizing
firm only considers its variable, but not its fixedsts, since the later emerge independently of
the decision. Taking the long-run perspective, dheme no fixed costs and thus, all costs are
variable. In this case, investments in capacitresaéso endogenous to the firm. Here the long-
run or total profitsmi aremi = nf" — invcicap;. The firms maximize their long-run profits
overgit andcapi by taking the capacity constragt < capi for each period into account:

® The fixed costs are not sunk if the respectivalpetion factor can be sold.

6



max i = Z(pt — vci)qit — invcicapi + Z Ait [capi — qit] 1)
t t

qit,cap;

Taking the derivatives with respect &&, capi and 1it, leads to the Karush-Kuhn-Tucker
conditions:

pt—vci—Ait <0 L1 qit=0 Vit (2)

_invCi+Z/1itS0 1l capi=0 Vi (3)
t

capi—qit <0 L Aie=0 Vit (4)

From condition (2) follows that the price equals tharginal cost of all firms that produce in
periodt, which ispt = vci + Aie. The shadow price of the capacity is only positive if the
capacity constraint (4) of the respective planbiisding, otherwise it is zero. Condition (3)
shows that if the sum of the shadow prices ovepatiods of one plant type is equal to its
investment cost$nvci, the firm invests in capacitycgpi > 0). Note that in the short-run
maximization, condition (3) is skipped becawagi is exogenous. However, in the short- and
long-run the shadow prices reflect the marginalugabf the capacity evaluated by the
willingness to pay given by the electricity pripe Since all electricity is produced and all
capacity is constructed at the margin in the lamg-equilibrium the market price is just as
high to recover the costs of the firms. Thus, thdits of all firms are zerari(pt, qit, capi’) =

0. This implies that given the optimal amount of aefies, the short-run profits cover the
fixed (investment) costs:

" (pi, qir) = Z(pé‘ — vci)gi = invcicap; (5)
t

The short-run profits are also denoted as prodsueplus, because in the short-run, when
capacities are fixed, producers earn a surplus ealbloeir variable costs. Suppose there are
I = 3 plant types withvc: < vez < vez and inver > invez > invces, two short-run static
market situations are given in figure 1.



Figure 1 Merit-order
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The colored step function is the aggregate supptye; also called merit-order. The firms
supply electricity if the price is at least as hahtheir variable costswhile for example the
green horizontal part is as high as the variabktscand as broad as the amount of capacities
installed of plant one. The same is valid for theeband yellow horizontal parts of the supply
function for the two other plant types. In periagepthe demand is presented by the inverse
demand functiorp1(D1), intersecting the supply curve at the yellow homial part, which
means thap: = vcz. The capacities of firm one and two are fully im&d (their capacity
constraints (4) are binding) and they earn a predsarplus: Firm one gains the areaahd
plant two B, which is used to recover some part of the investngosts. In the second period,
the demand is higher and all capacities are fuilizad which is termed as scarcity time. The
price rises such that the inverse demand functibersects the supply curve and the market
clearing conditior}i git = Dt(pt) is fulfilled. Those consumers with the highestliwgness to
pay get electricity while the others lower theimsamption. Now all three firms receive a
producer surplus: Firm one gets the areas A, firm two B; + B, and firm three gains area
C. In this paper, short-run profits that are eamatth prices above the variable costs of the
peaker plant (the one with the highest variablés)ae termed scarcity rentaVhich are the
areas A, By and C in the current example. Obviously there niesscarcity times in which
some consumers pay more than the variable costseopeaker plant otherwise the peaker
cannot recover its investment costs. Furthermdwe starcity rents are also necessary for the

* More precisely, they supply if the price is assteas high as their short-run marginal costs. Hanein this
simple idealized model, the short-run marginal €asinsists only of variable costs and the shadadee jof the
capacity, while the later is only positive if thapacity is already fully utilized.

® Scarcity rent has no uniformly definition. For exale, Stoft defines scarcity rents “as revenuesumiariable
costs” (Stoft 2002:70). This definition would inder the whole producer surplus. However, the digstnc
between the rents earned in scarcity and non-sgaiies is convenient for the later analysis & thasults.
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other plants, because in the long-run equilibridhnpknts earn zero profits which include
gains from scarcity times.

Finally, it is important to consider what is mednt long-run zero profits. Due to the
assumption of perfect competition, all firms havarginal revenues, which are equal to their
long-run marginal costs and hence they earn zesoauic profits. However, generally in
economics the costs of the production factors arengoy their market prices, which measure
the opportunity costs of the factors. These casfisr to the foregone opportunity to use the
factors in another profitable way. The cost of theney used to invest in capital — as a
production factor — is given by the interest r&asically an investment is the transformation
of today’s money into future money. For severasoea this money is not for free, or to put in
other words, the transformation needs a posititerést rate. Main factors influencing the cost
of money are the time preference of consumptiofiation and risk (Brigham & Houston
2009). The interest rate that incorporates thesteifais called the normal rate of return. Thus,
firms, or more precisely the investors of the firrearn a normal rate of return in the long-run
equilibrium that is as high as the opportunity sost capital. Therefore, firms have zero-
profits in the long-run equilibrium. Opposed tostleconomic definition, accounting profits
neglect the implicit opportunity costs. Hence, v fong-run equilibrium accounting profits
are positive and given by the normal rate of return

4 Long-Term Investment Decisions

In finance “the process of evaluating a companyteptial investments and deciding which
ones to accept” (Brigham & Daves 2007:396) is cattapital budgeting. The here involved
capital are the different power plants, which carsben as long-term assets. The term budget
refers to a plan which contains the projected Ritcapital expenditures. In the following
subsections, the relevant basic concepts of lomg-teivestment decisions are outlined,
whereby the link to electricity market model is &tped. The first subsection deals with the
main criterion for investment decisions, while ir2 4he focus is on investment risks and
portfolio optimizations.

4.1 Investment Decision Criterion

This section briefly explains the Net Present Vaiisemost important investment decision
criterion, which is also used in the numerical motloreover, the link to the long-run profits
is explained. The source for this section is Brigh&a Houston (2009).
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First of all, it has to be mentioned, that in finanthe cost of capital is calculated as the
weighted average cost of capital (WACC). The WA@Kes into account the different sources
of capital and weights their respective costs tlcutate a single cost of capital. Roughly
described, a firm chooses an optimal capital stinecti.e. an optimal share of equity and debt,
as capital sources, to maximize the firm’s valuawebler, in this paper there is no distinction
between capital sources. The here assumed peréeketrenvironment without, for example,
taxes or transaction costs, makes such a distinatielevant. For simplicity, one investor is
assumed which represents many identical invedshaitsféace an interest rate which is in this
case always equal to the WACC.

The theoretically superior criterion to evaluateastment decisions is the Net Present Value
(NPV), because it shows how much a project addbdanvestor’'s wealth. The NPV is the
sum of all discounted cash flows over the period pfoject:

o CR o
NPV = Z W, with CF; as the cash flow in period t. (6)
t=1

The cash flows are discounted with the ratewvhich is the interest rate (or WACC), that
represents the opportunity costs of capital asriest above. If a project has a positive NPV
it should be realized, because it makes the invesealthier. Applied to the basic market
model of section 3, the NPV of firinbecomes

T
(pt — vei)git @

NPV; = —invcicapi + Z, W

which is basically the long-run profit, but now théure short-run profit§pt — vci)qit V t >

1 are discounted to the present<1). The investment costs emerge in the first period a
hence, are not discounted. Note that the capaeatessed immediately from the beginning of
the first period on.

A result of the basic electricity market model e tzero-profit condition in the long-run.
Analogously the NPV of all firms are zertPV; = 0, since they are exactly the long-run
profits. Thus, each firm earns the normal rate eitinn » as an accounting profit, but no
economic profit, which would only be the cas&/®V; > 0.
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4.2 |Investment Risks

In the previous sections, the impact of risk on thedel and on the investment decision
criterion was neglected. This subsection expands daterministic framework through the

incorporation of risks in the investment decisiongess. This and the following subsections
relates to Brigham & Houston (2009) if no othererehce is noted.

First of all, risk is defined more precisely: Inngeal, risk arises due to a lack of information
or the uncertainty of the future. Risk refers te gossibility of some unfavorable events in the
future to occur (Brigham & Daves 2007:34). Whilerih exist several definitions of risk in the

literature (cp. Gross et al. 2007), | follow Knigli921), who defines risk as the measurable
part of the uncertainty. Therefore, the here areyinvestment risk is the potential loss of a
certain value, which can be calculated by risk mess Furthermore, | define risk factors as
interdependent or independent parameters thaeméke the investment risk.

Since risk is related to potential negative eveihts, typically negatively evaluated in finance
and economics. Therefore, a standard assumptidhaisinvestors are risk-averse, which
means they prefer a safe return compared to a retlkayn, when both have the same expected
value. Hence, risk has a negative impact on thesitor's utility and consequently, she must
be compensated for bearing risk. The typical wawntorporate risk in long-term investment
decisions is to adjust the discount rate for righus, the discount rate of the NPV calculation
as the investment criterion is the risk free rdtes@a risk premium. Since the discount rate
reflects the cost of capital (WACC), this meanst thahigher risk increases the investment
costs. In this paper, investors are also risk aveti®wever, | do not explicitly calculate risk
premia which are added to the discount rate. ldsgeautility function of the investor is
specified in section 4.2.2 which accounts for thgative impact of the risk.

4.2.1 Risk Evaluation Types

In capital budgeting, the risk of an investmentj@e which means here an asset or plant, can
be evaluated with three types of risks: Stand-alasie corporate (or within-firm) risk and
market risk:

Stand-alone risk relates to the investment risklived in a single project, while ignoring the
relationship to other projects of the firm or t@ theneral market risk. Thus, it can be defined
as the “risk an investor would face if he or shé&dhmly one asset” (Brigham & Houston
2009:233). A sophisticated way to analyze standeloisk is to run a Monte Carlo
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simulation® A software picks randomly risk factor values (egriable costs and sales prices)
of predefined probability distributions and caldekthe project’s profitability (NPV). This

procedure is repeated several hundred or thoudareb,t each time with other randomly
drawn values for the risk factors. Since each Mdd&elo run computes different NPV, the
simulation results in a NPV probability distributiowhile the mean of the distribution is the
expected NPV, the risk can be measured in differays, as explained in the following.

A typical risk measure is the standard deviationv@riance) of the NPV distribution: The
smaller the standard deviation the tighter the abdly distribution and thus, the lower the
risk. However, using the standard deviation retiasthe assumption of normally distributed
NPVs otherwise it can lead to misleading resultatfR et al. 2008). Another frequently used
measure is the Value-at-Risk (VaR). TAeVaR is the lossy that is with a predefined
probability (the confidence leve) not exceeded (Conejo et al. 2010). Hence, the Mai
downside risk measure which takes care of bad masocand neglects outcomes higher than
the confidence level. The VaR has the disadvanthgeit does not take account of greater
losses than the threshojd while this negative tail might also contain redatv information
(Fortin et al. 2008). Furthermore, following Artznet al. (1999) the VaR is only a coherent
measure for normal distributed profits. Since taged computed NPVs are not necessary
normal distributed, | follow Fortin et al. (2008threnmann & Smeers (2011), Fuss et al.
(2012) and Fagiani et al. (2013) who use the Candit-Value-at-Risk (CVaR) for a risk
analysis in the electricity sector. The CVaR does nely on normal distributed profits and
takes also account for fat tails in the distribnsio The f-CVaR is defined as follows
(Rockafellar & Uryasev 2000):

CVaRg = (1-p)7" fG,y)p(y)dy, (8)
Feey)zyp()

where f(x,y) is the loss function depending on the investmestision vectorx, which

represents here the different assets (plants) mfopo of assets that can be invested in and on

the random vectoy which stands for the risk that affects the lod®eg. sales risk), while

p(y) is the probability distribution of. The3-CVaR is the conditional expectation about the

losses that exceed the threshpl@ Therefore, the difference to the VaR is that théaR is

the mean of all losses above the threshold (ieatgr losses) instead of the threshold itself,

which is the VaR (see figure 15 appendix 8.1 fgraphical illustration).

® Other important methods are, for example, setiisitand scenario analysis (see Brigham & Houstd®920
" In equation (8) the threshold has the confidemterval as subscript, which meay)s because the threshold
depends on the confidence interval.
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The next investment risk type is the corporate whin-firm risk. In this case the investment
risk of a single project is related to risks of titber assets of a firm. The risk of each project
depends on how much risk it adds to (or removem)rthe overall risk of a firm. More
precisely, if the NPV distribution of a single neuoject is not perfectly positive correlated
with the portfolio NPV distribution of the existiragsets of a firm, the new project might have
a lower risk than under a stand-alone risk evatmatlhe reason is that the new project and
the existing portfolio do not make the same losseter the same market conditions and thus,
some risk is diversified away. This is also the miaisight of the Mean-Variance Portfolio
theory described in the next section.

The within-firm risks takes account of within-firchversification, but it does not consider that
the stock of one firm is only one part of the whplatfolio of an investor. In contrast, the
market or beta risk, as the third investment rigget accounts also for the stockholder
diversification. Basically, one can distinguishweén diversifiable (also unsystematic) risk
and market or beta (also systematic) risk (Brigh&ar@aves 2007). A perfectly diversified
investor bears, by definition, no diversifiablekrend faces only market risk, which is the risk
of a portfolio consisting of all stocks of the markThe market risk cannot be diversified,
because it relates to events like war or recessibat affect most firms. If one assumes
rational well-diversified investors and a perfeapital market the risk of a project should be
evaluated by the covariance of its return withrtiegket risk, which is measured in the Capital
Asset Pricing Model (CAPM) by the beta: The higagiroject correlates with the market risk,
the higher is the risk of the project and thus, tigher must be the discount rate. That
includes a risk premium, at which the project ialaated. In the CAPM, the diversifiable risk
does not play any role in determination of the pskmium, because investors can completely
diversify it away.

