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1 Sammendrag

Motivasjonen bak denne oppgaven er & anvende komplementaritetsbetingelser til
a analysere bruksomréader for energilagring. Det har blitt videreutviklet en de-
terministisk modell av et kraftmarked basert pa tidligere prosjektoppgave [1] ved
a integrere energilager i modellen. Denne modellen bestar av produsenter, etter-
sporsel, fornybar produksjon, systemoperatgr, regulator, energilager, energimarked
og kapasitetsmekanismer. Perfekt konkurranse har vaert en forutsetning. En over-
sikt over modellen kan finnes i Figur 1.

Styrken til denne méaten a modellere pa har vist seg & veere at hver enkelt aktgr
kan modelleres hver for seg. Optimalitetsbetingelsene utledes for hver akter og det
er viktig at konsistent notasjon brukes pa tvers av aktgrene. Deretter settes opti-
malitetsbetingelsene for alle aktgrene sammen i modelleringsprogramvaren General
Algebraic Modeling System.

Et scenario med store mengder fornybar energi har blitt lagt til grunn for analy-
sene. Malet har veert & analysere hvordan ulike former for energilager fungerer i
dette systemet under ulike betingelser. Det har i alt blitt kjgrt 38 caser med ulike
former for lager og ulike markedsbetingelser. Fire forskjellige typer marked har
blitt analysert:

e Rent energimarked

e Strategisk reserve 4 energimarked

o Kapasitetsmarked + energimarked

e Kapasitetsbetaling (subsidie) + energimarked

En viktig konklusjon er at norsk pumpekraft bidrar til & flytte kapasitet mel-
lom lengre tidsperioder mens batteriteknologi har vist seg a reagere kortsiktig
ved & jevne ut prissvingninger. Norsk pumpekraft har vist seg a ske mengden
kjernekraft med hele 18.8% og dette skyldes at pumpekraften er i stand til & jevne
ut variasjoner i residualetterspgrselen slik at betingelsene for kjernekraft bedres
betraktelig ved at en hgyere last har en kjgretid over 6500 timer.

Nar det gjelder energilagrene har det vist seg at kostnadsniva og deltakelse i kap-
asitetsmarkedet gir store utslag pa installert kapasitet. Dette gjelder spesielt for
pumpekraft der en gkning i faste kostnader pa bare 10% resulterte i null installert
kapasitet.
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Figure 1: Oversikt over modell
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3 Abstract

The motivation behind this thesis is to utilize complementarity conditions to assess
the applications of energy storage in an energy system with high levels of renew-
able energy sources. A model of a perfectly competitive power market has been
developed based on complementarity theory. The model includes firm demand,
system operator, power producers and storage units. In addition, four different
capacity remuneration schemes have been implemented: Energy only, strategic re-
serves, capacity market and capacity payment. These models have been subjected
to a scenario with high levels of renewable energy in order to assess the impact of
energy storage in these circumstances.

The methods used in this work are theoretical and highly dependent on the as-
sumptions and parameters used. The documentation should give a good insight
to complementarity modeling in general as well as describing the entire model all
the way up to the full mixed complementarity problem formulation.

A large part of this work has consisted of improving the existing model from the
project work[1] and develop and integrate the energy storage with the rest of the
model.

The findings show that the system can benefit from energy storage options. In
general, energy storage will provide better conditions to base load units such as
nuclear power. The energy storage will smooth out variations in residual demand
and increase the amount of capacity a base load unit can run for a large portion
of the year. Utilizing Norwegian hydro reservoirs for pumped hydro applications
was found to be the most effective storage unit, increasing the amount of nuclear
power by 18.8%. Pumped hydro was found to shift energy on a long-term scale
while the battery was found to arbitrage prices on a shorter term.

This thesis can give an insight into which barriers need to be overcome in order to
ensure investments in energy storage. For example high fixed costs of the storage
and unfavorable conditions compared to thermal plants in a possible capacity
remuneration mechanism can be the determining factor resulting in low or no
installed storage capacity.
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5 Introduction

5.1 Thesis description and motivation

This Master thesis is a continuation of the project work "Developing an Equilibrium
Model for the Analysis of Support Schemes in Future Power Systems with Large
Shares of RES" [1] which was based on the model described in [7].

The background for this work has been the fact that the renewable energy is ex-
pected to increase in the European power system. However, this poses a problem
regarding back-up capacity in order to ensure system adequacy when the injected
energy from RES is low and demand is high. This introduces the need for capacity
remuneration mechanisms (CRMs). Instead of only remunerating the energy pro-
duced these market mechanisms aim to compensate power producers and possible
storage facilities for the capacity installed. Even if not used, this capacity can
be of value to the system in order to prevent deficits because of the intermittent
RES.

In this context this thesis applies complementarity theory in order to develop a
MCP model suitable for analyzing how different support schemes and technology
parameters affects the actors in the system. The main focus of this thesis is
implementation and analysis of storage technologies in the model. The goals for
this thesis can be summarized as:

e Thorough documentation of the models.
e Implementing energy storage as a new actor in the existing GAMS models.

e Analysis of the decisions for different actors using scenario data from ENTSO-
E.

e Assessing the potential role of energy storage technologies as an alternative
to thermal backup capacity.

5.2 Modeling Tools

The modeling software that has been used in this thesis is the General Algebraic
Modeling System (GAMS). GAMS is a high-level modeling system that is suitable
when solving most types of optimization problems depending on the solver that is
utilized. For solving Mixed Complementarity Problems the PATH solver has been
used. The approach that has been chosen is to represent in-data as an Excel file,
then importing this to GAMS. After solving the model, GAMS data have been



exported to the relevant variable values in a new excel file. The results files have
then been imported to Matlab where the necessary code for generating figures has
been implemented. This procedure is represented graphically in figure 2.

Input parameters Optimization Output data Post processing

Excel GAMS Excel Matlab

Figure 2: Data processing

The strength of GAMS is that it enables the modeler to focus on the mathemat-
ical formulations as most of the code can be written in a mathematical language
reducing the need for coding.

The model with energy storage has become complex and this has caused conver-
gence difficulties in the PHES model. This is the reason for reducing the resolution
by representing the year with 4380 periods instead of 8760 (one period in the model
equals two hours). However, modeling two storage technologies at the same time
has not been possible due to too long solution times and failure to converge.



6 Theory

6.1 Energy Management

A power system has a demand side and a supply side and the role of the power
market is to make sure these parts meet in an efficient manner. The basic function
of the power market is to make sure supply match demand in every hour of the
year. Electricity as a commodity has the following features [14, p. 12-13]:

e Continuous flow of energy.

e Electricity is consumed and generated at the same time.

e [t is not easy to store in large scale. This option may be expensive.
e The consumption varies during the day and over the year.

e Electricity is very important to most parts of society.

e [t is possible to have partial or complete breakdown of the power system due
to imbalances. Good operation and planning practices reduces the risk of
this.

These aspects lead to the conclusion that power market design is important for the
safe operation of a power system. The special features of electricity increases the
complexity of the marketplace when operating a power system in a deregulated
power market.

In order to balance the grid the consumed power must equal the generated power
during each hour. This can be visualized in figure 3. This balancing act becomes
increasingly challenging when the amount of renewable in energy increase as the
renewable production is not controllable. This would mean that the red graph
in the figure becomes more variable. As illustrated by the blue graph for energy
storage, the storage generates energy when there is a deficit and stores energy
when there is a surplus of generation in the system. However, this representation
is very simplified. In order to model the operation of storage it is needed to
include these units in a model of the energy market. In addition, some parts of
the generation can be controlled since there are conventional power plants in the
system in addition to the renewable energy sources.
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Figure 3: Principle for grid balancing [15]

6.2 Electricity Remuneration Mechanisms

There are several market mechanisms that can balance the energy market. In
this thesis the focus will be on a spot market for the energy mechanisms and on
capacity remuneration through either strategic reserves or a capacity market.

6.2.1 Energy Based Remuneration

The energy market is remunerating each MWh produced. The obtained price for
each MWh varies and is a result of supply and demand each hour of the operating
period. This is called a Pool-co market [13] and generating companies compete on
the supply side to the entire energy market and not to individual consumers.



6.2.2 Strategic Reserves

A strategic reserve is emergency capacity controlled by a TSO. These reserves are
obtained through a strategic reserves market where the TSO is on the demand side
and the power producers are on the supply side [10]. Once capacity is contracted
through this market the T'SO controls it and it is no longer a part of the generation
controlled by the supplier.

The strategic reserves lead to an extended supply when the normal generation is
not enough. However, this means that the strategic reserves can interact with
the market dynamics and inhibit the price incentives necessary for investments.
This means that the strategic reserves capacity should only be activated when the
system is near an emergency state and only at prices above the highest bid in the
market [10].

6.2.3 Capacity Market

A capacity market (also called capacity requirement) is an volume-based mech-
anism. In addition to the energy market an additional market for the installed
capacity is created. In the capacity market the TSO is on the demand side and
decides how much capacity should be installed in the system. This provides a new
revenue stream to the generation firms and, in contrast to the strategic reserves
market, the capacity is operated by the individual firms as usual in the energy
market [10].

A capacity market ensures the correct amount of generation capacity by directly
controlling it, this means that the investments should be triggered before the
system adequacy is insufficient. However, the implementation of a new market is
required and this administration can be complex and costly [10].

6.2.4 Capacity Payment

A price-based capacity payment market remunerates the generators according to
the capacity installed. The remuneration rate is set by the authorities and can
be different for different technologies. RES capacity is typically not remunerated
by capacity payments. This scheme is arguably simple and therefore simple to
implement. However, the rates can have large impacts on investment decisions.
This means that the result can easily be too much or too little capacity installed
in the system if the remuneration amount is not set properly [10].



6.3 Complementarity Modeling

This section will describe optimization problems and how the complementarity
slackness can be used to derive the optimality conditions.

6.3.1 Optimization Problems

An optimization problem consists of an objective function to be maximized or
minimized within one or more constraints. These problems can be both linear and
nonlinear, but this thesis will focus on linear problems (LP). A general primal and
dual formulation of a LP problem can be found below [11, p.140].

Primal (P): Dual (D):

Max: z =c’ xx Min: w=b" xv
subject to: A*x <b subject to: ATxv>c¢c
x>0 v>0

6.3.2 Lagrangian Relaxation

A convenient way to represent optimization problems is by formulating the La-
grangian function of the problem. The Lagrangian is a relaxation of the original
problem where the restrictions are incorporated in the objective function as penalty
functions. The Lagrangian multiplier assigned to each restriction is the penalty
for violating the constraint [11, p.455].

To explain the Lagrangian formulation the general optimization problem is written
in a slightly different way in equations 1 and 2[11, p.455]. It should be noted that
even though the focus is on linear problems in this thesis the approach described
can also be applied to nonlinear problems.

Minimize: f(x) (1)

Subject to:

The Lagrangian of this problem is formulated in equation 3. All dual variables,
v;, is > 0. These dual variables are the Lagrangian multipliers [11, p.456].
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L(x,v) = f(x) + > vi(bi — ;) (3)

i=1

This Lagrangian function can be differentiated with respect to the decision vari-
ables and dual variables in order to obtain the optimality conditions.

6.3.3 Equilibrium Models

A power market model consists of several actors with different objective functions
and constraints. Such a model is an example of an equilibrium model. What
characterizes the equilibrium state is that all constraints for all actors are satisfied
in addition to no actors preferring to change their decision [6]. There are several
ways of handling such a problem. However, this thesis will focus on deriving the
optimality conditions for each actor and then solving the optimality conditions as
a system of equations meaning that the equilibrium is reached when all equations
are satisfied.

The derivation of optimality conditions will be done by firs formulating the problem
for each actor in the model. Next, the Lagrangian function for each actor will be
formulated. From this, the optimality conditions will be derived and the full MCP
formulation of the different models will be a summary of these conditions.

6.3.4 Complementarity Conditions

From the optimization problem, the optimality conditions of a linear problem can
be expressed as complementary conditions. It is known that if a constraint is not
binding, the shadow price of this constraint will have a value of zero. Equations 4
to 6 from Optimization [11, p. 145] describe the optimality conditions for a general
LP problem.

Primal feasibility: Ax < b,x <0 (4)
Dual feasibility: A’v > ¢,v >0 (5)
Complementarity: v’ (b — Ax) = 0,x" (ATv—c) =0 (6)



These equations show that by finding the primal and the dual of a linear optimiza-
tion problem the optimality condition can be found as the solution that has both
primal and dual feasibility.