However, taking the general equilibrium perspectivehe CAPM for the risk evaluation is
out of scope of this paper. Instead | implicithsasie that capital markets are not perfect and
take a partial equilibrium perspective by condugtportfolio optimizations solely for the
electric market (Blyth 2008). More precisely, thergpective of an investor, representing
many small investors who behave in the same mansdgken, that can only invest in
electricity producing firms. Hence, the investon @aly diversify its plant portfolio, while the
risk of a single plant is evaluated in this poitiotontext. In this sense, the plant risk is
evaluated in a within-firm context, because ongddirm — that stands for many small firms —
owns all plant capacities and maximizes its pmidiject to its portfolio risk. This is done with

8 For other assumptions of the CAPM see Brigham &d352007:84)
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a portfolio optimization as explained in the nexctoon. Moreover, the later conducted
numerical portfolio optimization is confronted witprofit maximizing investors that
incorporates stand-alone risk to see the divegditio incentives and gains.

4.2.2 Portfolio Optimization

With classical Mean-Variance Portfolio theory (MVRJeveloped by Markowitz (1952),
optimal portfolios can be computed. The MVP resuitefficient portfolios for which the
expected returns cannot be increased without iscrgahe variance (as risk measure) of the
portfolio returns. In order to optimize a portfglione needs the expected return and the
variance of each potential asset of the portfoMoreover, the correlation between the
expected returns of the assets is essential tondiet the variance of the portfolio returns.
From this follows one main insight of the MVP (&woques et al. 2008): The value of an asset
depends on the portfolio in which it is evaluatiédne asset has high returns at the same time
whereas the other assets in the portfolio gendoatereturns, some risk is diversified away,
such that the overall portfolio risk decreases. Boch diversification effects correlation
coefficients between the assets of lower than aseenacessary. If, for example, two assets
have the same expected return, but a correlatiefficent of minus one, the risk is
completely diversified away, because they are perfedges. The other extreme case, a
coefficient of plus one, implies that there aredieersification effects. Hence, a correlation
matrix is an essential ingredient of the MVP.

The portfolio return is optimized via the weightseach asset in the portfolio subject to an
accepted portfolio variance (or the variance isimired subject to a minimum return). By
varying the accepted risk in the optimization, @ets the efficient frontier that is a curve
consisting of efficient portfolios as exemplifiedthe following figure.
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Figure 2 Efficient frontier

DO

portfolio variance (risk)

expected portfolio return

Source: Based on Markowitz (1952)

The three portfolios A, B and C lie on the effididnontier and thus do not imply any
unnecessary risk to obtain the respective expeetedn. In contrast, portfolio D could have a
higher expected return for the same risk if the position of assets is changed such that the
point is shifted to the right. Hence, portfolio B not efficient. Portfolios to the right of the
efficient frontier would be preferable, but are fedsible for the given assets.

The combination of risk and return, which means twt@mposition of assets an investor
chooses for the portfolio, depends on her prefagn@ standard mean-variance utility
function representing her preferences is giverely. (Roques et al. 2008, Meunier 2013):

1
U= E[rp] - EaVarp 9)

The utility U increases with the expected portfolio retlﬂ‘{rp] and decreases with the
portfolio risk, given by the variance of the potiforeturnsVar,. Thus, there is a trade-off
between risk and return where the former is werhig the coefficient of absolute risk
aversiona. A risk neutral investor does not put any weighttbe risk — the alpha is zero.
Consequently, the higher the risk aversion of tivestor, the higher is the alpha.

However, as explained in the previous section, \thgance (or standard deviation) has
drawbacks and is not the preferred risk measurthignpaper. Instead the CVaR is chosen
which needs a different specification of the pditfamptimization problem compared to the

MVP. The CVaR portfolio optimization, introduced BRockafellar & Uryasev (2000), is as

follows:
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s.t. E[rp(xi)] > R,in = 1,Zﬁkxi +y+auxk =20, auxk =20Vk, xi=0Vi 4o
l L

The solution of this problem is the minim@&CVaR of a portfolio constrained by an expected

portfolio return that must be as least as high asirdmum accepted return, which means

E[rp(xi)] > R. The constraindixi = 1 restricts the sum of the asset share$o one. The

variabley is the threshold of the CVaR, hence, it is the \(a#t previous sectiomuxk is an

auxiliary variable fork € s ands is the sample size of the distribution of the me$u Thusyik

is one return observatidnof asset of the sample. Finallyg is again the confidence level of

the CVaR.

Since in this paper the return is given by the N&\d the risk by the CVaR, the utility
function of the investor becomes:

U = E[NVP,] — aCVaR, (11)

This is the same specification as in Fagiani ef2413), but they do not account for portfolio
effects. Instead they subtract the CVaR of singgats (stand-alone risk) from the expected
NPV and call this the risk-adjusted NPV. Therefahejr risk-adjusted NPV is the same as the
investor’s utility for stand-alone risks in thisadysis. In the following, the termCVaR is
denoted as cost of risks, because it reflects dss in utility (costs) due to the risk. The
portfolio optimization in (10) and the utility fution in (11) are integrated in the numerical
model as explained later on.

Up to this point, the basics of the electricity ketrand long-term investment decisions under
risk were explained. In summary, investors maxinttear wealth via the NPV. In the long-
run equilibrium this leads to NPVs of zero, whicleans zero economic profits for investors.
Transferred to the electricity market model, thisams that the sum short-run profits equal the
fixed costs in the long-run. However, investorsneamormal rate of return as accounting
profits. This rate reflects the costs of capitalX@C) and is used as discount rate for the NPV
calculation. Basically there are different wayshofv the risk of an investment decision is
evaluated and the risk is accounted for in the gtment decision process. In this paper, the
portfolio of a representative firm on the electsicmarket is optimized. Thus, the risks of
investment projects (plants) are evaluated in &g@ar context within a (representative) firm.
Instead of adjusting the discount rate for the pskmium, the costs of risk are included in a
utility function of the investor, which is an oftarsed method to account for risk. These
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theoretical considerations are implemented in aerigal electricity market model within a
three-stage process, explained in the followingices.

5 Numerical Analysesof Investment Risksin Electricity Markets

Based on the earlier descripted theoretical coraiid®s, in this section a numerical

optimization model is developed to compute investintesks for different plant types in a

market dominated by fossil plants and a market dated by renewable energies. Moreover,
the investment risks are integrated in the modeanalyze the impact on the investment
decisions. For the implementation a three-stagega®is applied, which is described in the
following subsection.

5.1 Modelling Approach

First of all note that this model exercise is raitored to a specific electricity market in the
real world, though German demand and renewableadilty data are used. Instead the
investment risks in two hypothetical markets aralyged. One market is dominated by
conventional fossil plants and is termed the CONketa This market represents many of
today’s markets, which have high shares of coaltrétéy in total production. The other
market is called the RES market because it is dat@thby renewable energies, especially by
wind power. This RES market stands for potenti&life electricity markets, where | assume
that much effort is made to limit the damage afnelie change. The assumed lever to achieve
lower carbon emissions is an effective carbon ntatkat internalizes the emission
externalities. Hence, the assumed expected @i©e is with 100 €/t much higher in the RES
market compared to the CON market with 30 €/t. $tedet from further subsidies for the
renewables, because besides the emissions thermoamsarket failures in this idealized
markets. Apart from the C(price all other model inputs are identical in bothrkets for the
sake of comparing the investment risk. Furthermtirete are no existing capacities in both
markets since | do not model a real electricity keirThus, | follow a greenfield approach.
Next a brief overview of the three stage procedor@nalyzing the investment risk described.

In the first stage of the procedure, the optimglacities of the CON and RES market are
computed in a deterministic framework. The used ehagtimizes the capacity investments
and the hourly plant dispatch over a period of Z@mrg, while each year consists of
representative days. The model is described inildetaext section. For the reason that all

17



capacities are built endogenously, all plant tymedke zero (economic) profits. The two runs
(one for each market) undertaken in the first seagedenoted as the base runs.

In the second stage, the same model is adopted, dgdinow the capacities are fixed at the
optimal capacities of the first stage. This medyas the perspective is changed from the long-
to the short-term. Hence, only the dispatch overah years is optimized. Then for the given
investment decision, Monte Carlo simulations angliad. This means that certain risk factors
attain different values, generated by stochastcgsses or taken from distributions, in each
model year. Three scenarios for variable cost rikkmand risk and renewable availability
risks are conducted. Each scenario consists of Md)te Carlo runs and is applied to both,
the CON and the RES market. Since a deviationefrtput parameters leads to a deviation in
the profits, the Monte Carlo simulation resultsanNPV distribution for each plant type.
Therefore, the CVaR of each plant type as a stémtkaisk measure can be calculated. The
stochastic processes and the scenarios are expiaisection 5.1.2.

Finally, the CVaRs of the plant types are integtate the investment decisions in the third
stage. Given the utility function of the represém&ainvestor, the CVaRs are evaluated in
terms of costs of risk and emerge as an additioostl factor in the optimization model. Thus,
in the third stage the capacities are endogendasiti the first stage, but additionally the
investor faces the different costs of risks forhegtant type, which are determined in the
second stage. Moreover, this optimization is daveah evaluation of the costs of risk on a
stand-alone basis and in a plant portfolio contexdee the potential diversification effects of
the later.

5.1.1 Mode Description

In this section, the investment and dispatch otitmon model is described. The model results
in the long-run equilibrium. Hence, for the sampunparameters it yields the same results as
the market model of section 3.

The model has a time span ¥f= 25 years, while each year consistsSof 4 seasons and
each season has= 168 hours (one week). Hence a typical week of eachases modeled
on an hourly basis to represent a full year. Tleetatity production (in MWh) of technology
i in yeary, seasomrs and hourh is given bygiysh, While each unit has variable costsy of

fpiy + coficopy Vi (12)
T’l ) )

VCiy =
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wherefpiy is the fuel pricecofi is the CQ emission factorgopy is the CQ price andy; is the
energy conversion efficiency. In order to produtecticity, capacitiescapi (MW) of the
respective plant type must be built, while a uritcapacity has investment costs iafci.
Additionally, operation & maintenance (O&M) cosisi; arise per unit of installed capacity
and year over the plants” lifetime.

In every hour the electricity dematgsnh is given by the linear demand function
Xysh = aysh — bypysh VY y,s,h, (13)

where the parametesysndetermines the maximum demand when the electizibe pysh is
zero and the parametby is the slope of the linear demand function. Fersbke of deriving
the wealth, the integral of the inverse demandtionq13) is taken, which results in the gross

consumer surplugSysy >

1
AyshXysh — > X}%sh
b

CSB;q;hoss = Vy,s,h (14)
Since the model determines the long-run equilibrivith perfect competition, the producer
surplus is completely used to cover the fixed cdsée section 3). Therefore, the wealth is
solely defined as the total consumer surplus opatlods, termed a&S. The total consumer
surplus is the total gross consumer surplus lessatial costs of electricity production. Under
the described conditions, the maximization probigias follows’

max  CS=» ) (csygs?” -y myqiysh) (1 4 )
Aiysh.Capi,Xysh

YEY S€S heH i€l (15)
— Z Z omi capi(1+r) 1 — Z invci cap;
iel yey il
S.t.
Z Qiysh = XYSh v VS, h) (16)
il
capiavigsh = qiysh YV i,y,s,h, (17)
Qiysh =0 Yi,y,s,h, capi=0Vi (18)

In equation (15) the gross consumer surplus, the@abla costs, and the O&M costs are
discounted on an annual basis with the factdrhe discount rate is assumed to be 7%, which
is in line with the related literature (e.g. Roquetsal. (2008) use 5% and 10%). The

° Note that the gross consumer surplus and the hlarieosts are adjusted such that the representdéiye
represent a full year. The adjustment factor ipmld here to improve the legibility. The model asnputed as a
Quadratically Constrained Program (QCP) by theesoBPLEX with the software GAMS.
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investment costs are not discounted, because meess only take place in the first year. The
market clearing condition in (16) assures thatsiingply of all technologies equals the demand
in every hour. The capacity constraint in (17)niesd the production to the installed capacities
of each plant type multiplied with its availabilitgctoraviysh € [0; 1] of a specific hour.

The considered stylized technologies are coal pJaambined cycle gas turbines (CCGT) and
open cycle gas turbines (OCGT) as fossil plants.rEnewable technologies, wind onshore
and photovoltaic plants (PV) are included. For diaiy, all plant types have a lifetime of 25
years, which may be too short for coal plants,dhauld not affect the results in a significant
manner. The data inputs of the model are givehénappendix 8.2, where all data are in line
with the literature. Note that the constructiondims as in Lynch et al. (2013) only used to
scale up the investment costs. The whole investimests and the capacity expansion emerge
in the first year.

The hourly demand and renewable energy availabgdyameters are calculated from real
German data of the years 2011 to 2013. The windPahdvailabilities are scaled up such that
the former has an expected annual average avi#yatiloo and the later of 13.5%. The reason
is that in the long-term, which is of interest hesee MW of wind and PV will produce more
electricity due to technological progress than #xésting and partly rather old, average
capacities. The slope of the demand funchgns assumed to have an expected value of 50.
Compared, for example, to Green & Vasilakos (204hd uses a slope of five, the value of
this slope is rather high. However, the objecttafly is a future electricity mark&t where it
can be assumed that the short-run price elastfidemand increases significantly. The value
leads to a maximum elasticity of -0.12 in the CQONl a0.28 in the RES market (base runs),
while the average elasticity is -0.05 for the forrard -0.07 for the later.

Furthermore, | assume that all input parametersi@ochange over time in the first stage.
Hence, all years are identical. This means thezenartrends, for example for the demand or
the fuel prices, which is not realistic. Howevéristsimplifies the analysis as explained in the
next section.

19 Clearly, the CON market represents today’s eldttrimarkets. But for reasons of comparability, sme
parameter values are assumed for both markets.
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Taking the investor’s perspective, the expected WBMre the investment decision for each
plant type is given by
om;cap; + E[Xs Zn(Dysn — veiy )qiysh]

E[NPV;] = —invcicapi + Z a1 Vi, (29)
y

where the price is the inverse demand functgs = (aysh —Xysh)/by. There are only
expectations about the short-run profits. Hence, ittvestment and O&M costs are known
with certainty. This follows from the risk factoefihition in the next section. Clearly, the
long-run equilibrium condition iE[NPV;] = 0. In the first stage, all risk factors are as
expected, therefore the condition is fulfilled.