One approach to formulate the complementarity slackness constraints is to formu-
late the Lagrangian for each actor in an equilibrium model and differentiate with
respect the decision variables and Lagrangian multipliers and then use the comple-
mentarity slackness theorem together with the equality or inequality constraints
in the problem [12, p.34]. This is the method that will be used when developing
the model in section 7.

6.3.5 Kuhn-Tucker Conditions

Kuhn-Tucker conditions describe the optimality conditions and are derived from
the Lagrangian formulation. After the Lagrangian has been formulated the Kuhn-
Tucker conditions for a maximization problem are defined as the partial derivatives
of the Lagrange function:

e With respect to the nonnegative variables are non-positive [12, p.34] and the
complementarity slackness condition [11, p. 145] is fulfilled.

e With respect to free variables are equal to zero [12, p.34].

e With respect to the Lagrange multipliers corresponding to the inequality
constraints are nonnegative [12, p.34] and the complementarity slackness
condition [11, p. 145] is fulfilled.

e With respect to the Lagrange multipliers corresponding to the equality con-
straints are equal to zero [12, p.34].

These conditions will be used extensively when the model in this thesis is developed
in appendix B.

6.3.6 Karush-Kuhn-Tucker Conditions

The generalized Karush-Kuhn-Tucker (KKT) conditions is essential when formu-
lating nonlinear optimization problems as complementarity problems. KKT con-
ditions is the first order mathematical conditions that has to be satisfied in order
to have a optimal solution. From Optimization [11, p. 290] the general KKT
conditions are described as shown in equation 7 to 10.



Vi) = 0 V(o) (7)

i=1

v, >0,i=1,...m (8)
vi(bi — gi(x)) =0,i=1,..m (10)

If we have a nonlinear problem with both equality constraints and inequality con-
straints of both types, we can always reformulate the problem to one of the stan-
dard forms and then express the complementarity constraints or the KKT condi-
tions as above. The KKT conditions forms the basis for defining and solving the
system as a MCP. However, the model applied in this thesis will not use the KKT
conditions as the problems are linear.

6.3.7 Mixed Complementarity Problems

The optimality conditions that has been derived can be represented as a MCP
problem [5]. What have been explained previously in this section can be used to
form a wide range of problems characterized as mixed complementarity problems
(MCP). The complementarity slackness formulation can be used to model the
KKT optimality conditions of nonlinear problems and LP optimization problems.
There is no specific optimization problem to be solved but the optimality conditions
has been derived and these can be solved to obtain the optimal solution to the
full model. This means that for example a market with several actors that have
different objective functions can be formulated as a complementarity problem in
order to generate a solution that is optimal for all actors.

The general mathematical formulation of an inequality constrained and equality
constrained complementarity problem is described in equation 11 and 12 [5]:

NCP: Given a function F: R" — R", find z € R" such that:

0<F(z)Lz>0 (11)

NE: Given a function F: R" — R", find z € R" such that:

F(z)=0 (12)

Equation 11 expresses that one of the two inequalities is to be satisfied as an equal-
ity so that the complementarity condition shown in equation 13 is satisfied.



zix Fi(2) =0 (13)

Based on these complementarity problems a general mixed complementarity prob-
lem is defined as[5]:

MCP: Given lower bounds [ € {R U {—o00}}", upper bounds u € {R U {cc0}}"
and a function F: R" — R", find z € R" such that precisely one of the following
holds for each i € {1,...,n}:

Fi(z)=0and [; < z <, (14)
Fi(z) >0 and z; =1, (15)
Fi(z) <0 and z; = u; (16)

10



7 Methodology

Figure 4 shows a general outline of the model that has been implemented. The
model is a MCP equilibrium model, which was described in section 6.3. The
strength of using complementarity theory is that the restrictions and optimality
conditions of each actor can be derived separate from the rest of the model and
then all of these conditions can be put together in the modeling software (GAMS).
This means that a complex problem can be broken down to smaller pieces, it also
means that the modeling of one actor can be changed without having to redevelop
the entire model. However, this requires the modeler to be very diligent regarding
the use of correct notation for all parts of the model in order for everything to fit
together when implementing. The models are annualized with a time step of two
hours in order to keep the solution time at a reasonable level.

This section will describe each model and the optimization problem for each actor
under this market structure. Further, the Lagrangian of the different actors will
be presented in appendix B based on the optimization problems in this section.
From this, the optimality conditions will be derived based on the complementarity
slackness condition that were described in section 6.3.4. The MCP formulation will

be presented in this section and this will be based on the derivations in appendix
B.

The coupling between the different market actors are the energy and capacity
markets. For example, the power producers perceive the market price for energy
as a parameter. However, the market price for energy is calculated as the dual
value of the energy balance equation in the market mechanism.

The market actors seek to optimize their objective function and are modeled in
four different markets:

e Energy market

e Energy market and volume-based strategic reserves auction
e Energy market and volume-based capacity market

e Energy market and price-based capacity market

In addition, different levels of storage involvement in the capacity market and
sensitivity to fixed costs will be analyzed.

Nomenclature of the symbols used in this section can be found in appendix A. All
variables are nonnegative.

The complementarity conditions based on the relations derived in appendix B will

11



Energy price )
PV generation W'nd.
generation
Power .
Producer 1 Solar injected Wind injected Storage 1
Energy price Energy
Market Energy demand / generation
Power —d_/Generatlon Energy Prlce¥> Storage s
Producer f Energy demand g
Capacity offer Capacity offer
Capacity price\ Capacity
Remuneration
Mechanism
Capacity price
Capacity dgmand
Capacity price .
Energy price
Power Storage S
Producer F Maximum load shedding
Energy demand Energy demand
Energy
Flexible Firm Demand Regulator
Demand

Figure 4: Overview of the model

be formulated so that these can be written into the modeling software (GAMS).
This means that all equations should be > 0 or = relations and the sign L relates
equation with the dual variable and means "complementary to". For details about
how the different conditions have been derived the reader is referred to appendix
B which follows the same structure as this section.
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7.1 Energy Only Model

7.1.1 Power Producers

The objective function for firms operating in an energy market can be found in
equation 17. This shows that the firms decides generation each hour and the
installed capacity based on their variable costs, fixed costs and the market price.
The only remuneration is through the energy market. Equation 18 is the only
restriction that applies to the firm in this case and states that the firm can not
produce more any given hour than the installed capacity. This means that the
installed capacity in the beginning of the period influences all operating hours in
that period.

H
Vf : Maximize: mp = Y (A, — VCy) % T % gengy — FCy * C@p}mt (17)
h=1
Subject to:
Vf,Yh:—gens, + capjcmt >0 (18)

Based on the optimality conditions of this problem the conditions for a solution
that is optimal for the power producers are shown in equation 19 to 21.

Vf,\V/hZ—)\h*T+VCf*T+Mf7hZOJ_genﬁhZO (19)
H .
Vi:FCp— ppn >0 L capf™ >0 (20)
h=1
Vf,Vh: capjemt —gengp >0 L piypp >0 (21)

Equation 19 describes how generation is triggered. Generation is increased in the
case that the price is high enough to cover variable osts and scarcity rent for
generation. As shown in equation 20 installed capacity is triggered if the added
scarcity rents for generation is high enough to cover the fixed costs of investment.
w1 is the dual variable of equation 18 and is interpreted as the scarcity rent for
generation. If a firm is producing at the limit the scarcity rent will have a positive
value in order to ensure the restriction is satisfied, limiting the firm from producing
more.

13



7.1.2 TSO

The objective function of the TSO is to maximize consumer surplus. This is shown
in equation 22. The only decision variable is how much load should be shed in
each hour.

H
Maximize: CS = Y ((PM** — \,) x (DEM;, — lsy)) * T (22)

h=1

Since the demand is a parameter, it can be removed. This simplifies the equation
to:

H
Maximize: Y (A, — PM4%) xls), T (23)
h=1
Subject to:
H H
RS" x> DEM, — Y ls;, >0 (24)
h=1 h=1

Equation 23 shows how the TSSO decides when and if load shedding is exercised.
It is clear that for a market price below the VOLL the TSO will not shed any load,
but if the market price is at the VOLL load shedding will be used in order to limit
it from getting higher. Equation 24 limits the total amount of load shedding to
the specified share of total demand.

The optimality conditions of this problem gives the complementarity formulation
for the TSO in equations 25 and 26.

Vh:=Ms«T+PY %X «T4+a>011s,>0 (25)
H H

RS¥ x> DEM, —Y ls;, >0 La>0 (26)
h=1 h=1

Condition 25 describes that load shedding is triggered if the market price is above
PMAX  However, if restriction 24 is binding, o will assume a positive value as
described by equation 26. This will allow an increase in the market price above the
maximum market price in order to keep the amount of load shed at the maximum
level.
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7.1.3 Energy Storage

The energy storage decides how much energy should be stored and generated each
hour of the operating period. Profit is obtained by arbitrage, buying when the
price is low and selling when the price is high. In addition, the storage decides
how much capacity in MW and MWh to install and there are fixed costs associated
with these capacities.

H
. A _ cap inst en inst
Vs : Maximize: my = E (gensp, — storesp) * T A\, — FCP x capl*® — FC" x en,
h=1

(27)
Subject to:

Vs, h=1: enit‘ged « L+ storesy x SLy T — gengy * T — enstored > ) (28)
T ?

Vs,Vh > 1: enif,off « L+ storegy, * SLsx T — geng p, T — enjf,ofed >0 (29)

Vs, Vh: en™ —eni7* > 0 (30)

Vs, Vh : cap™" — gen,, — stores;, >0 (31)
The objective function of the storage units is to maximize the profit. This can be
found in equation 27. Equation 29 keeps track of the amount stored and states
that the amount stored at the end of an hour is the amount stored in the end of
the previous hour plus the amount stored during the hour subtracted the amount
generated during the hour and the losses due to converting and storing the energy.
In addition, restriction 28 is round coupling the problem so that the hour before the
first hour is the last hour. There are only converter losses associated with storing
the energy, this is represented by the parameter SLg which therefore represents
both storing and generation losses. The loss associated with having one MWh of
energy stored for one hour is L;. Equation 30 limits the amount of stored energy
any given hour to the installed energy capacity and 31 ensures that the energy
stored and generated each hour is within the storage’s capacity limits. Since the
storage never generates and stores during the same hour this can be expressed as
one equation instead of two.
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The optimality conditions for the storage are derived from this problem and can
be found in equation 32 to 41.

Vs,Vh: =X« T+ Cpn*xT + psp >0 L geng, >0 (32)
Vs, Yh: Ay« T — Csp % SLs* T + pisp, > 0 L storesp, > 0 (33)
H .
Vs : FCOP =Y psn >0 L capll™ >0 (34)
h=1
H .
Vs: FC = 1, >0 Lenl™ >0 (35)
h=1
H stored
Vs, Vh < T —Cspr1 % L+ Csp+tsp >0 Lend;" >0 (36)
‘v’sh—g'—g *«Lg+Com+iu>0L1en™yed >0 (37)
y 16— T . s,1 s 57¥ s,% = 57% el

Vs, h=1": enjtoﬁred*qutstoreSJ*SLS*T—genSJ *T—enitfred >0L (>0 (38)
T ?

Vs,Vh > 1: enifﬁf{i*szLstoresyh*SLS*T—gen&h*T—enif,OfEd >0L pn>0 (39)

Vs,Vh>1:en*" —ensy™ >0 L 1, >0 (40)

Vs, Vh : capi,”St —gengy — storegp, >0 L psp >0 (41)
Equation 32 is the condition that generation is triggered if the market price cov-
ers the value of stored energy and the scarcity rent for converter capacity. Next,
equation 33 describes that energy is stored if the value of stored energy (sub-
tracted converter losses) is at least enough to cover the market price and scarcity
rent for converter capacity. Equation 34 is the condition that converter capacity
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is triggered if the scarcity rents for converter capacity is enough to recover the
fixed costs. Similarly, equation 35 is the condition that installed storage energy is
triggered if the scarcity rents for energy covers the fixed costs. Further, energy is
stored if the value of stored energy the next hour (subtracted losses ) is at least
the value of stored energy this hour added scarcity rent for energy capacity this
hour according to equation 36 to 37.

Equation 38 and 39 is the energy balance for the storage unit and the dual value
of this equation is the value of stored energy. This can be interpreted as a gener-
alization of the water value for a hydro power plant. The value of stored energy
is determined by several factors including but not limited to current and future
market price, fixed costs, losses and decisions by other actors in the system.

The scarcity rent for energy capacity will be positive if the amount of stored energy
is at the capacity of the storage unit, according to equation 40. Equation 41 shows
that the scarcity rent of converter capacity will be positive if the storage unit
is operating at the installed converter capacity. This can either be due to the
storage generating or storing energy at the limit of the converter capacity. Due to
the converter losses associated with the converting process the storage will never
store and generate during the same hour.

7.1.4 Energy Market

The energy market is a energy balance each hour of the operating period. This
can be found in equation 42. The generation from firms and storage added to the
injected solar and wind production must be more than the demand subtracted
load shedding.

F S
Vh: > gengn+ > (gensy, — storegy) + INJ + INJP™ > DEM,, — sy, (42)

f=1 s=1

The energy price is calculated by applying the complementarity slackness theorem
[11, p. 145] on equation 42 with A as the dual variable as stated in equation
43. This means that the energy market will increase the market price until the
condition is satisfied.

F s
Vh: Z genf,h—i-z(gens,h—stores,h)+INJ;§"Z‘”"+INJ,§”i”d—DEMh+lsh >0L AN, >0
=1 s=1

(43)
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7.2 Strategic Reserves Model

The SR model includes the SR market as a new source of remuneration for the
actors in the system. However, if a firm decides to contract capacity to the strategic
reserves the control of this capacity is moved to the TSO.

7.2.1 Power Producers

The objective function for a firm participating in a strategic reserves auction in
addition to the energy market can be found in equation 44. This is identical to
the EO profit except the last term that remunerates the firm according to the
price for capacity and the strategic reserve capacity the firm offers to the capacity
market.

H
Vf : Maximize: 7y = Z(/\h —VCy)xgengp xT — FCy % capéc”St + 7 * cap}” (44)
h=1
Subject to:
Vf,Vh:—gens), + cap;mt —capy >0 (45)

Vf:—capy + capf*t >0 (46)

Equation 45 ensures that the firms can only operate the capacity installed that is
not offered to the strategic reserves auction. This is because the strategic reserves
capacity is controlled by the TSO. Equation 46 restrict the firms from offering
more capacity to the auction than their installed capacity.

Based on the first order conditions of this problem the optimality conditions for
the power producers can be found in equations 47 to 51.

VfZ\VIhZ—/\h*T—I—VCf*T—f-/,Lf?hZOJ_genﬁhZO (47)
H .
VfZFCf—Z/Lf,h—efEOJ_C(szcnStZO (48)
h=1
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H
Vf;_7+zuf7h+9fZOJ_capjf20 (49)

h=1
Vf,Vh: capjfmt —gengp —capy >0 L ppp >0 (50)
Vi capj}mt —capy > 01 0;>0 (51)

Similarly to the EO model, generation is triggered if the market price is high
enough to cover the variable costs and scarcity rent for generation as can be found
in equation 47. Equation 48 shows that installed capacity can be triggered through
scarcity rent for generation or scarcity rent for strategic reserves. According to
equation 51 the scarcity rent for strategic reserves will have a positive value if
all the installed capacity is used as strategic reserves. Further, equation 49 is
the condition that the firms will offer capacity to the strategic reserves if the
price for capacity covers scarcity rents for generation and the scarcity rent for
strategic reserves. Lastly, equation 50 shows that scarcity rents for generation will
be positive if all the installed capacity is utilized as more generation requires more
installed capacity.

7.2.2 TSSO and Demand

It is assumed that the consumers pay for the remuneration through the strategic
reserves auction. This means that the objective function has to take these costs
into account when optimizing consumer surplus. This can be found as the second
term in equation 52. The last term ensures that the strategic reserve is activated
before load shedding occurs by adding the small difference ¢ to the market price.
The decision variables for the T'SO is load shedding, generation from the strategic
reserves and capacity demand in the strategic reserves market.

H H
Maximize: CS = Y (A= PMA%)xlsy T —yrdem P+ (A\y— PMAX €)xgeny” T
h=1 h=1
(52)
Subject to:
H H
RS" x> DEM;, — Y ls;, >0 (53)

h=1 h=1
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F S
> (caplj'cmt — capy’) + > CF,x* (cap™st — cap®™) 4+ dem®? — RSP x DEMMAX > 0
f:l s=1

(54)

F s
Vh: ) capy + > CF,*capy — genj” >0 (55)
f:l s=1

Restriction 53 is the load shedding constraint, equal to the EO model. Equation 54
determines how much capacity the TSO demands in order to satisfy the capacity
margin set by the regulator. The last restriction 55 limits the TSO from using
more strategic reserves than the contracted amount with the possibility of giving
storage capacity less than 100% credit for the capacity offered by tuning the value
of C'F. This is to be used when analyzing cases when for instance only a fraction
of the capacity offered by battery storage units are relied upon due to the limited
time this storage can operate.

Further, the optimality conditions for the TSO are summarized in equations 56 to
61.

Vh:=Ms«T+PY%X 5T 4+a>011s,>0 (56)
Vh: =M *T+PYAX 5T —exT 46, >0 L gens” >0 (57)
H H
RS®*Y DEM, —Y lsp >0 La>0 (58)
h=1 h=1
~y—F>01Ldem“? >0 (59)

F 5
Z(cap}mt—capjf)+z C Fyx(cap™ —cap®")+dem®? —RS“P+ DEMMAX >0 1L >0
f=1 s=1

(60)

F S
Vh: > capy + > CF,*capl — genj| >0 L6, >0 (61)
f=1 s=1
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The load shedding decision described by equation 56 is equal to the EO model. In
the SR model the TSO also has the option of using the strategic reserves described
by equation 57 which is triggered just before load shedding occurs by introducing
the price difference e. Capacity demand is triggered if the marginal cost of the
capacity reserve margin is above capacity price according to equation 59. The
marginal cost of the capacity reserve margin is determined according to equation
60 which is the mechanism that ensures that the total installed capacity in the
system will satisfy the regulation requirement. Finally, equation 61 is the condition
that the scarcity rent for strategic reserves will take a positive value during the
hours that the strategic reserves is producing at the limit.

7.2.3 Energy Storage

The objective function for storage units operating in this model can be found in
equation 62. The last term is added to represent the remuneration from offering
capacity to the strategic reserves. However, this capacity can be discredited by the
factor C'F, to account for the limited time the storage can operate as a producer
compared to a traditional power plant.

H
Vs : Maximize: 7w, = Z(gensyh — storesy) * A\p x T — FCP x cap
h=1

inst
s

— FC % en™" + v x cap®” * CF, (62)

s

Subject to:

Vs, h=1: enfged % Ly + storeg1 * T * SL, — geng 1 * T —enf'o™ >0 (63)
T

S, —

Vs,Vh > 1: enifﬁr_eld % Lg + stores, * T % SLy — gengp x T — enfﬁ”d >0 (64)

Vs, Vh: en™ —eni7 > 0 (65)
Vs, Vh : cap™ — geng ), — storesy, — cap®” >0 (66)
Vs : cap™' — capt” > 0 (67)
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Equations 63 to 65 is equal to the EO model. Equation 66 is modified to remove
the capacity offered to the strategic reserves from the storage units. Equation 67
limits the storage units from offering more capacity to the strategic reserves than
the installed capacity.

The MCP formulation of the energy storage technologies are based on the opti-
mality conditions of this problem and can be found in equations 68 to 79.

Vs, Vh: =Xy« T+ Cop*xT + psp >0 L gengp, >0 (68)
Vs, Vh: Xy« T — Copx T % SLs+ pusp, > 0 L storesy, >0 (69)
H .
Vs : FC{P — Z psn — 0s >0 L cap™ >0 (70)
h=1
H .
Vs: FCM = 1p >0 Lenl™ >0 (71)
h=1
H
Vs:—fy*CFs—i—Zus,h—l—GsZOJ_capir20 (72)
h=1
H stored
VS,\V/h < ? . _Cs,h—l-l * Ls + <S,h + ls,h Z 0L ens,h 2 0 (73)
H stored
‘v’s,h:?:—Csjl*Ls—i—CS#qLLs#ZOJ_ensﬁ >0 (74)

Vs,h=1": enztﬂ”ed*sztstor@J*T*SLs—gen&l *T—enztf’"ed >0L >0 (75)
T ?

Vs,Vh > 1: enifﬁf{l*Ls+3t0res,h*T*SLs—gens7h*T—enifﬁ’”ed >0L spn>0 (76)
Vs, Vh:en!™ —end >0 L, >0 (77)
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Vs, Vh : cap™' — geng ), — store,, — caps” >0 L pep >0 (78)

S

Vs 1 cap™' —cap” >0 1L 60, >0 (79)
Equation 68, 69, 73, 74, 75 and 76 is equal to the EO model. This is reasonable
as the strategic reserves auction does not interfere with operation of the unit once
capacity has been determined. Further, equation 71 and 77 is equal to the EO
model because no mechanism for remunerating energy capacity has been consid-
ered.

Equation 70 shows that in addition to the scarcity rents for converter capacity,
the fixed costs of converter capacity can also be covered by the scarcity rent for
strategic reserves. Equation 72 is the condition that the storage unit will provide
capacity to the strategic reserves if the (possibly reduced) price for capacity is
enough to cover scarcity rents for converter capacity and the scarcity rent for
strategic reserves. Note that the scarcity rent for strategic reserves will only be
positive if all the capacity is used as strategic reserves according to equation 79.
Finally, the capacity offered to the strategic reserves is subtracted in equation 78
and this can change the scarcity rent for converter capacity.

7.2.4 Energy Market

The energy market includes the generation from the strategic reserves in addition
to the terms from the EO model. This means that this option should be used by
the TSO before load shedding occurs.

F s
Vh: > gengn+ > (gens, —storesy) +geny +INJ% + IN J" > DEM,;, — sy,
f=1 s=1

(80)

The energy price is calculated by applying the complementarity slackness theorem
[11, p. 145] on equation 80 with A as the dual variable:

S

F
Vh : Z gengp + Z(gensvh — storesy) + geny”
f=1 s=1

+ INJF - INJP — DEM), +1s, >0 L A\, >0 (81)
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7.2.5 Strategic Reserves Market

P s
> capy + Y (capy * CF,) — dem®” > 0 (82)

s=1

According to the complementarity slackness theorem [11, p. 145] the optimality
conditions of equation 82 is formulated in equation 83 for the SR auction with
as the dual variable.

Z capy + Z cap? x CF,) —dem®» >0 L ~v>0 (83)

7.3 Capacity-Based Capacity Market Model

In the CM model, the CRM is a capacity market. The market provides a new
remuneration mechanism separate from the energy market to the power producers
and can be used by the TSO to trigger investments to cover future capacity need
and ensure system adequacy.

7.3.1 Power Producers

Equation 84 is the objective function for the power producers when they participate
in a volume-based capacity market. The firms are remunerated according to the
energy they supply and the capacity they install.

Vf : Maximize: 7y = i(/\h —VCy)x gengp+ T — FCpx cap’™ + 7y x cap§™ (84)
h=1
Subject to:
Vf,Yh:—gens, + cap}”St >0 (85)
Vf : —capi" 4 capf*t > 0 (86)

Different from the strategic reserves, the firms are allowed to operate the capacity
that is offered to the capacity market. This can be found in equation 85 which is
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equal to the restriction for the energy only market. Equation 86 is similar to the
SR model and states that the firm can not offer more capacity to the market than
it has installed.

The MCP conditions for the conventional power producers can be found in equa-
tions 87 to 91.

VIVh : =Xy« T+ VCr T+ ppp >0 L gengp >0 (87)
H
Vf:FCr—=> ppn—0;>0Lcapf™ >0 (88)
h=1
Vf:—y+0;>0 L capi™ >0 (89)
Vf,Vh : cap}”“ —gensp, >0 L pyp >0 (90)
Vf:capf —cap{" >0 L6 >0 (91)

Equation 87 describes how generation is triggered and is similar to the other mod-
els. The installed capacity is triggered if the scarcity rents for generation and
scarcity rent for capacity covers the fixed costs according to equation 88. Equa-
tion 89 describes that capacity offers to the capacity market are triggered if the
capacity price is at least the scarcity rent for capacity. However, as can be found
in equation 90 and 91, the firms can still operate the capacity that is offered to
the capacity market.

7.3.2 TSO and Demand

In the capacity-based capacity market, the capacity is not controlled by the TSO.
The TSO only ensures that there is enough capacity in the system to satisfy
the regulatory requirements. This is done through the capacity market and the
objective function consist of the term from the energy only model in addition to
the cost of capacity in the second term in equation 92.