In this version, the model from (15) to (18) is ynised in the first stage to compute the
optimal base capacities of the CON and RES mankbtch is the risk neutral case or
alternatively the deterministic case. In the secstage, the capacities are fixed at these base
capacities and the risk factors attain in everyry@al Monte Carlo run different values as
described in the next section. For the third stape, model is extended for the risk
incorporation and risk averse investors are assuiifad is explained in section 5.1.3.

5.1.2 Scenariosand Risk Factors

In order to obtain for each plant type NPV disttibns and related CVaRs, Monte Carlo
simulations are adopted in the second stage. Irfoll@ving, the varying risk factors of the
Monte Carlo simulations and their underlying st@tltaprocesses, respectively distributions,
are defined.

The considered risk factors are the coal, gas dadptice, the demand and the availability of
wind and PV. All risk factors can vary between geand are then fixed for a whole year. In
the case of the fuel and the €€osts, explicit prices are modelled. In realitgdé prices
fluctuate also within a year. However, | assumd #actricity producers fix the prices via
contracts for one year, which eliminates the witlggar volatility. Contracts with longer
duration are ignored, because they are seldomeirléctricity market (Roques et al. 2068).
The hourly demand and renewable availabilities rpatars of one year are scaled up or down
by their annual risk factors, whereby the expectaldie is 100%. Hence, each year has the
same demand and availability profile and only tlegnitude of the parameters are affected by
the risk factor. For simplicity, all risk factor pect the renewable availabilities are modelled

1 Roques et al. (2008) assume quarterly price fatins.
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with the same stochastic process, which is a Ga@ri@townian motion (GBM) with mean
reversion (e.g. Blanco & Soronow 200%):

rfyer —1fy = 0(rf" —rfy)dy + ogyrfifdy vy, (20)

whererfy is the value of the respective risk factor in ygaTherefore, the left side of the
equation is the change between two years. Theilequih values of the risk factors are
denoted byrf*. These are the expected values of the respedsikdactors, which are the
inputs of the first stage. The mean reversion patand determines how fast the risk factors
revert to their equilibrium values. Together witiettime stegly, the left term on the right
side of the equation is the mean reversion comgongrfor example, the risk factor lies
above its mean, the mean reversion component igtimegsuch that the risk factor is pulled
down to the mean value. The right term on the rggtié of the equation is the random term.
The volatility parametes determines the influence of the random componerthe process.

It is multiplied with the standard normal distribdtannual error terry, the risk factor value,
and the square root of the time step. The resuttisigibutions of the GBM processes are log-
normal distributed. This asymmetric distributionpieferable, because all risk factors cannot
be negative (cp. Lynch et al. 2013).

The assumed parameters of the stochastic procdstharmesulting minimum and maximum
valued® of the generated data are shown in appendix 8.&héorespective risk factors. The
gas price has an expected value of 25.32 €/MWfid the coal price of 11.7 €/ MWhlt is
assumed that the gas price is more volatile thancthel price, which is in line with the
literature (e.g. Awerbuch & Spencer 2007). Moreotee correlation between the gas and the
coal price is 0.7, which is in between those cogdfits found in the literature (e.g. Awerbuch
& Spencer 2007, Roques et al. 2008, Lynch et a@3p0Correlations between the g@rice
and the fuel prices and between the demand amdhet risk factors are neglected.

The expected Cprice in the CON market is 30 €/t and in the RESkat 100 €/t. The CO
price in the RES market in every Monte Carlo rusimply the CQ price of the CON market
plus 70 €/t. This implies that the price has themeabsolute standard deviation in both
markets, but a lower relative standard deviatiothe\RES market. This might not be realistic,
because a higher absolute price potentially fluetialso more in absolute terms (as e.g. in
Lynch et al. 2013). However, taking the same redaitandard deviation implies a strongly

2 The process is modelled in excel to generatevieryeMonte Carlo run and year one value for eask factor.
The data are then an input in the GAMS model wisctolved 1000 times for each Monte Carlo simutatio

13 Clearly, the minimum and maximum values deviaighsly for each risk factor generation. The valireshe
table 8 are those used in the Monte Carlo simuiatio
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dispersed C@price in the RES market, which might also not balistic. But any other
assumption regarding the G@rice would be arbitrary. Nevertheless, the samsolate
standard deviation simplifies the analysis, sinke tisk factors have the same absolute
influence on the profits, which is the reason whig /ariant is chosen.

As noted in last section, an important assumptiothis paper is that all risk factors do not
have any trends, which means their expected vaeethe same over the whole timespan of
the model. This is known by the investor such #ie has no incentive to invest in capacities
after the first model year. This is the reason \@hyean reversion process is chosen: The risk
factors fluctuate only around their equilibrium was, while the deviations do not trigger new
investments. Without the mean reversion componthere would be persistent deviations
from the expected values of the first stage. Timplies that there should also be investments
in the second stage to be theoretically consistdotvever, this complicates the analysis,
because one needs some investment rule whichealctdien new investments are triggered.
To put in other words, there would be some assunptieeded that determines when the
investor recognizes that the risk factor deviatiomBcate new long-term trends which justify
new investments. To avoid theoretical inconsisenthat could arise from such assumptions
as, for example, in Lynch et al. (2013) there istremd in the risk factors and they fluctuate
only around their persistent expected values. Glethris limits the approach to investment
risks emerging due to annual deviations of the faskors.

While the modelling of prices and the demand withckastic processes is preferable, since
these risk factors have strong autocorrelationss th not assumed for the renewable
availabilities. Instead, the annual availabilityskrifactors for wind and PV are normal
distributed in this paper. The annual average aldity of wind has a larger spread compared
to PV given the German data. Thus, it is assumatttie wind availability has a standard
deviation of 6% and PV of 3%. The highest annualiateon from the expected average
availability of wind is about +26% and of PV +13%urthermore, | assume that the annual
availability deviations of wind and PV are correlwith -0.15**

The risk factors are grouped in three differentnaces for the sake of analyzing their
different influences on the investment risks, whiebuld be more difficult if all risk factors
would be part of the same Monte Carlo simulatiocertario one contains the coal, gas and
CO, price risk factors. Hence, it is the variable sasdk scenario. In the second scenario, only

4 Note that this correlation is chosen becauseriear to the within year correlation of wind and P\the used
data. Clearly, a coefficient based on annual aeeragpilabilities would be more precisely. Howeviérjs
unlikely that this would affect the qualitative u#is of this paper.
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the demand risk is analyzed, while the third sdeniawvolves the wind and PV availability
risk. Each scenario consists of 1000 Monte Canhs in the second stage and is computed for
the CON and RES market. A scenario that containgsélfactors might also be of interest to
see the overall effects of the considered riskof@ctHowever, this is out of scope of this

paper.
5.1.3 Risk Integration in the Model

One result of the second stage are the CVaRs dfittegent plant types. The aim of the third
stage is to analyze the effect of the risk intagmnabn the investment decisions. For this
purpose, the model described in section 5.1.1tsnebed, which is explained in this section.

Basically, the risk is integrated in the model Isyng the utility function of the investor given
in equation (11). The utility function evaluates fVVaR by the risk aversion factor as costs of
risks, which are denoted kyCVaR. With this, the risk is a cost factor and it isagjht
forward to integrate it in the model: The last tevfnthe objective function in (15) is simple
extended by the costs of risk and becomes

z (invci + aCVaR,) cap;, (21)
i

whereaCVaR; are the costs of risks per MW of plantvhich are added to the investment
costsinvci. Hence, the costs of risk are interpreted as iadit costs of capital. The other
term of the utility function of the investor in (. the expected NPV, is implicitly calculated
by the model: Without the risk integration the ested NPV (the economic profit) is zero for
each endogenously built capacity, because thidasgrun equilibrium model. When risk is
integrated in the model the expected NPV must lsatige to compensate for the additional
costs of risk. But the risk adjusted NPV, whicthese the utility of the investor and given by
equation (11), is zero when risk is integratechim model. Thus, the new long-run equilibrium
condition is

U; = E[NPVi] — aCVaRi =0 Vi, (22)
where the expected NP¥[NPV;], is discounted with the same (risk free) raterathé case
without risk, which means it is the same as givereguation (19). As explained in section

4.2.1, the standard way to account for the costss&fis to adjust (rise) the discount rate.
However, this is out of scope of this paper, suwdt the costs of risks are added to the
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investment costs, which has been observed elsewheitee literature (e.g. Fagiani et al.
2013).

Up to this point, the costs of risk are includedhe model on a stand-alone basis, since the
technology specific costs of risk are added to ithestment costs. In the next alternative
specification, the model is expanded to include pwtfolio costs of risk. For this
specification, the CVaR portfolio optimization ihQ) is employed on the model from (15) to
(18). However, the crucial difference to the baS\WaR portfolio optimization in (10) is that
here the aim is to optimize the portfolio of a eg@ntative investor for the whole market
rather than of a single investor. Therefore, thiefang modifications are necessary:

Due to the fact that the electricity market modemeputes the long-run equilibrium the
expected portfolio return, discounted with the rise rate, must always be equal to the
portfolio costs of risks. This means the long-rondition becomes

U = E[NP] — aCVaRp =0, (23)

which is the same as in (22) but for the expectedf@io NPV and the corresponding
portfolio risk. Therefore, the restricti(ﬁ"{rp(xi)] > R in (10) that assures that some minimum
return is achieved can be neglected here. Moreav&ead of the asset shangsin (10), the
absolute amount of assets invested is the relaxargble. In the model, the amount of assets
is given by the plant capacitieapi. The optimal investments in these assets are lasdcl
within the electricity market model. Hence, theedssshare restrictio}; xi = 1 in (10) is
redundant here. Consequently, the portfolio ris&grated optimization model becomes:

1
max CS—a + —Z aux 24
Aiysh,CapP,XyshV,AUXK (y 5(1 - ﬂ) = k) ( )
S.t.
4 . (25)
NPVikcapi +y +auxk =20, auxk =0 Vk
i
restrictions (16), (17) and (18) (26)

The consumer surplusS is the objective function in (15). Furthermore,(#6) are the same
restrictions present as in the first stage baseeinddhus, the base model from (15) to (18) is
extended by the portfolio cost of risk in the oliye function, which isx times the term in the
brackets in (24), whereby the term in the brackets the optimum the-CVaR of the
portfolio. Additionally, restriction (25) is necesy as in the portfolio optimization in (10).
Note that instead of the asset share, the capmeiteeincluded in restriction (25). For the other
notations see section 4.2.2.
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The model computes the optimal capacity investmegtadditionally taking the portfolio
costs of risks resulting from these investmentso imiccount. Hence, it determines
endogenously the portfolio CvVaR. The underlying Néstributions of the plants are taken
from the samples, which is generated in the second stage by thetd@arlo simulations.
The correlations between the plants” NPVs are oitpliincluded in this sample such that
diversification effects are considered by the model important difference to the standard
portfolio optimization is that here the represemtainvestor influences with its investments
the returns of the assets. However, since perfeatpetition is assumed in the long-run
equilibrium, the investor raises the returns eyaittlpoint where they compensate the costs of
the risks.

A limitation of this approach is that the underlyisample for calculating the CVaRs of the
portfolio and for the stand-alone risks is fixed.fact, the investment risks per MW of each
plant type change with the production mix. To aeddor this, an iterative approach can be
applied: After the third stage, again Monte Cartowdations are conducted, but this time with
the capacities of the third stage. The new compiB¥ samples and the related CVaRs
would lead to another production mix. However, tisifomputationally intensive and out of
scope of this paper. Moreover, the aim of this papenot to calculate exact quantitative
effects, but to analyze general effects of (poidjotisks on investment decisions. For this
purpose the explained three stage approach icsuffi

The whole approach can be summarized as followephesentative investor maximizes her
profits via investments in plant assets that haskyrreturns. In the first stage she invests
according to the expected values of the risk fagtarhile investment risks are neglected,
respectively she is risk neutral. The resultings@)acapacities are used as inputs in Monte
Carlo simulations in the second stage to deterrthieestand-alone investment risks of each
plant type measured with the CVaR. In the thirdgstahe investor maximizes again her
profits with the investment decisions, but thisditaking also into account the investment
risks of the plant types. In order to see diveratiobn affects, the risks are evaluated in the
investment decision in a portfolio context and ostand-alone basis. In the next section, the
results of the three stages are presented.

5.2 Reaults

In this section the results of the numerical moded presented. The outline follows the
sequence of the three stages described in theopiegections. The first subsection shortly
presents the main results of the two determinksti®e runs. In subsections of 5.2.2, the stand-
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alone risks of one plant of each technology conpiig the Monte Carlo simulations of the

second stage are examined for the three scen&riosder to compare the technologies, one
representative plant of each technology is defioedvhich the investment risks are analyzed.
The impacts of the risk integration in the investingecisions (third stage) are presented in
section 5.2.3.

521 First Stage: Base Runs

In the following, the results of the determinisBON and RES market are described to give a
general overview of the two markets and to intreédseme aspects, which become important
later in the risk analysis. Table 1 depicts tecbhgglspecific outcomes of the two markets.

Table 1 Base results of the CON and RES market

Share in production Capacity factor Average p(RI&Wh)
CON RES CON RES CON RES
wind 4.9% 58.8% 25.0% 23.7% 64.12 67.52
PV - 8.7% - 13.1% - 80.10
Coal 75.3% - 83.8% - 67.24 -
CCGT 18.4% 31.3% 45.2% 43.4% 81.21 107.64
OCGT 0.7% 1.2% 11.6% 7.3% 144.92 220.93

The CON market is dominated by the typical basel@athinology coal with a share in the
production of 75.3%. CCGT serves as a midload e@@®ON market and has a much lower
proportion, while OCGT is only used as a peakeremitesidual demand (total demand minus
renewable production) is high. Wind plays a minaerwith a share of 4.9% and PV is not
build endogenously at all. Increasing the £pice in the RES market up to 100€/t leads to a
quite different picture: Now wind has the highdsare with 58.8% and together with PV the
renewables produce about 67.5% of the total preolucthe proportion produced by the two
gas technologies also rises, while coal is not @sgtnore, because it is too expansive.