H
Maximize: CS =) (), — PMAXY y Iy « T — y % dem® (92)
h=1

25



Subject to:

H H

RS® x> DEM;, — Y ls;, >0 (93)
h=1 h=1

dem®® — RSP x DEM™MAX > 0 (94)

Restriction 93 is the load shedding constraint equal to the previous models. Re-
striction 94 ensures that the TSO demands enough capacity to satisfy the capacity
margin set by the regulator.

The MCP conditions for the T'SO can be found in equations 95 to 98 and are from
the first order conditions of this problem.

Vh:=M*«T+P"% 5T +a>011s,>0 (95)
v—05>0_Ldem® >0 (96)
H H
RS¥ x> DEM;, —Y ls;, >0 La>0 (97)
h=1 h=1
dem®® — RSP« DEMMAX >0 1 >0 (98)

This is similar to the SR model. However, equation 98 is simpler. In this model
the demanded capacity is the entire capacity requirement in the system. This
means that the marginal cost of the capacity reserve margin is the dual value of
this restriction.

7.3.3 Energy Storage

The objective function for storage units operating in this market can be found in
equation 99. In addition to the remuneration from the energy market the storage
can be remunerated in the capacity market for the installed amount of capacity.
However, the participation in the CRM can be reduced if the term CFj is less
than 1 to account for the limited period the storage unit can supply power in
comparison to a conventional power producer.
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H
Vs : Maximize: 7w, = Z(genm — storegy) * T x A\, — FC{P % cap
h=1

inst
s

— FO™ % en™" + ~ % cap™ x CF, (99)

s

Subject to:

Vs,h=1": enzt‘ﬁed % Ls + storesy x T %« SLy — geng x T — enztf”ed >0 (100)
' T ’

Vs,Vh > 1: enifZT_ef % Ly + storegy, T x SLy — geng p, T — enifgmd >0 (101)

Vs, Vh : en™" — enifﬁ’“ed >0 (102)
Vs, Yh : cap™"' — gen,, — store,;, >0 (103)
Vs : cap™' — cap™™ > 0 (104)

Restriction 101 is the same energy balance between hours as previously. Also
equal to the other models, restriction 102 states that the storage can not keep more
energy than the installed amount and 103 limits the amount of stored or generated
any given hour. Restriction 104 is the condition that the storage units can not
provide more capacity to the capacity market than the installed capacity.

The first order conditions of this problem describes how the energy storage be-
haves in this market and the MCP formulation can be found in equations 105 to
116.

Vs,Vh: =Xy« T+ Cp T + psp >0 L geng, >0 (105)
Vs, Vh : Ay« T — Copx T % SLg + pisp, > 0 L stores, >0 (106)
H .
Vs: FCOP =Y pgn — 0, >0 L capl™ >0 (107)
h=1
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H
Vs: FC —> 15, >0 Len™ >0 (108)

h=1
Vs:—y*CFs4 05 >0 L cap™ >0 (109)
H stored
Vs, Vh < T ~Conr1 * Ls + Con s >0 Leng " >0 (110)
Vs h = 2w Lo+ Con4ion >0 L en®e > (111)
y 16— T . s,1 s 57¥ s,% = s,% el

Vs,h=1": enztﬂ'ed*Ls—i—store&l*T*SLs—genSJ*T—enztf”ed >0L 1 >0 (112)
» T ’

Vs,Vh > 1: enjf,‘{’"ffl « Ly + storesp x T« SLy — gengp, T — enzf,ofed >0Ln=>0

(113)

Vs, Vh:en™ —end* >0 L 1, >0 (114)
Vs, Vh : cap™t — gensy — stores, >0 L pgp >0 (115)
Vs : cap?* — cap?™ >0 L 6, >0 (116)

Equations 105, 106, 110, 111, 112 and 113 is equal to the EO model because the
capacity market does not interfere with the operation of the unit when capacity
has been determined. Equations 108 and 114 are equal to the other models because
the capacity market do not interfere with the energy installed.

The installed converter capacity is, according to equation 107 triggered if the
scarcity rents for converter capacity and scarcity rent for the capacity is high
enough to cover fixed costs. Equation 109 describes that offered capacity to the
capacity market is triggered if the (possibly reduced) price for capacity covers the
scarcity rent for capacity. Note the difference between the CM and SR model,
the capacity remuneration does not need to cover the scarcity rents for converter
capacity because the full capacity is still operated by the storage unit in the CM
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model. This can be studied in equation 115 which does not change when capacity
is offered to the capacity market as was the case in the SR model. Equation 116
shows that the scarcity rent for capacity will take a positive value if all the installed
capacity is offered to the capacity market.

7.3.4 Energy Market

The energy market mechanism is equal to the mechanism for the EO model. The
MCP condition is repeated in equation 117.

F S
Vh: > genpn+> (gensp—stores ;) +INJ +IN J" —~DEMy+ls, >0 L A, >0
f=1 s=1

(117)

7.3.5 Capacity Market

The capacity market balance can be found in equation 118 which states that the
amount provided by conventional producers and storage units should be at least
the capacity demanded by the TSO. The capacity from the storage unit can be
lower than the actual amount provided by tuning the value the parameter C'Fj
in order to account for the limited time storage units can generate power when
compared with conventional power plants that rely on fuel.

F S
> cap?™ + > capd™ « CF, — dem*® > 0 (118)
f=1 s=1

According to the complementarity slackness theorem [11, p. 145] the optimality
condition of equation 118 are formulated in equation 119 with ~ as the dual variable
of equation 118.

F S
> capi™ + Y capd™ x CFy — dem® >0 Ly >0 (119)
f=1 s=1

7.4 Price-Based Capacity Market Model

The price-based capacity market model remunerates the capacity based on a sub-
sidy for the installed capacity.
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7.4.1 Power Producers

The objective function of the power producers is to maximize the profit and can
be found in equation 120. In addition to the energy remuneration the subsidy
cp from the capacity market is introduced to remunerate the installed amount of
capacity.

H
Vf : Maximize: 7y = Z(/\h—VC’f)*genfvh>|<T—FCf*cap§c"5t+cp*cap}"5t (120)
h=1

Subject to:

Vf,Vh: —gengy + cap™ >0 (121)

The only restriction that applies to the producer is, similar to the EO model, the
limitation of not generating more power than the installed capacity in equation
121.

Based on the optimality conditions of the problem, the decisions of the conventional
power producers are formulated as MCP conditions in equations 122 to 124.

VIYh: =X« T+ VCixT+ ppp >0 L gengp, >0 (122)
H .
Vf:FCf—cp—Zuf,hZOJ_capzc”St >0 (123)
h=1
Vf,Vh: cap?wt —gengp, > 0L pupp >0 (124)

The conditions for the producer in the CP model are almost equal to the EO
model. The difference is that the installed capacity is triggered if the scarcity
rents and the capacity payment cover the fixed cost as shown in equation 123.
The introduction of the capacity payment shows that the firm has a new source of
income and that this may increase investments.
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7.4.2 TSO and Demand

The price-based capacity market subsidizes each MW of installed capacity. This
subsidy is paid by the consumers and results in an extra cost added to the
TSO’s objective function of maximizing the consumer surplus shown in equation
125.

H F S
Maximize: CS =Y (A — PM*)xls,«T =Y (cpx cap}mt) = (epxcap?* « C'Fy)
h=1 f=1 s=1
(125)
Subject to:
H H
RS> DEM, — Y ls;, >0 (126)

h=1 h=1
The only restriction to the TSO is the load shedding constraint that can be found

in equation 126.

From the first order conditions, the MCP conditions for the TSO are formulated
in equations 127 and 128.

Vh: M*T+PY"¥ 5T +a>011s,>0 (127)
H H

RS®*Y DEM, —Y lsp >0 La>0 (128)
h=1 h=1

The conditions for the T'SO is equal to the EO model. However, the TSO has to
pay the capacity payment as shown in the objective function. The MCP conditions
does not change because the subsidy is not determined by the TSO, but by the
capacity payment market.

7.4.3 Energy Storage

The objective function for the storage units is to maximize the profit as found in
equation 129. Compared to the EO model the subsidy is introduced in the last
term and this can be credited by the full amount of the installed capacity or parts
of the capacity installed by tuning the value of C'Fj in the interval 0 to 1.

31



H
Vs : Maximize: w3 = Z(gensyh — storegy) * T % A\, — FCP % cap
h=1

inst
s

— FO x en™" + cp * cap™ + CF, (129)

Subject to:

Vs,h=1": enit"ﬁmd % Ly + storeg * T * SLy — geng * T — en'9™ >0 (130)
T ?

Vs,Vh > 1: enz’tzrfld % Ly + storeg, T+ SLy — gengj, * T — en®'o™ >0 (131)

Vs, Vh : en™" — enif,ol”d >0 (132)

Vs, Vh : cap™" — gen,, — store,;, >0 (133)

S

The restrictions for this actor are equal to EO model. This is because the new in-
come stream is added in the objective function without any restrictions added.

The MCP conditions are formulated in equations 134 to 143.

Vs, Vh: =Xy« T 4+ Cop*xT + psp, >0 L gengp >0 (134)
Vs, Yh: Ay« T — Csp % T % SLs+ pisp, > 0 L storesp, >0 (135)
H .
Vs: FC —cpx CFs — Z psn >0 L cap™t >0 (136)
h=1
H .
Vs: FC = 1p >0 Lenl™ >0 (137)
h=1
H stored
Vs, Vh < T —Coh1 % Lg + Con +tsp =0 Leng ™ >0 (138)
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H
Vs, h = T —Cs1 % Ls+ CS% + i >0 L enzfged >0 (139)

Vs, h=1": enjtoéed*Lerstore&l*T*SLs—genS,l*T—enitfred >0 1 (1 >0 (140)
T ?

Vs,Vh > 1: enif,of_ef * Ls + storesp x T x SLy — gengp, T — enifﬁred >0L(n>0

(141)
Vs, Vh:en!™ —endi >0 L), >0 (142)
Vs, Vh : cap™ — gengj, — storesy, >0 L gy >0 (143)

The CP model is very similar to the EO model. This is due to the simplicity
of this mechanism. The capacity payment reduces the fixed costs of the storage
units. Equation 136 shows that installed capacity is triggered if the (possibly
reduced) capacity payment and the scarcity rents for converter capacity is enough
to cover the fixed costs. This is the only modification when compared to the EO
model.

7.4.4 Energy Market

The energy market is equal to the EO and CM models and the MCP formulation
of this is repeated in equation 144.

F S
Vh: Y gengu+ > (gensp—stores ) +IN J% +IN J " —DEMy+ls, >0 L A, > 0
f=1 s=1

(144)

7.4.5 Capacity Market

Equation 145 shows the condition that needs to fulfilled by the capacity market
and the task of the market is to provide a subsidy that satisfies this relation.
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Similar to the other models, the storage capacity can get credit for less capacity
than installed by tuning the parameter C'F5.

F S
S cap™ + 3 cap™ x CF, — RSP x DEMM4X > (145)
f:l s=1

The subsidy for capacity is calculated so that the installed capacity is according to
the regulation, this is the optimality conditions of equation 145 with cp as the dual
variable. The MCP formulation of this remuneration mechanism can be found in
146.

F S
S capitt + 3 capi™t x CF, — RS « DEMM*X >0 Lep>0  (146)
f=1 s=1

The capacity payment could also be determined politically, by setting a fixed
amount of subsidy for each MW installed. The approach would be to discard the
MCP condition and fix the capacity payment as a parameter in the model.

7.5 Input Data

Fixed costs have been represented as annual costs and, if needed, these have been
calculated by using the annuity formula presented in [2] with an interest rate of
5%. These calculations can be found in appendix C.

7.5.1 Conventional Power Producers

In this model, the parameters that describe a conventional power producer is
annual fixed costs per MW installed and variable costs per MWh produced. Four
technologies have been modeled and each technology is represented as one firm in
the model:

e Firm 1: Nuclear plant

e Firm 2: Hard coal power plant

Firm 3: Combined cycle gas power plant (CCGT)

Firm 4: Open cycle gas power plant (OCGT)
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Because of the cost profiles of these units, they will take different roles. Nuclear
plants need to operate for a large fraction of the hours during the year to be com-
petitive, making it a typical base load unit. On the other hand OCGT units have
relatively low fixed costs and high variable costs which makes them competitive
at covering peak load. The cost data for these units are gathered from [8] and can
be found in table 1. An interest rate of 5% has been used when calculating the
annual fixed costs.