Next, consider that wind has a lower capacity factothe RES market (23.7% against
25.0%). While in the CON market all wind capacittas be used according to its availability,
in the RES market there are hours in which demanower than the maximum wind and PV
production. In these hours, the wind and PV pradacts curtailed and thus the capacity
factors of both do not reach their maximum accaydmtheir availabilities. Note that also the
CCGT and OCGT capacity factors decreases in the Riafket because the variable
renewables have large shares in the productionthHayt do not reduce the need for fossil
capacities accordingly. The reason is the volatlailability of the renewables leading to a
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dispersed residual demand. Hence, CCGT and OCCdupedless relative to their capacities
(lower capacity factors) in the RES market, whishcalled the utilization effect (Nicolosi
2011).

The last column shows the received average pricerie MWh of produced electricity (the
output weighted average price) which indicatesrtfagket value of an average MWh of the
respective plant. Wind produces electricity witle towest market value in both markets.
Since wind has zero variable costs (left in theitm@der), a higher wind availability (and
hence production) shifts the total supply curveh® right, which lowers the price and vice
versa. Therefore, wind produces less if the pric@igh and more if the price is low. This
effect is weaker for PV, because there are lesc&acities and hence the price effect is
lower. Moreover, the PV availability is high ovéretday and zero at night. Since the demand
and the electricity prices are higher over the d&y,produces the more valuable electricity
compared to wind. Clearly, OCGT receives the highgsrage price, because it produces only
if the prices are high. The average prices of lalh{s are higher in the RES market due to the
increase of the Cg&price. Consequently, the overall average prich@éRES market is with
83.1 €/ MWh also higher than in the CON market with2 €/ MWh.

Figure 3 Price duration curves of the base runs
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Another important difference between both marketheé price formation given in figure 3 by
the price duration curves of both markets. Theseasuplot the by height sorted hourly prices
of one year from the highest in the left to the déstwprice in the right part of the figure. Note
that in the base scenarios all years are identiad to the assumption of stable input
parameters. The curves are characterized by difféia parts which have the height of the
variable costs of the plant type that sets theepnicthe respective hour. In both markets,
CCGT most often sets the price, which is the widlestpart of both curves in the figure. The
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plateau in the left, which is a bit lower than IMWh in the CON market and bit above 100
€/MWh in the RES market, indicates the hours incRhOCGT sets the price. The right
plateau in the CON market depicts the hours wherptite is given by the variable costs of
coal, whereas during the zero price part in the Ri&Bket wind and PV sets the price. The
prices are more dispersed in the RES market, siddéionally to demand fluctuations also
the variable renewable production strongly afféletsprices. These extremer prices are in line
with other predictions about the influence of remblgs on the electricity market (e.qg.
Redpoint 2009; Poyry 2009). However, the numbesaaircity hours, indicated by the dashed
lines, is higher in the CON market, which has éentesk implications in the here used model.

5.2.2 Second Stage: Stand-Alone Plant Risk

In this subsection, for each scenario the standealovestment risks as a result of the second
stage Monte Carlo simulations are analyzed. Thaidered risk measure is the CVaR, while
throughout the rest of the paper it is always datedl for a confidence levgl of 95%, which

is a standard value.

Here the aim is to compare the investment riskihefdifferent technologies on a plant level,
which means one plant of each technology. For ghipose the NPVs must be normalized,
such that the related plants have an equal siz&¢zfues et al. 2008, Fuss et al. 2012). If one
would simply compare the NPV per MW, this woulddda a bias: One MW wind or PV is
less than one MW of the fossil fuel plants in teroighe production potential, because the
renewables have a lower average availability. Toeee the MWs are normalized by the
expected availability factors of the respectivenplavhich | term MW'. Thus, plants of equal
expected production potential are compared. Naetthis normalization is only done in this
chapter for reasons of a more stringent compaane plants. As described above, the costs
of risk as a model input are on a per MW basig;esthe model takes account of the different
availabilities of the plants.
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5.2.2.1 Scenariol: Variable Cost Risk

In the following, the Monte Carlo results of thesfiscenario are presented. Figure 4 shows the
probability distribution¥’ and table 2 gives the mean and the CVaR of thes\Bivthe plants
in each market.

Figure 4 NPV probability distributions of scenario 1
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Table 2 Mean and CVaR of scenario 1
(NPV/MW") in Mean CVaR (B = 0.95)
1000 € CON RES CON RES
Wind -1.45 -1.25 287.38 250.26
PV - -0.59 - 311.15
Coal -2.46 - 223.01 -
CCGT -1.16 -0.51 45.96 17.06
OCGT 1.61 0.27 55.52 27.62

First of all observe that the expected NPVs (theamsg are all very close to zero. Thus,
positive and negative runs are in terms of thefluence on the NPVs approximately in
balance for all plant§ Considering the NPV distributions and the rela®@aRs, one sees

that coal is with a CVaR of 223.01 t€ much moré&yithan the two gas plants in the CON
market. Furthermore, wind has a CVaR of 287.38téhe CON market and is even more
risky than coal.

5 Note that the distributions are constructed orasisof 1000 runs and are not perfectly shaped.ddew a
greater number of runs should not alter the resuléssignificant manner.

' The expected NPVs are in a range of -2460 € (d¢0at1610 € (OCGT) which is relatively to the intragnt
volumes of the plants negligible.
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The main reasons why wind and coal are more riglky the gas plants are their left positions
in the merit-order and that a gas plant most oftets the price (see price duration curve in
figure 3). In hours of CCGT price settihga change in the variable costs does not affect the
CCGT profits negatively, because CCGT transfersvir@able costs directly to the electricity
price. If a change in the variable cost of CCG &t a shift in the merit-order such that coal
instead of CCGT sets the price, this also doesaffett the profits of CCGT: The CCGT
profits were already zero due to marginal costipgicConsequently, the CCGT profits can
only be negatively affected in hours with priceghar than its variable costs (mainly hours of
OCGT price setting and scarcity hours). For theesagasons, OCGT can only make lo&$es
in scarcity hours. However, the variable cost ti@nen the price of the price setting plants
triggers an electricity price effect, which inflieas the profits of all plants that also produce in
these hours. Since the gas plants most often tsetgrice and wind and coal also produce in
these hours, wind and coal are more risky thamgéseplants.

Furthermore, the fact that there are also houkghich coal sets the price, makes wind more
risky than coal: In these hours, in contrast todyicoal is not affected by a change in variable
costs since itself sets the price. Therefore, vinasl the higher electricity price risk compared
to coal. Note that if there would not be the strongelation between the coal and gas price of
0.7, coal might be more risky than wind. Then viesy gas prices could emerge in the same
years with very high coal prices, such that thel poafits are affected more than the wind
profits in hours when gas plants set the price.ddethe coal price risks could, with a lower
correlation with the gas price, overcompensatehtbker electricity price risks of wind. There
is a more detailed analysis of a gas price declieasmgpendix 8.4.1.

Another observation is the lower risk of CCGT tldfOCGT. As explained in appendix 8.4.1
CCGT makes losses when OCGT sets the price and vheable costs are lower than
expected. However, the variable costs of CCGT a@&D always move in the same direction
(both have the same cost risk factors) and in géreetow variable cost year means higher
profits for both such that these years are notctlyerelevant for the CVaR. But in the
opposite case of higher variable costs CCGT makestey profits (compared to the same base
hour) in hours when OCGT sets the price, whichoitaltlowers the CCGT losses in these
general bad CCGT years. Another positive effect @GT compared to OCGT comes

" Clearly, CCGT does not necessary set the pritieeirsame hour of a year in the base run and in rtév@arlo
run, because the merit-order shifts due to the ghan the variable costs in the Monte Carlo run. avoid
misunderstandings, in the following the term hdwags refers to the hours of the base runs.

'8 Note that the term “losses” is interpreted in ttisitext as “losses compared to the base run’esiméact the
plants make no losses in these hours, but les¢shoprofits as necessary (i.e. as in the basg Hwowever, for
reasons of legibility the term “compared to thedoam” is skipped.
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through the stable prices and demand in scarcityshd he price is always given by= (4 —
X)/b, whereA and b are fixed parameters. Due to the fact that theahehX is in many
scarcity hours not affected by higher variable sotste price stays also the safh&ince the
variable costs of OCGT are compared to CCGT alwagee influenced by the same change
in the gas and Cg&price, because OCGT has the worse conversionesftig, and both here
considered plants produce the same output, OCGEsrfagher losses in scarcity hours.

Next observe that the CVaR is lower for wind, CC&Td OCGT in the RES market. The
explanations given yet, show that all losses of OG@&d a large part of the CCGT losses
emerge in scarcity hours. Therefore, their lowsk ©an mainly be traced back to the lower
number of scarcity hours in the RES market: CCGa@ @CGT gain or lose in each scarcity
hour with stable electricity prices (see above) difeerence between the expected variable
costs and the realized variables costs times thet gize, which is(E[vc] — vc) * MW,
This holds for each scarcity hour (with stable &leity price) in both markets. Hence, when
the same variable cost risk is applied to both mtarkwhich is the case) and scarcity hours
emerge more often in the CON market, the losse€€@GT and OCGT are, ceteris paribus,
higher in the CON market.

Obviously, wind does not make losses in scarcityrfiovhen the price is stable because it has
no change in variable costs and its productionsséso the same. Due to the higher number
of scarcity hours in the CON market the losses eeggris paribus, lower for wind in this
market, since there is simply less often the opputy to make losses (i.e. less hours in which
losses can emerge). Consequently, this effect iametrical opposition to the gas plants.
However, this effect is overcompensated by the tawember of hours in which fossil plants
set the price in the RES market, because in theses lwind makes its most losses. As one can
observe in the price duration curves above thezarany hours in the RES market in which
the renewables sets the price to zero and var@igerisks does not play a role. In any other
hour, except scarcity hours with stable prices,dwimakes losses if the variable costs of the
fossil plants decrease and affect the electriqiiyep In fact in each of these hours by the same
amount in the RES and CON market for a given deeréa variable costs. Consequently, if
the number of such hours falls the risk is lowarniind in the RES market. The crucial point
for the lower risk for wind, CCGT and OCGT is al #that the number of risky hours for all
decreases in the RES market.

¥ The demand, and thus the price is only affectel starcity hour of the base run becomes an howhioh
OCGT sets the price in consequence of the variaigeincrease.
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The last important aspect is the higher risk ofidth a CVaR of 311.15 t€ in the RES market
against wind with 250.26 t€. The reason for thifedénce lies in the fact, that PV produces a
relative to wind higher share of its total prodaatin hours with higher price risks triggered
by the variable cost risks of CCGT and OCGT: P\Wpiees 6.2% of its total production when
OCGT sets the price, and 75.6 % when CCGT setgribe against 4.7% and 60.3% for wind,
while in scarcity hours both produce only 2.5% loéit total shares. Wind has with 19.3%
compared to PV with 4.4% a much larger share whsaifiand PV set the price to zero and
there are no price risk8.Since both considered plants of the size Nhdve nearly the same
annual output! and wind produces relative to PV more in timesvdtver prices, PV has the
higher output weighted average electricity priceiolhis 80.10€ compared to wind with
67.52€%* The reason why PV needs a higher average pricepéh is that it has higher
fixed costs per MW (or per MWh), because it has a low capacity facforsum up, PV must
produce more in times with higher prices relatigewind, because it needs higher average
prices to cover its fixed costs. Times with higheces are more risky, because the prices are
determined by the volatile variable costs of the glants. Hence, PV is more risky than wind.

5.2.2.2 Scenario 2: Demand Risk

In this section, the results of the demand risknade are presented. The first important point
to mention is that the demand risk is mostly arctelgty price risk: A change in demand
triggers strong price effects which affect the N&\he plants, but a lower production level
alone (without simultaneous price change) does aifgict the plant’'s NPVs: Plants that
produce less due to a lower demand when the istable, are obviously the price setting
plants. Since these plants sell the electricityair variable costs, their profits are not affecte
by a lower production level. All other operatingpls are also not affected, because they still
produce the same amount of electricity and recdieesame price. Hence, a loss in NPV
compared to the expected NPV of an hour is onlsiptes if a price change triggered by a
demand change emerges.

% The values belong to the base RES scenario andiffanfor each Monte Carlo run, but not in a sfigant
manner. The missing shares leading to a sum of 1@@%jiven by the phases in between two plant types

2L This follows directly from the definition of MWwhich is the normalization of the plant size sulattthey
have the same output potential given their avemgélability. Since wind and PV are almost alwaysiaed
according to their availability, they have nealg same annual output.

22 Note that this comparison does not hold for thesiloplants, because they are not used accordirigeio
availability and hence, have lower outputs.
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Figure 5 and table 3 show again the NPV distrimgjaghe mean and the CVaR.

Figure 5 NPV probability distributions of scenario 2
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Table 3 Mean and CVaR of scenario 2
(NPV/MW") in Mean CVaR (B = 0.95)
1000 € CON RES CON RES
Wind 25.12 -5.05 324.76 250.39
PV - -10.74 - 271.04
Coal 18.32 - 357.07 -
CCGT 18.89 7.00 329.99 143.43
OCGT 21.14 7.11 223.77 96.01

Opposed to scenario one, the mean of all operatiagts is slightly positive in the CON
market. One reason lies in the scarcity hours:ghéi than expected demand in scarcity hours
fully shifts the price upwards. While the drop bétprice in the case of a lower than expected
demand is bounded by the variable costs of thetpkgnostly by OCGT, see appendix 8.4.2
for a graphical analysis). There are less scattyrs in the RES market, hence the effect is
smaller. Additionally, there are other effects ¢agsa deviation from an expected NPV of
zero, which cannot be discussed in the scope of ghper. However, similar to the first
scenario the differences between the plants andeh@tions from zero are not large.

The differences between the plants in the NPV ibigtions and the related CVaRs are smaller
in the CON market relatively to the first scenatimder the fossil plants, coal is more risky
than CCGT and CCGT more than OCGT. This rankinglmam®xplained by the merit-order:
OCGT (right in the merit-order) is only affected psice changes in scarcity times, while coal
and CCGT are affected in these hours by the sangaitade in NPV terms, because all plants
are fully utilized. In contrast, coal is affecteg &all price changes (left in the merit-order),
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while CCGT lies in between coal and OCGT and hdiesealso in between them in the risk
ranking.

Interestingly, wind is less risky than coal andreweebit less risky than CCGT in the CON
market: The price risk is higher in times with heglprices, because the price step between
OCGT and CCGT, and hence the influence of a chandemand on the price, is higher than
between CCGT and coal. The prices drop most ircggdrours when the prices are very high,
such that the price decline is not bounded by #dr&able costs of OCGT. As explained in the
previous section, wind produces less relative ®dther plants in such high price hours and
thus, faces a lower scarcity price risk. Nevertbglevind is affected by all price changes (left
in the merit order) and has for that reason onbtightly lower risk compared to coal and
CCGT.

As in the first scenario, the risks decrease fardwiCCGT and OCGT in the RES market.
Since the highest prices drops emerge in scar@tyshand there is a significant smaller
number of a scarcity hours in the RES market, thle is lower for all plants. For the same

reasons given in the last paragraph, namely thad vgi less affected by the scarcity price risks
but more from risk at lower price levels, it betefielatively less from the lower number of
scarcity hours compared to CCGT and OCGT. Thusdvisnmore risky then the two gas

plants in the RES market.

Wind is again less risky than PV in the RES maf&esimilar reasons as in the first scenario:
On average, PV produces the more valuable eldgticompared to wind, or in other words,
PV produces relatively more electricity when thegs are higher. As explained above, the
electricity price risk is higher at higher pricevdds, thereof it follows that PV is more risky
than wind.

5.2.2.3 Scenario 3: Renewable Availability Risk

Finally, the risk triggered by annual deviationsnfr the expectation of the wind and PV
availability is presented. Opposed to scenario ame two, the availability risk transfers into
an electricity price and a strong volume (produttiosk. Basically, there are two effects of a
change in the renewable availability: On the onadhalecreases a lower than expected
renewable availability the renewable productiory arcreases the fossil production (volume
risk) and vice versa. On the other hand leads aid@wailability to higher prices for all plants
(electricity price risk) and vice versa. Hencepweér (higher) renewable availability is always
good (bad) for the fossil plants. For the renewalii@lepends on the strength of the volume
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and the price effect, whether the deviation from #xpectation leads to gains or losses
compared to the base run (see appendix 8.4.3dmahical analysis).

Figure 6 and table 4 show the NPV distributions, tiean and the CVaR of the plafits.

Figure 6 NPV probability distributions of scenario 3
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Table 4 Mean and CVaR of scenario 3

(NPV/MW") in Mean CVaR (B = 0.95)

1000 € CON RES CON RES
Wind -2.69 -59.03 162.79 162.99
PV - -68.25 - 321.04
Coal 0.10 - 28.38 -
CCGT 0.26 13.65 23.94 66.87
OCGT 0.68 11.46 15.50 38.54

The mean of all plants is very close to zero in@@N market, since the positive and negative
runs of all plants almost compensate each othethénRES market, the means deviate
significantly from zero, which will be explainedéa on. The overall impact of the availability
risks on the NPVs is lower compared to the first aacond scenario for all plants in the CON
market, indicated by the tighter NPV distributioasd lower CVaRs. For the three fossil
plants, the reason is simply the low share of rexides in the CON market, which implies
only a small electricity and volume risk. Wind alsas only a small electricity price risk, but
bears of course a high volume risk. Thus, wind iglmmore risky than the fossil plants in the
CON market. However, in the RES market the avditgiiisk impacts changes dramatically.

% The NPV distribution of coal lies under the cure¢<CCGT and OCGT in figure 6.
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A first difference compared to the CON market is ghightly lower volume risk for wind in
the RES market: In the RES market, wind is notyfuitilized according to its availability.
While wind has a capacity factor of 25% in the C@mdrket, it is only 23.7% in the RES
market. Consequently, there are some hours withd wurtailment in which a lower than
expected availability does not or with lower magdé affect the wind production. Clearly,
the opposite is also true: A higher than expectedavailability has no effect in hours that
already have wind curtailment. In contrast, theunm risk for fossil plants increases in the
RES market, because the share of the renewableigrod is much higher and thus also the
replacement of fossil by renewable electricity, whiee availability is higher than expected.
Taking the standard deviations of the annual c&p#actor over all runs as an indicator, one
can measure the volume risks: For wind the standewéhtion is 1.51 percentage points in the
CON market compared to 1.16 in the RES market,enhiis 0.42 (0.37) for CCGT (OCGT)
in the CON market and 3.06 (1.08) in the RES maide¢t table 9 in appendix 8.4.4)

The other main difference, compared to the CON etarkomes from the much larger
electricity price effects of the renewable availiépiin the RES market: The same increase
(decrease) in availability triggers a larger prilserease (increase) in the RES market, due to
the higher share of wind and additionally PV praducin the total production. Considering
the standard deviation of the annual output wenljatesrage price over all runs as an indicator
for the price risks, this becomes obvious: Whilis itess than one euro per MWh for all plants
in the CON market, it becomes 5.15€/MWh for wind1E/MWh for CCGT and 3.70€/MWh
for OCGT in the RES market (see table 9 in the appe8.4.4)** The higher electricity price
risk together with the higher volume risk raise timeestment risks of CCGT and OCGT by a
factor of more than two in the RES market (butribks are still on a moderate level).

Opposed to the gas plants, wind has with a CVaR6@f99 t€ nearly the same risk as in the
CON market. Interestingly, the whole risk patteon\ivind changes in the RES market, as can
be seen in figure 7, that plots the (undiscountggrly wind short-run profits of all runs
against the wind availability for the CON and RESrket®

24 Conclusions about the overall investment risk gflant solely on the basis of these volume andeprisk

measures are not feasible. Nevertheless, theysafeluo indicate volume and price risk differenbesween the
two markets.

% This is a simple scatter plot that ignores thghgly negative correlation between the PV and véndilability

of -0.15. Thus, one cannot simply draw causal amichs about the effect size between the avaitglzihd the
price that is in a linear regression given by tlope of the trend line, since this would lead toesmdogeneity
bias. However, the bias is in this case rather Isipatause the impact of the PV availability on tiad short-

run profits is small and the correlation betweend®d wind availability low. Moreover, scatter pla@i® used to
show basic effects and not to calculate preciseataffects. Consider this also in the availabisitatter plots in
the appendix.
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Figure 7 Relationship between wind availability and short-run profits of wind
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There is a positive linear relationship betweenatailability and the short-run profits in the
CON market: The higher the availability of windethigher the profits. Therefore, the impact
of the positive volume effect is always larger thha impact of the negative price effect. In
contrast, there is a non-linear relationéhip the RES market: From the perspective of the
expectation (100% availability), a moderate loweaikbility raises the short-run profits and
hence the price effect is larger than the voluniecefBut at very low availability levels the
volume effect becomes stronger compared to thee mifect, such that the short-run profits
decrease again. Going the other direction, a hitirer expected availability (>100%) drops
the short-run profits, thus, the negative pricee@ffovercompensates the positive volume
effect.

Next observe that PV is again more risky than winthe RES market. In this scenario, the
risk of PV is with a CVaR of 312.04 t€ even neamyce as high as wind with a CVaR of
162.99 t€. The main reason for this large diffeeerscas follows: As noted above, the wind
availability triggers a large price effect, whiles happens only to a much lower extent for PV
(see figure 19 and 20 appendix 8.4.4). From thepaetive of the wind plant is the negative
volume effect of a bad wind availability year pgrtir even more compensated by a positive
price effect. Furthermore, the negative price effifca good wind availability year is partly
compensated by a positive volume effect. In analmgyhe gas self-hedge for its variable
costs, one can say that wind is also partly seligkd. In contrast, these compensations effects
are lower for PV due to its lower price effectse&@ly, in a market with a higher PV and a

5 Note that the trend line for the RES market infigare does not perfectly fit the data. In facpaynomial of
degree six is used, since lower degrees leaddogstteviations.
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lower wind share in total production, the compeisaeffects would be stronger for PV and
lower for wind.

Finally, observe in table 4 that the mean NPVsviard and PV are negative in the RES
market. The reason behind wind can directly be sedigure 7: The negative effects of a
higher than expected wind availability are strontjem the positive effects of a lower than
expected availability. Hence, the strong price @ffein the case of higher than expected
availabilities cause the negative means. For P\h slear graphical observations cannot be
made. Instead, consider that PV makes higher priifeé higher its availability and vice versa
as can be seen in figure 21 in appendix 8.4.4.tBaitgains from a higher availability are
lower than the losses from a lower availability,iebhcauses the slightly non-linear trend line
in figure 21. The reason is that high availabifit@ten cannot be fully translated accordingly
into higher production, because demand is too lod lzence, only the curtailment rises. On
the opposite, a lower PV production is always gasesithough in some hours a lower PV
availability does not lead to a lower productiomcs there is some renewable curtailment.
However, this effect is smaller than the increasatiailment due to a higher availability, thus,
PV has a negative mean. Clearly, the same consmeséhold also for wind, but wind makes
losses with high availabilities and the price effeare more important for wind in the RES
market. Note that CCGT and OCGT have slightly posiNPV means in the RES market,
which is a direct consequence from the upper badimeeewable production in many hours:
CCGT and OCGT are always harmed by high renewalddugtions and profits from low
productions. Therefore, if a higher renewable amlity leads to higher renewable production
by a smaller extent, than a lower availability ¢avér production, CCGT and OCGT have
positive means.

5.2.3 Third Stage: Impacts of Risksin Investment Decisions

In the last three sections, the results for thedstdone investment risks on a plant level
measured with the CVaR were presented. In thisasgcthe outcomes of the third stage
model runs are examined. In these runs the invedtneks, found in the second stage, are
evaluated by risk aversion factors such that theldythe costs of riske(CVaR) which are
included in the investment decisions (see secti@rBh The perspective is changed from the
plant level (previous sections) to the whole mat&egel. This means that the influence of the
costs of risk on the shares of each technologyotal tproduction is analyzed. To avoid
misunderstandings, the term plant refers in thigiee to all plants of one technology or,
interchangeable, to one plant type. In order toastiee diversification effects, the results of
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the investment decisions that take account of plotfisks are confronted with the decisions
that consider only stand-alone risks.

In reality there are different investors with difat preferences about risks and return, but in
this analysis is only one representative inveskar the purpose to account for different
preferences, the third stage model runs are comdgatedifferent risk aversion factors. More
precisely, risk aversion factotsof 0.5, 0.75, 1 and 2 are assumed and compartgk tosk-
neutral ¢ = 0) base runs. These risk aversion factors are hitjizer in Fagiani et al. (2013),
who chose a range of 0.25 to 1.25, but by far Iavan in Roques et al. (2008). Roques et al.
(2008) calculate optimal portfolios for a risk asien up to 100, while they see a factor of 10
as a medium risk aversion coeffici€éhtdowever, in reality such high risk aversion fastare
unlikely to find (cp. Green 2007) and thus not pdrthis analysis.

Exclusively the results of the first and third sago are presented. The results of the second
scenario (demand risk) are neglected, because B\és Mf all plants are almost perfectly
positive correlated due to the fact that all malghér (lower) profits in high (low) demand
years. Hence, there are no diversification effeésisce additionally the results of stand-alone
risk incorporation do not have any further insigetsmpared to the other scenarios, the
demand risk scenario is neglected.

Note that the differences between the expected NE¥smeans of the previous sections) are
not integrated in the third stage model. Thussuate that all plant types have expected long-
run profits (i.e. NPVs discounted at the risk frate) that equal their costs of risks (see section
5.1.3). This is theoretically more appealing thawdr or higher expected NPVs, because
these would not emerge in a long-run equilibriuntea@ly, with this | neglect a difference
between the plants types found in the second skégeever, this is almost irrelevant for the
first scenario because the differences in the meaasnegligible. Moreover, this paper is
about the impacts of (the costs of) risk in an BHguim setting. The abstraction from
differences in the expected NPVs makes this arstysire convenient, since the findings can
be solely traced back to the influence of risk.

27 pdditionally, Roques et al. (2008) take the vacia@as a risk measure, which results in higher satoenpared
to the CVaR. The likely reason why they choosedHhagh costs of risk is to show the general effeftisk on
the portfolio mix, though they do not mention thi®w risk aversion factors have only little influmnin their
analysis.
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5.2.3.1 Scenario 1l: Variable Cost Risk

At first, the results of the variable cost risk is@go are presented. Table 5 shows the
correlation matrix of the NPVs of all operating mtiaypes for the CON and RES market.
Although it is not a direct input as in other polid optimizations (see section 5.1.3), it
depicts the hedging possibilities between the plafgo for this analysis.