Table 1: Technology characteristics for conventional power producers[8]. Annual-
ized values.

Nuclear | Hard coal | CCGT | OCGT

Referred to as Firm 1 Firm 2 Firm 3 | Firm 4
Fixed costs [kEUR/MW]| 280 72 41 16
Marginal costs [EUR/MWHh] | 3 35 48 150

7.5.2 Renewable Energy Sources

The renewable energy injected into the system is a time series of hourly production
injected into the system. The base data has realistic time-series from the COSMO
weather model gathered from [8] and these values have been scaled according to
the ten-year network development plan by ENTSO-E from 2014 [3]. It was chosen
to model Belgium, Germany, Netherlands and France as one area. Based on this
the total RES share was found to be 41.49 % of total energy demand in Vision 4
(30.51% wind, 10.98% solar) [3].

7.5.3 Demand

The objective function of the demand is incorporated in the TSO objective func-
tion. Thus, the demand is only represented by data input to the TSO. The demand
is not price elastic. This means that no matter what the market price is, this de-
mand is constant. However, it is assumed that if the market price is above the
value of lost load, the demand prefer to be disconnected instead of paying the
market price.

The source for demand data is the 2014 time-series data from ENTSO-E Vision 4
[3]. The data for Belgium, Germany, Netherlands and France were added together
in order to model these four countries as one node.
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7.5.4 Regulatory Restrictions

The regulator is responsible for system adequacy and puts restrictions on the
TSO. This is done in the form of load shedding requirements, capacity margin
requirements and maximum market price.

In all cases the maximum load shedding, represented by the parameter RS, was
chosen to be 3 hours, or 0.034%, of total demand during the year. In the cases
with a CRM the capacity margin, represented by RS“?, was chosen to be 110% of
maximum demand. The maximum market price was chosen to be 3000 EUR/MWh
and assumed to represent the value of lost load.

7.5.5 Storage Units

When modeling pumped hydro energy storage (PHES) the case of Norway acting
as a battery was considered. The capacity calculation includes building and main-
taining PHES capacity, necessary reinforcement of the grid in Norway and building
long-distance interconnections. Further a reasonable assumptions regarding losses
has been found to be 80% for the pumping cycle [9]. In addition, a reasonable
amount of the maximum storage available was assumed to be 15TWh, which is a
minor portion of the Norwegian hydro power capacity. It has been assumed that
there is no need to build more reservoir capacity within this limit and the cost per
MWh has been set to 0 EUR/MWh and the installed energy variable fixed at 15
TWh.

Lead-acid batteries have also been modeled. These are characterized by optimistic
values for fixed costs, durability and efficiency [4]. There is no upper limit on
installed capacity.

The annualized parameters for the storage units can be found in table 2 (note that
cable includes grid reinforcement) and the calculations can be found in appendix

C.
Table 2: Technology characteristics for storage units [4] [9]

PHES | Cable | PHES -+ Cable | Lead-acid
Referred to as - - Storage 1 Storage 2
Fixed costs [EUR/MW] 29021 | 85077 | 114098 25901
Fixed costs [EUR/MWHh] 0 - 0 6475
Efficiency [%] - - 80 92
Loss per hour [%/MWHh] 0 0 0 0
Maximum Capacity [TWh] | 15 - 15 -
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8 Results and Discussion

The results in this section is based on the case data that can be found in appendix
D and the input parameters. The main focus has been to study storage units
subjected to different scenarios:

e How does a system with intermittent RES benefit from storage?
e How does the solution change when different types of storage are present?

e How does the presence of storage units influence the investment decisions for
traditional power producers?

How does different CRMs influence the storage units?

Which conditions are necessary to enable investments in storage?

Which conditions influence the operation of the storage?”

e How does participation in CRMs influence the storage units?

8.1 Load and Injected RES

The demand and injected renewable energy is modeled as a fixed time-series of
input data. Figure 5 gives an insight to the nature of these data.

Figure 5c shows that the demand is variable, but not with extreme variations.
There are variations throughout the day and seasonal variations during the year.
Solar and wind power injection can be found in Figure 5a and 5b. From this
it is evident that the solar injection varies both short term and seasonal with the
largest production during the summer. The wind power is more equally distributed
throughout the year, but with large short term variations. The reason that the
injected RES is fixed, even if the prices are very low is because variable costs are
zero or close to zero. This means that RES plants will produce whenever the
energy is available.

In order to capture the effect of solar and wind injection on the system the residual
demand can be found in figure 5d. This is the demand subtracted wind and solar
energy. In comparison to the demand curve in figure 5c there is a general downward
shift and larger variations. During some hours there are negative residual demand
due to RES injection exceeding the demand. Without storage solutions in place
this energy will be lost. The large variability is also challenging system adequacy
as the power plants in the system need to supply the power necessary to cover
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residual demand. For example, it has previously been found that the profitability
of nuclear plants is challenged when large shares of RES are included [1].
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Figure 5: Demand and injected RES

Figure 6 shows the load duration curves generated when sorting the data in figure
5c¢ and Hd from largest to lowest. The downward shift is due to RES injection. This
change is unfavorable for the nuclear plants as will be explained further in section
8.2. Another observation that can be made from figure 6 is that the maximum
residual demand is almost as high as the maximum demand. This means that
the injected solar and wind power does not lead to much decrease in the capacity
requirement that need to be covered by thermal plants or storage units.
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Figure 6: Load Duration Curves

8.2 Cost Characteristics

This section will be the first simple approach to assess optimal running time for
the techologies. The cost functions in figure 7 reveal the condition for when one
technology is preferred over other technologies. The intersection between load
shedding and OCGT shows the amount of hours needed for the OCGT technology
to have a lower cost than load shedding. The result is that for the five hours with
highest load, load shedding is preferred to OCGT as OCGT need to operate for
longer than five hours in order to have a lower cost than load shedding. This, of
course, assumes that the load shedding price of 3000 EUR/MWh is the value of
lost load. This point determines the number of hours with price spikes.

Proceeding to the intersection between the total cost of OCGT and CCGT shows
that crossing approximately 240 hours the load should be served by CCGT instead
of OCGT and load shedding. This means that the approximately 240 hours with

highest load should be served by OCGT and load shedding while CCGT has lower
cost for load levels that last for longer than this amount of hours.

The next intersection, between CCGT and Hard Coal, shows that Hard Coal
plants will be preferred for levels of residual demand that last for approximately
2390 hours and more.

39



108 Cost functions for 1 MW installed
4 7

35| / i

I
w

Total cost [EUR]
[~

Load Shedding

Nuclear

Hard Coal —

CCGT

— OCGGT
| | | | | | |

0 1000 2000 3000 4000 5000 6000 7000 800D

Time [h]

0.5

-
o
- T
hY
\
I

Figure 7: Cost functions for different technologies

The last intersection of the cost functions shows that nuclear power will serve
the base load that exceed approximately 6500 hours. Renewable energy can be
modeled as a technology that has zero variable costs and high fixed cost. If the
number of hours with zero residual demand increase so that the base load does
not exceed 6500 hours, there will be no nuclear power in this model.

From this it can be argued that the storage units will buy when there is a surplus of
energy and sell when there is a deficit in order to gain a profit from the differences
in prices. This means that the load will be increased during the hours with low
or negative residual demand. The effect of this is anticipated to more favorable
conditions for the nuclear power plants since more load will be lasting for at least
6500 hours of the year.

8.3 Capacity

The installed capacity is a decision variable in this model. This means that the
individual producers and storage units will decide their capacity while assuming
they can not influence the market price. However, this is because the model is built
on the assumption of perfect competition and market power could be a topic for
further analysis. Selected capacity data from appendix D have been expressed in
figure 8. Each subfigure represent one of the different CRMs and in each subfigure
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three cases have been considered: No storage, PHES and Battery. The CRM
results shown in this figure is the cases with full CRM participation (capacity
factor = 1). PHES and Battery has not been modeled simultaneously due to the
computational challenges previously mentioned.

First, it is clear that the total installed capacity is higher in the CRM cases (figure
8b, 8¢ and 8d) than in the Energy Only model (figure 8a). This is due to the
presence of a capacity market with a reliability standard, RS“?, requiring the total
installed capacity to be at least 110% of maximum demand. The effect is that the
CRM ensures that the capacity is at least the specified amount by providing the
correct incentives through the CRM. This results in zero load shedding when a
CRM is implemented as there are more capacity in the system than the maximum
residual demand (see appendix D).

If the case with no storage is studied it is evident that OCGT is the only technology
that increases to fulfill the capacity requirement in the CRM cases. This is because
the EO solution is the best from a theoretical point of view and that the OCGT
unit is the least costly unit that can fulfill the capacity requirement when this
restriction is added. This means that the installed PHES and Battery capacity
was not influenced by the CRM as long as the storage units participated in the
CRM on the same terms as the thermal plants (CF = 1).

The data in figure 8a can be found in table 3. This reveals how the decisions
regarding installed capacity change in this system when different forms of energy
storage is introduced. In fact, analysis of the SR, CM and CP cases revealed the
same changes. This is tied to the fact that the CRM only influenced the OCGT by
increasing the amount of OCGT capacity to fulfill the capacity requirement.

Table 3: EO Comparison of Capacity

No Storage PHES Battery
Installed capacity: Nuclear [MW] 69 786 82 933 (+18.8%) 72 434 (+3.8%)
Installed capacity: Coal [MW] 53 292 33 934 (-36.3%) 49 296 (-7.5%)
Installed capacity: CCGT [MW] 52 222 44 347 (-15.1%) 48 626 (-6.9%)
Installed capacity: OCGT [MW] 34 939 34 939 (+0%) 28 982 (-17.0%)
Installed capacity: PHES [MW] 0 14 087 0
Installed capacity: Battery [MW] 0 0 10 902

Nuclear power increases in both the PHES and Battery cases. The increase is
much more profound in the PHES case and this can partly be explained by larger
storage capacity in the PHES case than in the battery case. Actually, the increase
in nuclear power is nearly the same as the PHES capacity. In addition, the results
suggests that the battery is more favorable for Coal and CCGT while PHES giving
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Figure 8: Installed Capacity

more favorable conditions for nuclear power. The main difference between PHES
and battery storage is the much lower energy cost for the PHES case giving a
larger reservoir capacity and the result is more load that last for at least 6500
hours. This is the crucial factor determining the amount of nuclear power in the
system as explained by the cost curves in the previous section.

The impact of storage on residual demand can be studied in Figure 9. This reveal
that storage will even out the residual demand, giving better conditions for base
load units such as nuclear power. The increase between residual demand and stor-
age corrected residual demand at the 6500 hour mark is the reason for the increase
in nuclear power. Comparing Figures 9a and 9b the load-shifting properties of
PHES is clearly illustrated. Even corrected for storage, Figure 9 shows that the
peak residual load is almost unaffected by the storage units. Further, the amount
of lost energy, meaning negative residual demand, is not much affected by the
storage units. Still, PHES performs better than battery storage by reducing the
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amount of lost energy more relative to the battery.
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Figure 9: Residual Demand Corrected for Storage

8.4 Prices and Storage Operation

The price-duration curves for three cases can be found in figure 10. With no
storage, the price levels are based on which thermal unit acts as the peaking
unit. For example, as can be found in figure 10a, the price is at 150 EUR for
approximately 240 hours. This reflects the optimal amount of hours a OCGT
unit should be operated as a peaking unit before the CCGT will be less costly
as previously explained by the cost functions. A very low price of 3 EUR occurs
when the nuclear plant is the peaking unit because of a load that is lower than the
installed nuclear capacity. The duration with prices above 3 EUR is approximately
6500 hours and this is, according to the cost function for nuclear plants that was
previously explained, the number of hours a nuclear plant need to operate at full
capacity in order to be competitive.

Further, figure 10b and 10c shows that storage units introduces more price levels
to the price-duration curve. These occur because of the interaction of the storage
units with the market. A closer look at figure 10b reveal that two price levels are
formed by the PHES between 48 EUR (CCGT) and 35 EUR (Coal) and one price
level is formed between 35 EUR (Coal) and 3 EUR (Nuclear). The two additional
price levels between 48 EUR and 35 EUR are present because of the storage unit’s
marginal cost, or value of stored energy (water value), change depending on a large
number of factors. In this example it is 43.75 EUR in the deficit season and 39.06
EUR in the surplus season. This means that the market price need to be at least
this value in order for the PHES to produce. Notice the dependence on time of
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year. For example, keeping all else constant, a PHES plant will require a lower
price if the reservoir is close to full than if it is near empty in order to produce.
This is different from the thermal plants which will be willing to produce whenever
they can recover the variable costs.

The lower price level introduced by the PHES plant is present because the will-
ingness to store power is dependent on market price. The lowest value of stored
energy observed is 39.06 EUR and occurs during the surplus season. In order for
the PHES plant to be willing to store energy during the surplus season the PHES
plant need to pay less than 39.06 EUR per MWh of stored energy as the losses
are associated with the storing process and not the generation process. If the
losses (20%) are subtracted the lower water value (39.06 EUR) the result is the
maximum price in order for PHES to be willing to store power (31.25 EUR). This
calculation match the results in figure 10b. The same link between the water value
in the deficit season (43.75 EUR) and the hard coal producers (35 EUR) can be
found. This means that PHES will be willing to sell for 43.75 EUR if it can buy
this energy for no more than 35 EUR.

In order to explain the PHES willingness to buy power the example of nuclear
power acting as the peaking unit is considered. This only occurs during the very
low load periods as the residual demand is less than the installed nuclear capacity.
As was explained, PHES will require a price of at most 31.25 EUR in order to be
willing to buy from the nuclear plant. However, the nuclear producer want the
price to be as high as possible to increase profits. When these two actors meet on
the marketplace the result is a price that is exactly at the buyer’s limit of 31.25
EUR.

The price-duration curve for the battery can be found in figure 10c. This shows
that, as was also the case with PHES, the battery introduces more price levels
in the system. However, the number of levels introduced by the battery is more
than with PHES and this can be attributed to the inherent short term operation
decisions for batteries. For the battery, value of stored energy follows the market
price much closer than the PHES case. This too can be attributed to the short term
operation of a battery since it has a relatively large converter capacity in relation
to storage size when compared to PHES. All in all, this means that the operation
of a battery as depicted is strongly dependent on short term market conditions.
The opposite is the case for PHES where the water value can be dependent on
market conditions several months in the past/future.

To investigate the differences in the PHES and battery cases the balance for these
storage units during the year can be found in figure 11. These figures describe the
season-shifting properties of PHES while the battery is having more short term

44



300

250

200

150

Price [EUR]

1001

501

Price Duration Curve
T T T T

.
T

300

250

200

150 [

Price [EUR]

100

50

. . . . . .
1000 2000 3000 4000 5000 6000 7000
Time [h]

(a) EO1: No Storage

8000

Price Duration Curve
T T T T

Market price

Value of stored energy

|

0
0 1000 2000 3000 4000 5000 6000 7000 8OO0

Time [h]

(b) EO2: PHES

300

Price Duration Curve
T T T T

Market price

Value of stored energy

250

200

150 Bl

Price [EUR]

100 -

50 - ~

|

0 . . . . . .
0 1000 2000 3000 4000 5000 6000 7000 8000
Time [h]

(c) EO3: Battery

Figure 10: Price Duration Curves

applications.

PHES reservoir balance in figure 11a suggests that approximately hour 2150 to
hour 7150 is the filling season with a long term increase in the balance during this
period. However, some depletion of the reservoir is still allowed during this period
in order to arbitrage when the market price is giving favorable conditions. Another
observation is that the reservoir is completely filled and completely empty at some
point during the year. This is due to the deterministic nature of the model and
no risk associated with doing this. A more realistic model would never completely
empty the reservoir as there would be multiple inflow and market scenarios and
uncertainty to take into account.

Figure 11c does not provide a lot of detail but indicate many cycles of filling
and emptying of the battery during the year. The first 200 hours of both PHES
and battery storage can be found in figures 11b and 11d. this shows that during
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Figure 11: Energy Stored

the first 200 hours the PHES has a steady decrease of stored energy during this
period while the battery is operated completely differently. Figure 11d shows that
the battery makes decisions in order to arbitrage on the short term market price
fluctuations.

When the models were computed the PHES cases took more time and did not
always give an accurate solution. The battery cases had no such problems. This is
linked to the long term decisions by the PHES. The season-shifting properties seem
to create a problem that is harder to solve. For example, the decisions during hour
50 will affect hour 1050 in the PHES model. This is not necessary the case for the
battery since the storage is filled and emptied many times during the year. If the
battery has found that it should be completely full during hour h, this means that
hour h-1 and hour h+1 will be decoupled since the level in hour h is known. The
PHES only has one hour with empty and one hour with full reservoir during the
year, resulting in many more time steps between the decoupling for PHES than
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for the battery storage.

Figure 12 is the time-series of the market price and the value of stored energy (A
and ¢). The value of stored energy is interpreted as the water value if the storage
unit is a PHES plant. The SR model results in equal figures while the CM and
CP cases are equal, but not with the price spikes above 150 EUR/MWh. This can
be studied further in [1].

The large reservoir in the PHES case results in a water value that does not fluctuate
much during the year, this can be observed in figure 12¢. This is explained by the
seasonal behavior of PHES since the water value is determined as a result of the
entire model for the whole planning horizon. The opposite is observed for the
battery in figure 12e. This shows that the value of stored energy fluctuates very
much and is more affected by short-term conditions. This is linked to the battery
arbitraging short term price differences.

It can also be observed that the battery is dampening price fluctuations more than
the PHES. This is emphasized when the resolution is increased in figures 12b, 12d
and 12f showing only the first 500 hours of the year. Figure 12d shows that the
water value is constant during the first 500 hours and that the market price is
fluctuating more than with a battery as can be found in figure 12f. It can also be
observed that the value of stored energy have several different levels during the
first 500 hours for the battery.

In order to explain this it can be assumed that the PHES divides the year in two
periods: filling season and depletion season. During the filling season, the PHES
will normally avoid generation of power. This means that if the prices are too high
during the filling season the PHES will wait until the market price is lower to fill
the reservoir. However, the storage unit will generate during the filling season if
the prices are high enough as previously quantified. The situation is different for
the storage as this unit have a more short term approach to the arbitrage between
high and low prices. Since the battery operate with a higher efficiency for the
storage cycle than PHES (92% vs. 80%) this unit does not require as high price
differences in order to gain a profit. This means that if the price is high one hour
the battery will generate and then it can switch to storing mode the next hour if
the price is low enough and this short term decision making is the reason behind
a more stable market price in the battery case.
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8.5 Storage Participation in CRM

Storage units can provide power for a limited period of time until the storage is
depleted. This is in contrast to thermal plants that rely on fuel and can produce
power as long as the fuel is available. Because of this drawback, it can be reasonable
to give storage units less favorable conditions in the CRMs than thermal plants.
The purpose of this subsection is to study different levels of credit factors (CF).
As have been explained in section 7, the parameter CF can be varied between 0
and 1 in order to model the storage participation in a CRM from 0 to 100%.

The CM model has been used to study the impact of different levels of CF. In
addition, the SR and CP models has also been run with a CF at 0 and 1. Regarding
the CM model, both PHES and battey has been calculated with a 0%, 25%, 50%,
75% and 100% credit factor.

Installed capacity for the storage units with different credit factors can be found
in figure 13. From this it can be argued that participation in a potential CRM
is important for energy storage. Since the storage units participate in a market
together with the thermal plants, the reduced remuneration from the capacity
market is a huge drawback on the competitiveness of this unit.

Decisions for PHES with different credit factors in the CRM can be found in figure
13a. This shows that with 0% and 25% participation in the CRM the result is zero
installed capacity. A credit factor of approximately 50% is necessary to get some
PHES capacity in the system. This indicates that PHES is not very profitable with
the parameters chosen in this study. This is confirmed by the case EO17 which
can be found in appendix D. In EO17, the fixed cost for PHES were increased by
10% in the EO model and this resulted in zero installed capacity. This suggests
that small increases in cost or less favorable market conditions is enough to make
the PHES uncompetitive.

Installed capacity for the battery storage can be found in figure 13b. This shows
a more linear relation between the credit factor and the installed capacity than in
the PHES case. Even a credit factor of 0% results in some capacity being installed.
From this it can be argued that if the credit factor is 50%, the installed capacity
will be about half of what it is if the credit factor is 100%. The size of the battery
storage for different credit factors can be found in figure 14 and follows the same
pattern as the installed capacity.

The social welfare have been calculated for the different CM cases and can be
found in table 4. The differences are small between the different levels of credit
factor. This is because the total surplus is mainly determined by the consumer
surplus and the storage only have a minor impact on prices which in turn affect
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the consumer surplus. However, an interesting pattern is observed: For PHES the
total surplus increases if the credit factor is increased, but the opposite is true
for battery storage. This finding suggests that, in order to obtain the best socio-
economic solution, PHES should be included in the CRM, but not the battery.
This may be because the battery limit periods with very low prices due to surplus
of RES, but does not shift the production from the surplus season to the deficit
season as is the case with PHES. In appendix D it can be found that PHES
actually has some profits. This is contrary to the theory of perfect competition,
but can be explained by the fixed storage amount of 15 TWh. If allowed to install
any level of storage the amount would be increased until the profit became zero.
The load shedding were found to be zero in all CM cases and this is because the
capacity requirement were 110% of maximum demand in all cases. However, in
real applications with a lower capacity requirement a situation could arise where
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the peaking unit would be a depleted storage plant. This would then lead to load
shedding as the storage plant would not be able to act as the peaking unit after the
unit is empty. This model is not likely to yield such a result as it is deterministic,
meaning that the storage would preserve the energy in order to arbitrage the high
prices in this situation.

Table 4: CM Comparison of Total Surplus [MEUR]

Credit factor PHES Battery

100% 4 291 377 4 291 065
75% 4 291 307 4 291 085
50% 4291 283 4291 111
25% 4 291 280 4 291 205
0 % 4 291 280 4 291 246

The results from the SR model with and without CRM participation can be found
in appendix D. The results in this case were that the credit factor did not influence
the decisions for the storage units at all. The reason for this is that only the
OCGT units participate in the SR auction in either case since OCGT is the unit
with lowest fixed costs in the system.

The CP results with and without CRM participation for the storage units can be
found in appendix D. These are similar to the CM results due to the assumption
perfect competition that have been done when modeling. Due to the assumptions
in these models, the CM and CP models will behave similarly although the market
mechanisms are different[1].

The results show that with a credit factor lower than 100% in a CM or CP model,
installed capacity for the storage units is less than in the comparable EO cases.
Still, the storage units did not get any remuneration in the EO case. This is due
to the fact that in the CM case, thermal plants get full remuneration in the CRM
and if the storage units do not get full remuneration they will be less competitive
than the comparable EO case as in the EO model neither the thermal plants nor
the storage units received remuneration for the capacity. It should be emphasized
that the installed capacity for storage units will be equal to the EO case if the
storage units are given a 100% credit factor.

8.6 Fixed Costs of Storage

The effect of a change in the fixed costs of battery storage can be found in figure
15. This calculation has been performed using the EO model. The fixed costs
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were varied from -50% and increased by 10% intervals until the result was zero
installed capacity. The point that resulted in zero installed capacity was found to
be an increase in fixed costs by 40%. From this it can be argued that the battery
storage is sensitive to the costs, but not with extreme deviations if the costs are
increased or decreased by a relatively small amount.

Cost Analysis: Battery

30 T T T

25

]
=]

Installed Capacity [GW]
o

=
)

-50% 40% -30% -20% -10% +0% +10% +20% +30% +40%
Cost Change

Figure 15: EO: Cost Analysis

The result for PHES was found to be different. As can be found in appendix D, an
increase of 10% in the fixed costs resulted in zero installed capacity which suggests
that PHES is very sensitive to the fixed costs. However, more calculations with
PHES was not performed due to convergence problems.

Another observation made was that the amount of load shedding was reduced
when the cost of the battery was reduced. From this it can be argued that cheap
batteries can improve system adequacy in a energy-only market. This can be
found in appendix D. Another point is that if the fixed costs for battery converter
capacity is lower than the thermal unit providing peak power, the battery will take
over as the cheapest unit in the system. This means that a possible CRM would
increase the storage capacity while having no impact on the thermal units.
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9 Conclusions and Further Work

A MCP equilibrium model of a perfectly competitive power market with high
levels of RES has been implemented in GAMS. The model includes firm demand,
system operator, power producers and storage units. Different CRMs have been
modeled and a total of 38 cases representing different market scenarios have been
computed from four models: Energy Only, Strategic Reserves, Capacity Market
and Capacity Payment. An overview of the cases that have been computed can
be found in appendix D with the short description of the cases in the table of
contents.