Table 5 Correlation matrix of scenario 1

CON market RES market

Wind Coal CCGT OCGT Wind PV CCGT OCGT
Wind 1 1
PV - - - - 1 1
Coal 0.705 1 - - - -
CCGT -0.994 -0.775 1 -0.995 -0.994 1
OCGT -0.995 -0.773 0.999 1 -1 -1 0.995 1

The NPVs of wind and coal move into a similar dil@t in the CON market, indicated by the
high correlation coefficient of 0.705. At a firslagce, this might be counterintuitive since a
high CQ and coal price, everything else equal, leads teemeofits for wind and less profits
for coal. But the overwhelming risk factor is thasgprice: Compared to the coal price, it is
absolutely higher and more volatile. Compared @@ price, it has even a lower absolute
standard deviation, because it has the same pageerinnual volatility and is in absolute
numbers lower (see appendix 8.3). However, the §@2 is per ton and must be multiplied
by the emission factor which is 0.21 for both géns and 0.33 for coal to calculate the
variable costs such that the £frice risk leads to less dispersed variable costspared to
the gas price. Since gas plants set most oftereliericity price, the gas price has the
strongest influence on the electricity price andhwthis on the NPVs of coal and wind.
Consequently, wind and coal mostly make higheritggrdfthe gas price is high and vice versa.
The correlation between wind and the two gas plan@most perfectly negative, because
high gas or CQprices cause profits for wind and losses for the gjants, while the coal price
is less relevant for the wind profits and also rsfjtg positive correlated with the gas price. In
contrast, the lower negative correlation betweesd eod gas plants can mainly be explained
by the influence of the coal price, which can camneee gains for coal, even if the gas price
decreases and the gas plants also make more pildfesalmost perfect correlation between
the two gas plants is intuitive due to the fact thath have the same risk factors. Given the
variable cost risks, coal is a good hedge for gaswind is the better hedge for gas. Coal and
wind can only slightly be used as hedges.
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Now consider the correlation matrix of the RES retirkvhere all coefficients have extreme
values: Wind and PV are perfectly positive and bothewables are (nearly) perfectly
negative correlated with both gas plants, whilelghter are again almost perfectly positively
correlated. This is intuitive, because a changbeéngas and C{price causes opposing effects
on the profits of the renewables compared to tteepd@nts. Thus, both renewables are again
very good hedges for the gas plants, while witkeimewvables and gas plants hedging is nearly
impossible.

Next the main results of the risk incorporatiorthe investment decisions of the CON market
are presented in figure 8.

Figure 8 Results of the risk integration in the CON market of scenario 1
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The bars show the share of each technology in taduction for different risk aversion
factorsa in the range of zero (base) to two. The five lmarghe left depict the results for the
investment decisions containing stand-alone ristt #re five bars on the right containing
portfolio risk. The risk factors for the two basar® are zero, thus the bars are equal and show
the result for the CON base run without risk (fstige). The black lines belong to the right y-
axis (E/MWh) and show the output-weighted averdgetecity prices for consumers for the
different risk aversion factor§.

If investors only consider stand-alone risk, theGdCshare increase from 18.5% in the base
run to 31% with a risk aversion factor of one ameddmes almost 100% with a factor of two.

2 All values are for the first model year. Sinceyars are identical, the shares and the average ge also
valid for all other years.
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Clearly, CCGT has the lowest risk and hence redhtigains compared to the other plants. It
mostly replaces coal: The coal share drops frorA%5base) to 64.8%(= 1) and is near to
zero with a risk aversion of two. The wind sharerdases up to a risk aversion of one only
slightly from 4.9% in the base run to 3.6% (fer= 1), while wind is like coal almost
completely out of the market with a risk aversiantbr of two.

Lastly, it can be seen that the effects on the OGRares are negligible. The relative changes
in the costs between OCGT and the other plant tgpe$oo small to cause significant effects.
Independently of the risk aversion factor, OCGTus&ed only in some hours with very high
residual demand.

Under portfolio risk, the coal share drops evenerfor risk aversion factors up to one: Now
its share is only 14.3% for a factor of one comgate 64.8% under stand-alone risk.
However, coal has with a share of 4.3% for a faofotwo a larger production compared to
stand-alone risk. This means that the good diveasibn potential of coal and CCGT is only
effective for a large risk aversion. The reasoth#& wind is the better hedge for gas plants: If
CCGT makes losses, wind always makes profits acel wersa, such that a higher wind share
reduces the portfolio risk. Consequently, the wshdre increases under portfolio risk even up
to 12.9% for a risk aversion of two, which is mdinan twice as high as in the base case. The
CCGT share increases also more for all factorsggor a factor of two.

Intuitively, the average electricity price alwayses with higher risk aversion factors, since a
higher factor means that the same CVaR has highss ©f risk. Due to the diversification
effects, the overall portfolio costs of risk arewkr compared to the stand-alone risk.
Therefore, the price increase is up to 1.30 €/ M@telr (@ = 2) under portfolio risk.

Figure 9 depicts the effects of the risk integmatan the production shares and the average
price in the RES market.
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Figure 9 Results of the risk integration in the RES market of Scenario 1
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Obviously, the risk effects are much smaller fothbstand-alone and portfolio risk. There are
only some minor effects: The wind share decreasd¢oup.4 and the PV share up to 1.6
percentage points compared to the base case fsk aversion factor of two under stand-
alone risk. These small declines are nearly fubynpensated by CCGT, while the OCGT
share is again stable. Under portfolio risk, thécome is almost exactly the same: 2.6
percentage points instead of 2.4 for wind and dsfead of 1.6 for PV. At a first sight this
result might not be intuitive, because approxinyatieé same risk for wind in the CON market
forced wind almost completely out of the market &orisk aversion factor of two. Moreover,
the risk of PV is even double as high and reacheshighest value of all plants over all
scenarios, but is also almost not reduced. | douiei these stable production shares to the
following reason explained for the wind share:

Figure 10 plots the loss in the consumer surplusalih) when the wind production is
bounded to its optimum, minus the values on th&ig-tor the CON and RES market. This
means there is an upper bound on the wind produd&t&ow its optimum, which becomes
more binding to the right. It is further distingnex between the case where the other non-
wind capacities are fixed to their optimal base values (“fixed cap”) and the case where the
other capacities can be freely adjusted in respaasthe wind production upper bound
(“substitution”).
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Figure 10 Loss in wealth due to bounded wind production
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In the fixed cap case, the losses in both marketmi@arly the same and diverge only slightly
at stricter bounds, but this is not important fee argument’ The main point is that when the
other capacities can be freely adjusted or in o#tends, substitute the wind production, the
loss in wealth is much lower in the CON market &itbtion CON), but still high in the RES
market (substitution RES). Hence, the substitutiorve of the RES market is steeper than the
one of the CON market. This means, forcing outstaime amount of wind in both markets is
more expensive in terms of wealth in the RES markieén the wind production can be
substituted by the other plants. If one relates tbithe integration of the costs of risk in the
model, one finds the reason for the stable prodochares: Adding the same costs of risk to
the investment costs of wind in both markets wéktigkase the wind production less in the
RES market compared to the CON market. The reasdhat substituting wind is more
expensive in the RES market and hence needs haglwtional costs of risk for the same
reduction in production. To put in other words, Wealth in the RES market is more sensitive
to the wind production compared to the CON markétenv the other capacities are
endogenous. Therefore, higher costs of risks agdateto end up in the same decrease in the
wind production. The same holds for the PV produrcin the RES market. Hence, the high
costs of risk do not affect the production sharesimn the RES market.

However, it remains the question why the wealthmsre sensitive to the wind (and PV)

production in the RES market. Potentially, this bantraced back to the difference in the cost
structure of the plants: In the CON market coablso profitable and thus present in the
market, whereas coal is by far too expensive inRIEES market and thus very high cost

2 The greater loss in the CON market at strictemisucan be explained by the higher capacity fadtothe
CON market. Since the capacities of all other glaae fixed (and not their output) the CON capesittan
substitute less wind production without expandimg ¢apacities. Hence, the loss is lower in the Rafet.
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increases of the other plants would be neededdal to come into the market. Coal has a
more similar cost structure to wind than to CCGdalthas high fixed costs and low variable
costs, though not that high fixed and not that l@siables costs like wind. Important is that
the difference in the cost structure between caodl w&ind compared to CCGT and wind is
smaller. Moreover, in the RES market, which is wiedi through high C©prices, the variable
costs of CCGT are even higher such that the diffaren the cost structure compared to wind
further increases. This means in the CON marketdwias with coal an opponent technology,
which is more similar to itself than the opponentthe RES market, which is CCGT.
Therefore, coal and wind are in the following sesrbetter substitutes compared to wind and
CCGT, which are denoted as better complements.dDblyi are OCGT and wind even better
complements (or worse substitutes). If this exgianas accepted, it can be seen why wealth
is more sensitive to the wind production in the RB&ket than to the wealth of the CON
market: Forcing out some wind production belowoigimum is easier to substitute by coal in
the CON market than by CCGT in the RES market, ise& CGT is a compliment for wind.
Clearly, this interpretation and the wording (sitbg¢ and complements) are rather vague and
should be studied in more detail, but this is dusape of this paper. However, since this
helps to interpret and describe the results thiglagation and wording is used in the
following.

The fact that the wind and PV production decreatightly more under portfolio compared to
stand-alone risk (see above), though both renewankevery good hedges for both gas plants,
can be explained as follows: Since there are amgwables and gas plants already in the base
run, there are no further diversification potemstidhdeed, if the investor considers portfolio
risk, the risk for the two gas plants decreasespaoad to the stand-alone risk, while it stays
the same for the renewables: The portfolio optitra(see section 5.1.3) gives the 50 worst
Monte Carlo runs of the 1000 (95% confidence lewrellerms of NPV of the whole portfolio

of the market. The renewables have by far the higbst of risk and additionally a larger
share in the production compared to the gas pldistefore, the 50 worst runs of the whole
portfolio are identical with the 50 worst runs bdketrenewables. Due to the almost perfect
negative correlation between the renewables andjdkeplants, the gas plants have in these
runs almost their 50 highest NPVs. This means ttiatrisk contribution of the gas plants to
the portfolio is positive (lowers the risk) andostgly negative for the renewables. While
under stand-alone risk the renewable have the saste of risk and the gas plants have also
some costs of risk. Hence, the reduction of theweatles is higher under portfolio risk. Note
that this is in line with the expectation about gwetfolio optimization. However, the overall
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effect is rather small, due to the only slightlysive contribution of the gas plants to the
portfolio risk and the above described bad suligiiticonditions.

Finally, observe that the electricity price increads larger in the RES market compared to the
CON market: For a risk aversion factor of two, e rises about 3.56 €/ MWh under stand-
alone risk and about 3.22 €/MWh under portfolickria the RES market, which is 1.12
€/MWh more for stand-alone risk and 2.06 €/ MWh partfolio risk compared to the CON
market. The higher price increase in the RES masidcts that the overall costs of risks for
all capacities are higher than in the CON marké&usl though the CVaRs for wind, CCGT
and OCGT are lower per MWin the RES compared to the CON market (see sebtha.1),
the whole risk in the market is larger. The reaisathe high share of risky wind and PV in the
RES market, which replaces most of the coal prodoatf the CON market. Note that the
wind risk is with a CVaR of 250.26 t€ in the RESrk& still higher than the risk of coal with
223.01 t€ in the CON market. Together with the miasdty technology PV the overall risk is
higher in the RES market. This can also be sedigume 11 which plots the portfolio NPV
distributions of all capacities in the CON and Ri&&rket for different risk aversion factors
when investors face portfolio risk.

Figure 11 NPV distribution of the whole portfolio under portfolio risk of scenario 1
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The base distributiona(= 0) is slightly broader for the RES compared to t@NCmarket.
When investors are risk averse and minimize poafakk, the CON distribution becomes
tighter the higher the risk aversion gets: Plarthk Wower portfolio risk (CCGT, wind) replace
plants with higher risk (coal) such that the oveigk decreases. In contrast, the integration of
risk in the RES market does not change the digtabisignificantly. As described above, the
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production mix stays almost the same and thus, @#deoNPV distribution of the whole
portfolio. The downside of the stable productiorarghis that the costs of risk cannot be
significantly reduced and nearly fully add up te #ectricity price. Clearly, it is positive in
terms of risk, that the renewables and the gagpkxe very good hedges. However, although
their shares are already high in the RES markenwisé is not considered (base), the overall
portfolio risk is slightly higher compared to theD® market. Moreover, this risk can be
further reduced in the CON market, while in the RE&rket the risk reduction is more
expansive in terms of wealth (as explained aboVhile more expansive means that a
substantial reduction of the renewable share breasing the gas share — which is obviously
the only possible way to reduce the risk — is vaogtly, because the renewables and CCGT
are bad substitutes. Thus, the complementaritgrméwables and the gas plants makes it hard
to lower the risk. To put in other words, a goodbstitute for renewables that profits are
additionally not highly positive correlated withethenewables” profits is missing to lower the
risk substantially. At all, the overall risk is higr and can hardly be reduced in the RES
market and hence, the electricity price raises mompared to the CON market.

5.2.3.2 Scenario 3: Renewable Availability Risk

This subsection deals with the results of the ins&gration in the investment decisions for the
renewable availability risk. In the following takilee correlation matrix is presented.

Table 6 Correlation matrix of scenario 3

CON market RES market

Wind Coal CCGT OCGT Wind PV CCGT OCGT
Wind 1 1
PV - - - - 0.877 1
Coal -0.993 1 - - - -
CCGT  -0.992 0.999 1 0.855 0.907 1
OCGT -0.996 0.999 0.999 1 0.832 0.897 0.999 1

Like in the first scenario, the coefficients forngi and the two gas plants are near to minus
one in the CON market, which means they are almpedtct hedges. A major difference to
the first scenario is that wind and coal are wittpafficient of -0.993 also very good hedges.
As described in section 5.2.2.3, wind makes mooéitgrwith higher availabilities in the CON
market, while at the same time all fossil plantkenkess profits and vice versa. Therefore, all
fossil plants make more or less profits under thees conditions and have correlation
coefficients with each other of almost one. Theffoments for wind in the RES market
change dramatically: Now higher wind availabilityeams fewer profits for all plants, which
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can be traced back to the strong price effect efwind production. But wind makes also
losses compared to the RES base run if its avhilais very low. Thus, wind has strongly but
not perfectly positive correlation coefficients kwithe other plants. The correlation between
PV and the gas plants is even stronger, becamsakies more profits like the gas plants if the
wind availability is low, while its own availabilitis compared to the wind availability only of
minor importance. It follows that both renewables bad hedges for both gas plants in the
RES market. Intuitively, the correlation between@ICand OCGT is again almost perfectly
positive in both markets.

Next consider the impact of the risk incorporatiormodel on the shares in production and the
electricity price in figure 12

Figure 12 Results of the risk integration in the CON market of scenario 3
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Under stand-alone risk, the wind share slightlyrdases until it is nearly vanished with a risk
aversion factor of two, because wind is the onlght®logy with a substantial risk.
Interestingly, it is mainly replaced by coal which contributed to the better substitution
conditions between coal and wind compared to wntl@CGT (see previous section). Hence,
the shares of CCGT and OCGT remain approximatdiyeat initial base values.

As in the first scenario, the wind production shiaises when the investors consider portfolio
instead of stand-alone risk, here even up to 13@8% 2). Wind replaces mostly coal which
share drops down by ten percentage points to 68% figk aversion factor of two. The reason
is the very good hedging possibility between caal avind. Note that this also holds for
CCGT and wind, but coal is compared to CCGT theebetubstitute for wind. Thus, coal
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replaces wind when wind becomes relatively moreaegwe (stand-alone risk) and wind
replaces coal when wind becomes relatively lesamesige (portfolio risk).

The electricity price increases only very slightliye to the risk integration by a maximum of
0.68 €/MWh ¢ = 2), because only wind is directly affected by thaikability risk, while the
other plants are indirectly affected via the eletir price and the production volume.
However, the wind share in the total productiorois, thus there are only little price and
volume effects for the fossil plants. It followsatithe overall risk in the CON market is low
and hence, the price increases only slightly. Urmtetfolio risk the price increase is even
lower, since the investors diversify some risk away

Figure 13 depicts the results for the risk intagrain the model.

Figure 13 Results of the risk integration in the RES market of scenario 3

Stand-alone risk Portfolio risk

100% - - 91

60% -

T
Vo]
o

T
(o]
(Vo]

40% - 86

share in production
o]
~
€/MWh

20% -

0% = T T T T T T T T T T - 83
base 0.5 0.75 1 2 base 0.5 0.75 1 2
risk aversion factor

s Wind PV = CCGT mmmm OCGT e=clectricity price

Similar to the first scenario there are only litthapacts on the production shares. If the
investment decisions contain stand-alone riskvilmel share decreases up to 0.8 percentage
points for a risk aversion factor of two comparedhe base run. The PV share drops for the
same risk aversion a bit more by 1.1 percentagat@obecause the CVaR of PV is
approximately by a factor of two larger comparedh® CVaR of wind. The lower renewable
shares are again mainly replaced by CCGT, whichestaases by 1.8 percentage points for a
risk aversion of two. The reason for this negligibmpact can, like in the first scenario,
mostly be contributed to the bad substitution gmbses: CCGT and especially OCGT are
good complements of the renewables, while coal lastter substitute, is too expansive in the
RES market and thus no option. Another reasonaddtver difference between the risks of
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the technologies compared to the first scenarioGC@nd OCGT have more risk, and wind
less risk compared to the first scenario, which esatkeir costs of risk more similar and thus
its influence on the production shares.

Under portfolio risk, the shares in the productase almost exactly the same as under stand-
alone risk, which means there is no significantentve to decrease the renewable shares
compared to stand-alone risk, which is opposetheéditst scenario (see previous section). At
a first sight, this might be counterintuitive: Inet first scenario, the renewables and the gas
plants are very good hedges but in this scenatioN®vertheless, there is a stronger incentive
to decrease the renewable shares more in thes@iestario under portfolio risk compared to
stand-alone risk than in this scenario. The reasdhat in the first scenario the gas plants
reduce the portfolio risk, while they add risk teetportfolio in this scenario. This follows
from the strong positive correlation between theeveables and the gas plants: In the first
scenario, CCGT and OCGT make profits in the 50 wddente Carlo runs, but in this
scenario they also make losses like the renewabéesuse the renewables and gas plants are
strongly positive correlated. Thus, there is naHher significant incentive to decrease the
renewable shares beyond the reduction under stand-arisk when portfolio risk is
considered. However, again it has to be mentiohat the incentive to reduce renewables
more under portfolio risk has only a little impaalso in the first scenario, because of the bad
substitution possibilities.

Consequently, the increase of the electricity pigevery similar under stand-alone and
portfolio risk. The maximum price increase compatiethe base run for a risk aversion factor
of two is by about 3.10 €/ MWh for both stand-alared portfolio risk. With this, the price
raises up to 2.40 € MWh more compared to the COMketawhich indicates the overall
higher risk in the RES market. Clearly, the overakater risk in the RES market can be
explained by the fact that the shares in the pridalucof wind and PV, which bring the
availability risk into the market, are much higher.

The overall higher risk in the RES market can &lsseen in figure 14, which shows again the
NPV distribution of all capacities in the CON an&® market for the base runs and when
investors consider portfolio risk. Note that oppmbse the figure for the first scenario, higher
risk aversion factors are chosen to make the afiacire visible.
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Figure 14 NPV distribution of the whole portfolio under portfolio risk of scenario 3
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Obviously, the overall risk is much lower in the B@arket in all scenarios, indicated by the
broader NPV distributions in the RES market. Thet faat all three distributions of the RES
market are located almost one above the othercteftee bad diversification possibilities. In
contrast, the risk in the CON market is reducedt &y diversification, such that the NPV
distributions become tighter the higher the riskraion gets. Note that all and especially the
RES market curves have a negative mean due tcetigine mean of the renewable capacities
(see section 5.2.2.3).

6 Discussion and Implications

In this chapter, the main findings of the numerigahlyses are summarized and discussed in
the context of the related literature. Moreoverplications for the design of future renewable
dominated electricity markets are discussed.

The stand-alone risk analysis of the second stagkrms the findings of Roques et al. (2008)
and Lynch et al. (2013) that gas is related tvatsable costs self-hedged: Gas plants are often
the price-setting plants, which is also the casenany real markets. Hence, they can often
transfer higher variable costs directly to the ecwoners via the electricity price, and are
compared to the other plant types less risky. Hiais also implications for the other plants:
When the volatile gas price is transferred to tleetdacity price, the profits of plants that are
also producing in these times are directly affedigdhis volatility. Consequently, the model
approves that plants with low variable costs argh Hixed costs (left in the merit-order) are
exposed to strong electricity price risks (e.g. Sret al. 2010; Finon 2012). This mainly
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explains the high stand-alone investment risksoai @nd especially renewables found in the
analysis.

Another observation is the higher investment risk PV compared to wind in all scenarios.
This can be traced back to the timing of the prtidac PV produces, compared to wind, a
higher share of its production during the day wpeaes are high. In these times the price risk
is higher in the model. However, this also holdsrf@any real electricity markets: The merit-
order becomes steeper to the right which indidat@gasing short-run marginal costs (see e.g.
Cludius et al. 2014 for a stylized German meriteojd These steep parts of the merit-order
contain a higher price risk than flatter parts rafor two reasons: The same shifts in the
residual demand trigger larger price changes argt nfdhe plants of the steep parts have low
conversion efficiencies which also trigger large@reffects due to variable cost fluctuations.
In the model, this is represented by a higher bietveen the variable costs of OCGT and
CCGT compared to coal and CCGT (steeper to thet)righd by the worse conversion
efficiency of OCGT compared to CCGT, which have shene variable cost risk factors. Since
PV produces relative more compared to wind in tisteep merit-order parts, it is more risky.
Moreover, PV has similar hedging opportunities asdwand thus no further portfolio
advantages. Therefore, PV is in terms of risk fagsrable than wind®

Although PV has a lower volume risk as wind, sititoee annual average availability of PV has
an assumed standard deviation of 3% and wind 6&bhifpher investment risk for PV also
holds when renewable availability risks are analyZéne reason why wind is also under these
conditions less risky lies mainly in the strongepreeffect of the wind availability, which leads
to compensation effects: The negative price effectsthe wind profits triggered by high
availability years are at least partly compensdiggositive volume effects and vice versa.
This can be seen in analogy to gas, where the inegeffects of high variable costs years on
the gas profits are partly compensated by posjinee effects. Hence, this analysis shows that
wind is also partly self-hedged, because its volame price effects go always in diametrical
directions (ceteris paribud). It is further shown that the negative price efféct high
availability years increases with the wind sharehsthat it dominates the positive (and for
wind almost stable) volume effect at some thresharhd is indeed larger in the here analyzed
RES market.

% This is not necessary the case, because it depenitt® actual conditions. If, for example, the @airwind and
PV availabilities are strongly negatively correthte some market, the hedging possibilities change.

3L Clearly, the same principle could also be appt@ather fluctuating renewables like PV. Howevemavis
probably the most important fluctuating renewaldehnology in potential renewable dominated eleityric
markets of the future, at least in Europe.
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The described compensation effect is also foundNagl (2013), though he does not term it
self-hedge’? Moreover, he finds that the negative price effecthigh availability years
increases with the steepness of the merit-ordee. fBasoning behind this is the same as
described above for a change in the residual denrasteep merit-order areas. Following
Kopp et al. (2012), the merit-order becomes steejitér higher shares of renewable energies,
because the need for flexibility increases. Addailby, the capacity factors of the fossil plants
are likely to decrease. For these reasons, fleXiole fix and high variable costs plants
become more important, leading potentially to @&te merit-order, and thus to more price
risks triggered by fluctuating renewable energidserefore, the price effect not only increases
with the wind share itself, but probably also bgteeper merit-order if the renewable share
grows. Consequently, the degree of the wind sealjeedepends on its own share and on the
steepness of the merit-order.

One limitation for the generality of the wind sikdge might be that there is only one wind
site in the model whereas in reality there areeddiht wind sites within one electricity price
region. Since high wind availability in one site ane not necessary that the same is true for
the other sites, low volumes and prices can emargfge same time in one site such that there
is no self-hedge. However, it is likely that thésea high correlation between the sites of one
price zone. Moreover, investors have an incentvdivtersify their wind portfolios regarding
different availabilities at different sites, becauwsgith this they can lower their revenue risk as
shown by Green & Vasilakos (2010). This means tinegst in different plant sites, which
availabilities are not perfectly correlated andstltan be used as hedges (Roques et al. 2010;
Hiroux & Saguan 2010). In this sense, a perfectherdified investor has wind farms at all
relevant sites, which justifies the fact that thisrenly one site in the model. Hence, the wind
self-hedge also lowers the wind investment riskaal electricity markets if one assumes
rational well diversified investors.

A further outcome of the variable cost and demaskl scenario of the second stage is the
lower investment risk for both gas plants in theSRBarket compared to the CON market. In
the model context, this result can be contributethe lower number of scarcity hours in the
RES market. Since in these hours the effect ovv#r@ble costs and demand risks on the gas
profits is very high, but the magnitude of the effes per hour the same in both markets, the
investment risks are higher with more scarcity Bdi@ON market). Although this finding is
correct, the main risk of scarcity hours is notuded in the model: There is only one demand

2 |n contrast to this paper, he analyses the conapienseffect within a fixed bonus and quota supgotieme
(see section 2). However, the principle of the tiggacorrelation between volumes and electriciticgs is the
same.
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profile in the model which is scaled up and dowmdpresent risk. This modelling leads to a
relative low risk due to scarcity prices, becaussytoccur with certainty in every year, while
only their number and height is risky. A more rsiti approach is to model different demand
profiles. With this their number and height variggnificantly more by year. It is even
possible that they do not occur for years (Pyor@@Q0Under this more realistic demand risk,
a scarcity hour pattern with an expected higher memand lower prices per year, as in the
CON market, is general seen as less risky (e.dgt 302; Winkler & Altmann 2012). Hence,
the demand risk leads potentially to higher investhrisks for the gas plants in the RES
market and the above described finding might béeadsng.

In contrast, in the renewable availability scendie volume and price risks of the gas plants
increase significantly with the renewable sharadieg to a higher investment risk for CCGT

and OCGT. This is in line with the model resultsRayry (2009) and Redpoint (2009) for

Great Britain. Due to the (interannual) variabledarction of the renewables, the number and
height of scarcity hours becomes less predictablenewable dominated markets. Especially
investments in peaker plants (OCGT) that only mstk@rt-run profits in scarcity times could

be deterred under such conditions. Therefore, thdings indicate the higher need for

capacity mechanisms in renewable dominated marke¢sause these can lower the
investment risks (cp. Steggals et al 2011). Fompte, the widely discussed capacity market
of Cramton & Ockenfels (2012) transfers the riskgrsity rents into safer capacity payments.
However, the basic economic reasoning of capacéykeats is a market failure regarding the
flawed short-term demand elasticity: When capaistgcarce, consumers do not lower their
demand accordingly, which leads to involuntary klaats. In this sense, high investment
risks alone do not justify the introduction of caiya markets (cp. Joskow 2006). Before such
a wide market design extension should be implendentenust be ensured that the demand
elasticity is indeed insufficient in the long-term.the case of sufficient demand elasticity also
the potential problem with high investment risks peakers might be alleviated (Steggals et
al. 2011; Green & Vasilakos 2011): Firstly, the ahder peak capacities would decrease to
achieve an adequate level of reliability, since deenand response would “replace” some
peakers. Additionally, a more price elastic dem&gadls to lower and more scarcity prices.
Hence, the prices would be smoother and the inverdtmsks lower (see above). However,

even with a sufficient demand elasticity it is resured that the market results are not
distorted: Rodilla & Batlle (2012) point out thathough consumers (i.e. mostly retailers)

have incentives to sign long-term contracts to lketgks, this does not happen up to today in
real markets in a sufficient manner. Consequetitly,risk allocation is distorted, leading to

too much investment risks for electricity producer$ius, investment decisions might be
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distorted, with, for example, the consequence ¢émital investment cycles, which danger the
security of supply (see also Arango & Larsen 201flinvestment risks of especially peaker
plants further increase in renewable dominated etarkand the risk allocation and the
demand elasticity do not improve, a capacity markaght be a proper solution. However,
these points must be further analyzed in futureaesh.

The results of the third stage show the strongi@rfte of the gas self-hedge. CCGT relatively
gains to coal and hence is much more expanded wi$lems considered. This is one reason
why CCGT plants are expected to be mainly builtha next years, for example in Great
Britain (cp. Steggals et al. 2011). Furthermore, tbturns of CCGT are strongly negatively
correlated with wind returns. Hence, they are vgopd hedges (cp. Bolinger 2013). This
partly explains the strong wind expansion in gasiidated electricity markets like in Texas.
However, due to the increasing price effect of flnetuating wind production the hedging
possibilities decrease with higher wind sharesnaicated by the RES market correlation
matrix for the third scenario. Thus, the incentides firms with high gas shares in their
portfolio to invest also in wind (and PV) decreagth the wind share in the total production.
Moreover, even if the good hedging possibilitiemaé in renewable dominated markets,
firms that consider portfolio risk have an inceetito lower their renewables shares compared
to a riskless project evaluation. The reason is ifi@ewables are on a stand-alone basis more
risky than gas plants and contribute at high reitdsvahares in the portfolio also more risk to
the portfolio.