The methods used in this work are theoretical and highly dependent on the as-
sumptions and parameters used and the goal is to give qualitative insights to how
market conditions influence the decisions for individual actors with emphasis on
energy storage units.

9.1 Conclusions

Based on the case results the following conclusions are drawn. The decisions for the
individual actors in the models presented are similar when the same parameters are
implemented in different CRMs. This is due to, under the assumption of perfect
competition, market actors will seek out the most efficient solution. However,
this is only the case when storage units are given a credit factor of 100% in the
CRM. A lower credit factor will lead to less installed storage capacity than in the
comparable energy only case.

Residual demand was the result of the firm demand subtracted injected solar and
injected wind power. This resulted in larger variations in the load that were to
be covered by the thermal plants. From the residual demand curve and the load
duration curve of residual demand it was found that storage options could be
useful, especially to capture the excess energy when RES injection exceeded the
firm demand.

When the results from the cases without storage are compared to the solutions that
include storage this also influence the thermal plants in the system. For example,
the introduction of Norwegian PHES increased the amount of nuclear power in
the system with 18.8% while reducing the amount of Coal and CCGT. The same
trend was also evident in the battery cases, but not as profound. To conclude this
it has been argued that the storage units provide better conditions for the nuclear
plants because they smooth over variations. Hence, nuclear plants will be able to
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operate a higher capacity for at least 6500 hours during the year when compared
to the cases without storage.

The operation of PHES and battery is very different. PHES was found to be
making operating decisions on a more long-term scale than batteries. Because
of the large reservoir in relation to the installed converter capacity, the PHES
plants are mainly operated in a manner that shifts the production between the
surplus season and the deficit season. The battery had many more cycles during
the year than PHES and this is connected to a larger installed converter capacity
in relation to the energy installed in addition to a higher efficiency. This resulted
in the battery more easily reacting strongly to short therm variations in prices.
The difference meant that batteries counteract short term price variations more
strongly than the PHES. PHES on the other hand performed better at making the
load duration residual demand curve more horizontal.

The credit factor in a capacity market was found to be an important condition in
order to ensure the presence of energy storage in the system. However, reduction
of the credit factor for PHES was found to be negative for the total surplus while
it was positive for batteries. This suggests that batteries does not provide the
necessary benefits to be included in a CRM, but this should be verified further.
In addition, fixed costs was also found to be an important factor determining the
amount of installed storage capacity.

9.2 Further Work

It has been argued that due to the variability of residual demand when large shares
of RES are introduced, storage units are useful to ensure system adequacy. How-
ever, studies with different levels of RES should be carried out in order to assess
how different storage solutions can facilitate integration of RES in the system.
One important research question would be "how does the need for storage units
change when the share of RES in the system changes?"

This report builds on the assumption of perfect competition. Further studies of this
topic could assess how other market assumptions would affect the results.

It has been argued that the installed storage capacity would be influenced by a
CRM if the fixed cost of the storage unit had a lower cost than the peaking thermal
unit. CRM integration of storage units that compete with peaking power plants
could be assessed in further studies.
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A

Sets:

Nomenclature

f € F: Set of conventional power producers
h € H: Set of hours

s € S: Set of storage units

Parameters:

¢ [ EUR/MWHWL]: Price difference between strategic reserve activation and
load shedding.

CF, [%]: Credit factor for storage units in CRM.

DEM,;, [MWh/h]: Demand data for each hour.

DEMMAX [IMW]: Maximum demand in scenario.

FC; [EUR/MW]: Fixed cost for each conventional power producer per year.
FCer [EUR/MW]: Fixed cost for converter capacity for technology s.

FCe [EUR/MWHh]: Fixed cost for storage capacity for technology s.
INJwind [IMWh/h]: Wind energy injected in each hour.

INJsolar [IMWh/h]: Solar energy injected in each hour.

L [%]: Storage loss associated with having one MWh of energy stored for a
duration of one hour.

PMAX [EUR/MWh]: Maximum market price.

RS [%]: Reliability standard: Load shed of total demand.

RS [%]: Reliability standard: Reserve margin over maximum demand.
SLs [%]: Converter loss for storage technology s.

T [h]: Length of each timestep.

VCy [EUR/MWHh]: Variable costs for each conventional power producer.

Variables:

capéc"“ [IMW]: Installed capacity for each conventional power producer f.

inst

cap”™' [MW]: Installed capacity for each storage technology s.
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capy’ [MW]: Power producer’s offered capacity to the strategic reserve.
cap?” [MW]: Storage unit’s offered capacity to the strategic reserve.
cap§" [IMW]: Power producer’s offered capacity to the capacity market.
cap?™ [MW]: Storage unit’s offered capacity to the capacity market.
cp [EUR/MW]: CRM price for price based capacity market.

dem®? [MW]: Demanded capacity in capacity market

en™s* [MWHh]: Installed storage capacity of storage s.

engf,‘;TEd [MWHh]: Amount of energy stored in hour h for storage s.
geny, [MWh/h]: Generation output of power producer f in hour h.
gen, , [MWh/h]: Generation output of storage unit s in hour h.

geny” [MWh/h]: Generation output from strategic reserve each hour.
Is, [MWh/h]: Load shed each hour.

stores , [MWh/h]: Amount of energy stored for storage unit s in hour h.
7y [EUR] Profit for power producers.

7s [EUR] Profit for storage units.

a [EUR/MWHWh]: Price adaption to fulfill load shed standard.

£ [EUR/MW]: Marginal cost of the capacity reserve margin.

v [EUR/MW]: Capacity price for volume-based CRM.

dn [EUR/MWHh]: Scarcity rent for strategic reserve in each hour.

ts, [EUR/MWHN]: Scarcity rent for storage energy capacity.

An [EUR/MWHh]: Energy price in energy market.

prn [EUR/MWHN]: Scarcity rent of generation capacity for power producer f
in hour h.

tsn [EUR/MWHh]: Scarcity rent of converter capacity for storage unit s in
hour h.

6; [EUR/MW]: Scarcity rent for capacity for power producer f.

0s [EUR/MW]: Scarcity rent for capacity for storage unit s.
(s [EUR/MWHN]: Value of stored energy.
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B Lagrangian and Kuhn-Tucker Conditions

B.1 Energy Only Model

B.1.1 Power Producers

The Lagrangian of the optimization problem in equation 17 and 18 is expressed
with p as the dual variable for equation 18 in equation 147.

H H
Vi L= (M=VCy)xgens T —FCpxcapi™ +  puyp*(capf™ —genyy) (147)
h=1 h=1

Applying Kuhn-Tucker on the Lagrangian gives the optimality conditions.

With respect to generation:

Vf,VhIAh*T—VCf*T—ILLf,h SO
Vf,Vh:gengy >0

VIR : M *T —VCpxT — igp) % gengp, = 0

With respect to installed capacity:

H
Vf: —F0f+ZHf,h <0
h=1

Vf: cap}"“ >0

H
VI (=FCy+ > pgn) * capf™ =0
h=1
With respect to u:

Vf,Vh: capicmt —gengy >0
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\V/f,\V/h CHf R >0

Vf,Vh: (capz}"s’f —gengp) * ppp =0

B.1.2 TSO
The Lagrangian for the TSO problem in an energy only market is formulated
in equation 148 with « selected as the dual variable for the load shedding con-

straint.

H H H
L= (M =P xls, « T +ax(RS® > DEM, — Y lsy) (148)
h=1 h=1 h=1

Kuhn-Tucker is used to derive the optimality conditions.

With respect to load shedding:
Vh:A T — P45 4T —a <0
Vh:lsy, >0

Vh: M xT — PMAX 5T —a) xls, =0

With respect to a:

H H
RS® x> DEM;, — Y ls;, >0

h=1 h=1

a>0

H H
(RS" x> DEM, — Y ls;) xa =0
h=1 h=1
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B.1.3 Energy Storage

The Lagrangian of the energy storage operating in an energy only market can be
found in equation 149. ( is chosen as the dual variable for the energy conservation
equation, ¢ is the dual variable for the energy constraint due to installed storage,
1 is the dual variable for the capacity constraint due to the limit of the converters
installed and k is the dual variable of the storage level constraint.

H
Vs: L, = Z(gens,h — storesy) x T x A\, — FC{%P cap’S"St — FC" en@"“
h=1

+ CsJ(en;t%"ed % Ly + storesq * T SLy — gengy * T — enzfi)red

H
+ Z Csjh(eni’tﬁff « Ls + storegp, * T x SLy — geng p, x T — enifﬁmd)
h=2

H H
+ > tgn* (enl — enifﬁ”d) + 3 s * (caplt — geng, — storesy)  (149)
h=1 h=1

The optimality conditions to be satisfied in the mixed complementarity model are
derived by applying complementarity slackness from the theory section, deriving
with respect to each decision variable and dual variable.

With respect to generation:

Vs, Vh i A« T — Cop T — prsp, <0
Vs,Vh : gengy >0

Vs, Vh: (An* T — Con * T — psp) * gensp =0

With respect to storing energy:

Vs, Yh: =My % T+ Cop T % SLy — p1ap <0

Vs,Vh : stores ), > 0
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Vs, Yh: (=X« T+ Cop* T % SLg — s ) * storesy, =0

With respect to installed capacity:

H
Vs : —FC{ + Z“&h <0
h=1

Vs : cap™t >0

H
Vs : (—FCC + > pgp) * capt™ =0
h=1

With respect to installed energy:

H
Vs:—FC§"+ZLS7h§0

h=1
Vs : ené’”t >0

H
Vs: (mFC 4+ 1ep) xeni™ =0

h=1
With respect to stored energy:

Hours except last:

H
VS,\V/h < ? : Cs,h_g_l * Ls — Cs,h — lsh < 0

H
Vs, Vh < ik endet >0

H
VS,\V/h < T : (<57h+1 x Ly — Cs,h — Ls,h) % enzfgred -0

Last hour: "
Vs, h = T : C&l*LS—CS’% el <0
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H
Vs, h = T enifﬁred >0

. tored __
(o x Ly = G =t m + Ky) xen g5 =0

Vs, h =

Sl

With respect to (:
First hour:

Vs,h=1: enitﬂ’ed % Ly + storesy x T x SLy — gengq T — enfi’”d > ()
7T b

Vs,h:1:C8’120

Vs,h=1: (@nzfié“ed * Lg + storesy T x SLy — gengy * T — enzfi)red> £Cu =0

Rest of hours:

Vs,Vh > 1: 671??216{1 % Ly + storesp, « T x SLy — gengp, T — @njfgmd >0
\VIS,Vh >1: <57h >0

stored

Vs, Vh > 1: (enzfg’”_ef % Lg + storeg, * T« SLy — gengp « T — enZ7)  Cop = 0
With respect to ¢:

Vs, Vh : en™" — enit,‘;re‘j >0
Vs, Vh :tgp >0
Vs.Vh : ( inst stored) % =0
s, : (en eng Lsh =
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With respect to u

Vs, Vh : cap™" — gen,, — store,;, > 0

Vs, Vh: psp >0
Vs, Vh : (capimt — gengy, — storesp) * s =0

B.2 Strategic Reserves Model
B.2.1 Power Producers
The Lagrangian of the optimization problem in equation 44, 45 and 46 can be

found in equation 150. p is the dual variable of equation 45 and 6 is the dual
variable for equation 46

H
Vi L=> (A —=VCy)xgeng,*T — FCy = capécmt + v * cap}’
h=1
H

+ Z [fp * (cap}mt — gengy — capy’) + Of * (cap}mt —cap}’) (150)
h=1

Applying Kuhn-Tucker gives the optimality conditions.

With respect to generation:

VfZVhZAh*T—VCf*T—MﬁhSO
Vf:Vh:gensp, >0

Vi :Vh: M\ xT — VO T — pugp) % gengp =0

With respect to installed capacity:
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H
Vf:=FCp+ Y ppn+0;<0
h=1

vf Capmst > 0

H
Vi (—FCr+ Y pypn+0y) = cap}mt =0
h=1

With respect to capacity offered to the strategic reserve:

H
Vv = ppn—05 <0

h=1

Vf:capi =0

H
lefh_ef * capy =0
With respect to u:

Vf,Vh: cap”“t genyy — capy >0
\V/f, Vh : Hfn >0

Vf,Vh: (cap§™ — genyy, — capi’) * pugp =0

With respect to 6:

Vf: cap”wt capy >0
Vf . 0f Z 0

V[ (cap™t — cap¥) = 0y =0
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B.2.2 TSO

The Lagrangian of the TSO operating in an energy market and a strategic reserves
market can be found in equation 151. « is the dual variable of the load shedding
constraint, [ is the dual variable of the capacity constraint and ¢ is the dual
variable for the generation constraint for strategic reserves.