Moreover, the third stage results indicate thatdaherall investment risks for the whole RES
market are higher compared to the CON market. Tddjtionally with the high investment
risks for renewable plants, has further implicagiéor another market design extension: Some
researchers, for example Steggals et al. (2011ppKet al. (2012), Winkler & Altmann
(2012), discuss if energy-only markets are in gainsuitable to refinance the costs of
renewable energies. One main argument of thematsréimewables “cannibalise” (Steggals et
al. 2011:1393) their own economics. This means Widgfmer shares of fluctuating renewables,
with zero variable costs, the price depress theentbey produce. Therefore, Kopp et al.
conclude that intermittent renewables “cannot marfced through power markets alone”
(2012:243) and see a need for an instrument tandmaenewables. But they draw their
conclusion on the basis of an optimization modetmglrenewables are exogenous. Hence, the
costs of the renewables are not part of the opétitm and it is arbitrary if renewables make
profits or losses, or in other words, it dependstiom assumed parameters (mainly the CO2
price). In the here used model, renewables aregamimusly expanded and consequently make
zero profits like the other plant types. It is smowhat if renewables are market based
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expanded, which means here via a high CO2 priee|adihg-term electricity price increases,
which Kopp et al. (2012) do not fully account for.

The cannibalization effect is also found in thislgsis, since it is the price effect leading to
the described wind self-hedge. Thus, this analys®vs that the short-run price depressing
effect is not necessary a problem for renewablegse® In fact it depends on how strong the
price effect is (cp. Nagl 2013). Nevertheless, phiee effect increases with the share of
renewables and additionally the merit-order isllik® become steeper (see above). Besides
other reasons, this might be indeed a problemrftagrating renewables in the energy-only
market. However, the problem does not arise peoweof the zero variable costs of
renewables, but out of the related high investmisks:

The argument given above, that the risk allocatmght be distorted, is especially relevant for
capital intensive plant types like renewables. dpital intensive plants cannot hedge their
investment risk in a sufficient manner, there miglet socially suboptimal investments in
them, which is shown by e.g. Awerbuch & SpencerO730 Roques et al. (2008) and
Ehrenmann & Smeers (2011), while it is analyticalipven by Meunier (2013). They further
point out, like also shown in this paper, that éast low capital and high variable costs are
more expanded, in particular gas plants due tor theif-hedged. This might be in fact
inefficient, since with more capital intensive piarthe electricity price might be lower and
additionally gas plants bring risk into the markktough their highly volatile fuel price
(Awerbuch & Spencer 2007). Hence, if the risk alib@n is indeed flawed due to the absence
of, for example, sufficient long-term contractsjstimight be a case for a market design
extension (see above). Especially for renewabldh thieir unpredictable production it is
questionable if they can participate in forward kets to hedge their risks. They are
additionally likely to be the most risky plant typeas indicated by this analysis, and hence
mostly be affected by a lack of hedging possileiitilf the above mentioned capacity market
is also a proper instrument to reduce the risksréoewables is questionable. Due to their
uncertain production they cannot contribute inrailsir manner to the reliability, and hence
would gain less from a capacity market (Cramton &kénhfels 2012). Therefore, another
instrument that stabilizes the revenues for renéegalmight be necessary. In the literature,
different instruments like quota systems and tenh@dee discussed (e.g. Winkler & Altmann
2012; Klessmann et al. 2013). It is also possib& the current emission trading scheme of
the European Union alone is sufficient to finanaghhshares of renewable energies. In
particular if better hedging instruments for renbiea in the forward market are developed.
Even without hedging possibilities, this analysiewed that the renewable share is rather
stable under a CQOprice regime when risk is integrated in the moddwever, this result
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must be treated with caution, because a simple Infoalemework is used. Moreover, the
investment risks of renewables might be much highereality, since there are more risk
factors and the magnitude of the modelled factaws loe higher. Especially the @rice
itself is rather stable in the model. Clearly, tisi® basic condition for an effective g@rice

in the long-term, but in fact not realized today.

7 Conclusions

The main research interest of this paper is toyaeathe investment risks in an electricity
market dominated by renewable energies and comparm to the investment risks of a
market with high shares of fossil fuel plants. Bos purpose, a three stage process is applied:
In the first stage, the optimal capacities for giwexpectations about risk factors are calculated
for a risk neutral investor by using an investmentl dispatch model. In the second stage,
these capacities are fixed and the model is usedNfonte Carlo simulation where the risk
factors attain different values in every modelleghly This results in NPV distributions and
related risk measure values (CVaR) for each phgmet.tBy assuming a utility function for a
representative investor, the CVaRs are evaluatedoats of risks and integrated in the
investment and dispatch model. In order to showemdification incentives, it is distinguished
between a risk evaluation on a stand-alone andpmtéolio basis.

The model outcomes show that wind and especiallya/compared to the fossil plant types
more risky on a stand-alone basis. In particulardhs plants are by far less risky, because
they are self-hedged. Moreover, renewables andplzads are very good hedges such that
wind capacities are added to gas dominated parf@bove their deterministic share to lower
the portfolio risk. But with increasing wind shares the total production the hedging
possibilities become worse, since the negativeepeitect of high wind availabilities affects
the profits of gas and wind negatively at the séime. However, the renewables are also with
good hedging conditions unfavorable in terms okgisompared to gas in a pure market
setting. If this leads to suboptimal renewable steeents, since other hedging possibilities are
in many electricity markets flawed, this has impattpolicy implications. An additionally
financing mechanism like tenders or quota systenghttbe a proper option to de-risk the
renewables in this case.

Another significant finding is the increase of gece and residual demand volatility in the
renewable dominated market due to the variable ymtowh volumes. This is especially for

peaker plants in combination with the at all lomember of scarcity hours in the renewable
market problematic, since their investment riskHer increase. Again, the current imperfect

58



hedging possibilities and additionally the lack @émand elasticity can lead distorted
investment incentives and thus blackouts can emef@arrently discussed capacity
mechanisms might be a useful market design extensio

However, if indeed new market design elements aeessary, further research is needed.
Important open questions are, for example, to wlegtee renewables can participate in long-
term markets to hedge their risks. In the caseeay tcannot participate sufficiently, might it be

more efficient to spread some of their risks ondblesumers? A further interesting question in
this regard is if the risk spreading of a capadcitgrket, designed for ensuring long-term

security of supply, decreases also the investmsks for renewables or if they do not profit

significantly from it due to their unpredictableoguction.
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8 Appendix
8.1 Conditional Value at Risk

Figure 15 VaR and CVaR

probability

probability 1-B

CvaR VaR profit (NPV)
Source: Based on Fagiani et al. (2013:653)

60



8.2 Modd Data

Table 7 Model data

Wind PV Coal CCGT OCGT
Investment costs (€/MW) 1050000 900000 1250000 8800 600000
O&M costs (€/MW,) 44000 12000 36000 22000 12000
Construction time (yr) 2 15 3.5 2.5 2
CGQ; intensity (t/MWHhy) 0 0 0.33 0.21 0.21
Conversion efficiency (%) 100 100 48 58 40
Availability (%) E[25] E[13.5] 85 85 85
8.3 Risk Factors
Table 8 Risk factor properties

Volatility o Mean rev. ratd Min Max

Coal price 0.15 5 9.62 €/MWh  14.23 €/ MWk,
Gas price 0.25 5 17.18 €/ MWh 35.38 €/ MW,
CQO, price CON  0.25 5 20.66 €/t 42.77 €t
Demand 0.06 5 92.1% 108.5%
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8.4 Further Explanationsfor the Second Stage

84.1 Scenariol: GasPrice Effects

Figure 16 Effect of a gas price decrease when OCGT sets the price
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Figure 16 depicts typical effects of a gas priceréases, here for the CON market. Note that
the actual proportions given in the model diffemfr this stylized figure. The different colored
parts of the merit-order indicate the differentrpleypes, where the assignment is the same as
in the whole paper. The left hand merit-order shttvesequilibrium before the fall of the gas
price (i.e. for the base run) with the electrigtyce p,. The right hand merit-order depicts the
equilibrium with the gas price decrease, whereliite lines are the same as in the left hand
merit order. Since OCGT sets the price in bothasituns, it makes no gains or losses
compared to the base case: The price decreasgs which is exactly the variable cost of
OCGT. Wind, coal and CCGT receive a lower pricether same produced electricity and thus
make lesser revenues (losses in the figure). Mivat though the three loss areas have
different sizes, the losses for coal and CCGT aeaetty the same, because | compare plants of
equal size given by MW Given the same plant size, coal and CCGT losk gat— p,) *
MW", because they are fully utilized. Wind might lasere or less, but if one assumes that
this is an average availability hour wind produeés MW" and loses the same amount as
coal and CCGT. However, CCGT and coal have a cowftect (gains in the figure): CCGT

Is a gas plant and hence its variable costs alspedses, but less than the variable costs of
OCGT, because CCGT has a higher conversion eftigiehue to the correlation of the coal
and gas price of 0.7, it is likely that also thalgorice decreases, which leads to the coal gains.
In the figure, both coal and CCGT make net losbesause their revenue losses are greater
than their variable costs savings (gains). The wiet losses are higher because it has no
counter effect.
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Note that there are many years in which the vagiabkts of coal increase more than those of
the gas plants or even increase when the variasts of the gas plants decrease. The reason
is that the gas and coal prices are not perfeaibitipe correlated and the G@rice, which
also enters the variable costs, hits the variab$scof coal more than those of the gas plants
due to the higher carbon intensity of the formersiich years when a gas plant sets the price,
coal has higher net losses compared to wind. Horvelre main reason why wind is more
risky than coal is that there are also many hausshich coal sets the price (see price duration
curves in section 5.2.1 in figure 3). Clearly, irck situations a change in the variable costs
only affects the profits of wind.
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8.4.2 Scenario 2: Demand Effects

Figure 17 Effect of a change in demand in scarcity hours
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The left side of figure 17 shows the merit-ordeaitypical scarcity hour in the CON market
with price ppqese- The right side depicts the price effects of a dedhincrease (“high”) and
decrease (“low”) of the same magnitude. Note thatdlope of the inverse demand function
p(D) also slightly changes due to the change of tharpaterb. But this has only minor
effects and is not further discussed. Obviouslg, phice difference to the base or expected
demand is higher if the demand increases, whicme®aigh > Ap;,,,. The reason is that the
price decrease in the case of the lower demandusded by the variable costs of OCGT,
while the price increase is not. Clearly, this doneshold for all scarcity hours, because if the
expected base price is very high or if the chamggeimand is low, the bound is not reached.
However, this effect causes, ceteris paribus, 8jigiositive expected NPVs.
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8.4.3 Scenario 3: Renewable Availability Effects

Figure 18 Effect of a lower renewable availability
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The left part of figure 18 shows the merit ordemmhour of CCGT price setting in the RES
market (base run). The right part depicts the saow with a lower than expected wind
availability, where the light lines indicate the mt@rder with the availability as expected
(such as in the left part). PV is for simplicityghected. The lower wind availability shifts the
merit-order to the left, such that no longer CC&tsghe price (left part), but OCGT (right
part). The positive price effect of the lower aahility is thereforeAp for wind and CCGT.
Furthermore, as a consequence of the lower aviijyabvind sells of course less electricity
indicated byAq,,»,q- CCGT produces more electricity, because it i$yfutilized with the
lower wind availability, while it was not in theftamerit-order. It follows that CCGT only has
gains (higher price for more electricity) and winds a positive and a negative effect on the
profits (higher price for less electricity). Obvily, OCGT also produces more electricity due
to the lower wind availability. However, OCGT mak®s profits, since it sells its electricity
exactly to it short-run marginal costs (variablsts).

One could easily imagine an hour where a deviatidhe renewable availability does not lead
to a change in price. In such hours, only the rexides with the lower (higher) availability
make losses (gains) compared to the expectatiarguse they sell less (more) for the same
price. For all other plants, the profits are ndeetled: Either they are still fully utilized if tige
are not price setting or they produce more/less dalit electricity at their variable costs.
However, over the entire year both effects (pricé @lume risk) emerge for all plants.
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8.4.4 Scenario 3: MoreData and Illustrations

Table 9 Price and volume risks of scenario 3

Standard Average price (€/MWh) Capacity factor (percentagm{s)
deviations CON RES CON RES

Wind 0.71 5.15 151 1.16

PV - 4.41 - 0.43

Coal 0.57 - 0.06 -

CCGT 0.68 1.31 0.42 3.06
OCGT 0.42 3.70 0.37 1.08

Figure 19 Relationship between wind availabilityl@verage electricity price of wind

100 -+
90 -
80 -

70 - CON market

60 - RES market

€/MWh

50 A

40 T T T T T 1

70% 80% 90% 100% 110% 120% 130%
wind availability

The figure plots the annual output weighted averagee of wind of all runs against the wind
availability for the CON and RES market. In bothrkads, the prices decrease with higher
wind availabilities, but the effect is strongettive RES market.
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Figure 20 Relationship between PV availability and average el ectricity price of PV
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The figure plots the annual output weighted avenagee of PV of all runs against the PV
availability for the RES market. A higher PV availdy comes with a slightly lower
electricity price. However, the relationship is Wea and the dispersion is much greater
compared to wind in figure 19. This reflects thecmstronger impact of the wind availability
on the electricity price compared to the impadthef PV availability.
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Figure 21 Relationship between PV availability and short-run profits of PV
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The figure plots the undiscounted annual PV shamtjprofits of all runs against the PV
availability. The trend line indicates the relasbip between the PV availability and the short-
run profits. Note that the line is not linear, nthe slope decreases slightly with the
availability. The overall short-run dispersion igrsficantly higher in the RES market due to
the impact.
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