H
=" (A — PMA%) xlsy T — fy*demc“p—l—z — PMAX L)k geny” x T
h=1 h=1

H H
+ax* (RS®«> DEM, — Y ls;)

h=1 h=1
F S
+6% (> ( cap?wt capi’) +CFyx* > (capi™' —cap?”) + dem ™ — RS“? x DEM™M4X)
f=1 s=1
+ Z Op, * Z capf + Z cap?” «* CFy — gen;’) (151)
h=1

The optimality conditions are found by applying Kuhn-Tucker.
With respect to load shedding:

Vh: AT — PYAX T —a <0 (152)
Vh:ls, >0 (153)
Vh: M\ *T — PMAX 5T — ) xls, =0 (154)

With respect to generation from the strategic reserves:

Vh:dg«T — PMAX S« T4 exT — 6, <0 (155)
Vh :gen; >0 (156)
Vh: M\ xT — PMAX 5T 4 ex T —§,) x geny” =0 (157)
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With respect to demanded capacity:

v+ B8<0

dem®® >0

(= + B) * dem®? = 0

With respect to a:

H H
RS" x> DEM;, — Y ls;, >0 (158)
h=1 h=1
a>0 (159)
H H
(RS" x> DEM;, — Y ls;) xa =0 (160)
h=1 h=1

With respect to [:

F S
Z (cap}”“ —cap}’) + CFg* Z(capimt — cap®") + dem®® — RSP x DEMMAX > 0
f=1 s=1

(161)

£=0 (162)

s
(D (cap§' —cap} )+CFsx Yy _(cap™ —caps") +dem® — RSP« DEMMAX) x5 =0
=1 s=1

(163)
With respect to §:

F S
Vh : Z capy” + CFs * Z capy — gen;” >0 (164)

s
f=1 s=1

67



Vh : capl >0 (165)

F S
Yh : (Z Cap‘;f + CFg * Z capy — geny’) * 8, =0 (166)
f=1 s=1

B.2.3 Energy Storage

H
Vs: L, = Z(gen&h—storesyh)*T*/\h—FC’gap*capi"St—FC’g"*ené”St—i—'y*capzT*C’Fs
h=1

stored stored
+ C&l(ensj% * Lg + storesy * T+ SLy — gengy x T — en3 (™)

S

H H
+Z Csvh(enifzrff*[/5+stores7h*T*SLS—gens,h*T—enfﬁ”d)qLZ L&h*(enm“—enfzred)
h=2 h=1
H . .
+ Z posp * (capt™t — gengy, — storeg, — cap?’) + 0 x (cap?™™* — cap?") (167)

h=1

With respect to generation:
\V/S,Vh . )\h*T—CS,h*T—,uS,h S 0

Vs,Vh : gengp > 0

Vs,Vh: (A *T — CspxT — pisp) * gensp, =0

With respect to storing energy:

Vs,Vh: =My *T + Cep*xT *SLy — p1gp <0
Vs,Vh : stores ) > 0

Vs, Vh: (=X« T + (op* T % SLs — psy) * storegy, =0
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With respect to installed capacity:
H
Vs: —FC&P + 3 juon + 0, <0
h=1

Vs 1 cap™t > 0

H
Vs (—FCC + > pugp + 05) * capl™ =0

s
h=1

With respect to installed energy:
H
Vs: —FC™M + ZLSJL <0
h=1
Vs : ené’”t >0

H
Vs: (=FCM + 3 uep) xenl™ =0

h=1

With respect to capacity offered to the strategic reserves:

H
VSZ’}/*CFS—ZPJSJZ_HSSO
h=1
Vs :cap?” >0

H
Vs: (y*xCF, — Z,us,h —05) * capl” =0
h=1

With respect to the amount of stored energy: Hours except last:

H
VS,\V/h < ? : Cs,h—H * Ls - Cs,h — ls,h <0

H
Vs, Vh < T enjf,ofed >0
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stored __

H
Vs, Vh < T D (Conpr * Ls — Csp — Lsp) * engp 0

Last hour: "
Vs, h = T : CSJ*LS—C&% el <0

H
s h = enSy et >0

stored =0

: (Cs’l * Ls - <S7¥ - [/S’¥) * en&%

Nl

Vs, h =

With respect to (:

First hour:

Vs,h=1": enzf"éed * L + storesy x T x SLy — geng 1 x T — enzﬁ”e‘i > ()

VS,th:CS’lz()

Vs,h=1: (enzfged * Ly + storesy *x T« SLy — gengy * T — enzfi)red) £y =0

Rest of hours:

Vs,Vh > 1: enifﬁﬁefl % Ls + stores, T« SLy — gengp, x T — enzfgred >0

\V/S,Vh> 1: gs,h >0

stored

Vs, Vh > 1: (endy™ * Ly + storegp, = T x SLy — gengp + T — en'y™) s (o = 0
With respect to ¢:
Vs, Vh : enimt - enif}‘;rad >0
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Vs,Vh:tsp >0

Vs, Vh : (ent" — enifﬁmd) *lgp =0

With respect to pu:

Vs, Vh : cap™t — geng ), — stores, — cap®™ > 0
I pS g ) ) S

Vs, Vh : pign > 0

Vs, Vh : (cap™™' — gen, ), — storeg ), — cap’) * pigp =0

With respect to 0:

inst
s

Vs : capl™™ — capl” >0

Vs:0,>0
Vs 1 (cap™t — cap®™) x 0, = 0

B.3 Capacity-Based Capacity Market Model
B.3.1 Power Producers

The Lagrangian for the producer in a volume-based capacity market can be found
in equation 168 with p as the dual variable for equation 85 and 6 as the dual
variable for equation 86.

H
Vf: L= Z()\h —VCy)xgengpxT — FCy % capjcmt + 7 * cap™
h=1

H
+ Z [fh * (cap}mt —gengp) + Gf(cap}"“ — cap;m) (168)
h=1
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Kuhn-Tucker is applied to obtain the optimality conditions.

With respect to generation:

Vf,VhI)\h*T—VCf*T—,uf,h SO
Vf,Vh:gengp >0

VYR : DT = VCpxT — ) * gengp, =0

With respect to installed capacity:

H
Vf:=FCr+ Y ppn+0;<0

h=1

Vf: capﬁc"“ >0

H
Vf o (—FCs+ Y ppn +0f) % cap™™ =0
h=1

With respect to capacity offered to the capacity market:
Vf:y—=0;,<0

V[ eap§™ >0

Vf:(y—0f)xcapf” =0

With respect to u:
Vf,Vh: cap’}”St —gengp >0
\V/f,Vh ML >0
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Vf,Vh : (cap’fmt gengp) * i =0

With respect to 0:

Vf: capmSt capi™ >0
Vf)tef 2:0

V[ (capf®t — cap§™) * 05 = 0

B.3.2 TSO

The Lagrangian formulation for the TSO operating in an energy market and ca-
pacity market is shown in equation 169.

H
Z/\ —PMAX x [sp x T — v x dem P

H
+ a* (RS" x Z DEM,;, — > lsp) + B * (dem®® — RS“? x DEM™4X)  (169)

h=1 h=1

The optimality conditions are obtained by applying Kuhn-Tucker.
With respect to load shedding:

Vh: s T —PYAX 4T —a <0
Vh:ls, >0
Vh: M\ *T — PMAX 5T — ) xls, =0

With respect to demanded capacity:
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—y+5<0
dem®® >0

(—y + B) xdem®® =0

With respect to a:

RS’S*iDEM —iz >0
h Sh Z

h=1 h=1

a>0

H H
(RS" %Y " DEM;, — > lsp)xa =0

h=1 h=1

With respect to :

dem®® — RSP x« DEMMAX > (
B>0

(dem®® — RSP x DEM™MAX) x 3 =0
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B.3.3 Energy Storage

H
Vs: L, = Z(gens,h—store&h)*T*)\h—FCSC“p*capi,"St—FC’S”*eni”St+7*capgm*C’Fs
h=1

+ Csvl(enjf%ed * Ly + storesy x T« SLy — geng 1 T — eniff“d)

H H
stored stored inst stored
+> ConlenS 7o Lytstores T+ S Ly—geng pxT—en3 i )+ - tgpx(eny'™ —endy o)
h=2 h=1

H
+ > s * (capl™t — gengp, — storeg ) + 0 * (cap?* — capS™)  (170)
h=1

With respect to generation:

Vs, Vh: Ay *T — CopxT — psp <0
Vs,Vh : gengy > 0

Vs, Vh: (A« T — Cop T — pisp) * gensy, = 0

With respect to storing energy:

Vs, Vh: =X T 4+ Cop T % SLg— pisp <0
Vs,Vh : stores ), > 0

Vs, Vh: (=X« T+ Csp T % SLg — pusp) * storesp, =0

With respect to installed capacity:

H
Vs : —FCgap+Zus,h+9f <0
h=1

Vs : cap™t >0
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H
Vs : (=FCS + " pgp + 0y) * capl™ =0
h=1

With respect to installed energy:
H
Vs: —FC + Za&h <0
h=1

Vs :en™ >0

H
Vs: (mFC 4+ Y 1ep) xenl™ =0
h=1

With respect to capacity offered to the capacity market:

Vs:yxCF,—0; <0
Vs capi™ >0

Vs:(y*x CFs—0f) % capi™ =0

With respect to amount of stored energy:

Hours except last:

H
VS,\V/h < ? : Cs,h—H * Ls - Cs,h — lsh S 0

H
Vs, Vh < ik ense >0

H
Vs, Vh < =t (Consr * L — Gon — Lan) % endlp"et =

T

Last hour:
1 <0
T

T S

H
Vs,h:?:g“s,l*Ls—CsH—L
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H
Vs, h = T enifﬁred >0

. tored __
(Gt L= g g e eng =0

Vs, h =

gl

With respect to (:

First hour:

Vs,h=1: enitﬂ’ed % Ly + storesy x T x SLy — gengq T — enfi’”d > ()
7T b

Vs,h:1:C8’120

Vs,h=1: (@nzfié“ed « Ls + stores * T % SLg — gengy x T — enzfiwed> )

Rest of hours:

Vs, Vh > 1:eni§" * Ly + storegp « T+ SLy — gengp + T — enf7™ > 0

\VIS,Vh >1: <57h >0

Vs,Vh > 1: (enifﬁrf{i « Ls + stores, « T x SLy — gengp x T — enifﬁ’”ed) % Con =0
With respect to ¢:

Vs, Vh : en™" — enit,‘;re‘j > ()
Vs, Vh :tgp >0
Vs. Yh : inst stored -0
o8 : <€ns — €N p ) *lgh =
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With respect to u:

Vs, Vh : cap™" — gen,, — store,;, > 0

Vs, Vh: psp >0

Vs,Vh : (cap™™st — gensp, — storeg ) * fisp =0

With respect to 6:

Vs : cap™t — cap™ > 0

S

Vs:0, >0
Vs 1 (cap™' — cap™) * 0, = 0

B.4 Price-Based Capacity Market Model

B.4.1 Power Producers

The optimization problem for the producer participating in an energy market and
capacity payment market is represented as a Lagrangian in equation 171. Also
here, p is used as the dual for the generation limit constraint.

H
Vi L= Z()\h —VCy)*gengp xT — FCy capjcmt + cp * cap}mt
h=1
H

+ Z [of (capjc"“ —genysy) (171)
h=1

The optimality conditions are derived by applying Kuhn-Tucker.

With respect to generation:
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Vf,VhZAh*T—VCf*T—IMﬁh SO
Vf,Vh:gengy >0

ViR (AT — VO T — ppp) * gengp =0

With respect to installed capacity:

H
Vf:—FCf—FCp-i-Z/Lf,hSO

h=1

Vf Capznst > O

H
Vf:(—=FCr+cp+ Y ppn) * capf™ =0
h=1

With respect to u:

Vf,Vh: cap““t gengp >0
VI Vh:ppn >0

Vf,Vh : (cap’fmt gengp) * ppp =0

B.4.2 TSO
H s
=3 (A — PMA%) xlsy, + T — Z cp * cap™') = (cp * capl™ x CF)
h=1 =1 s=1

T

+ax* (RS® x> DEM, — leh (172)

h=1 h=1

Kuhn-Tucker is used to derive the optimality conditions.
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With respect to load shedding:

Vh:\«T — PMAX T — 0 <0
Vh:ls, >0

Vh: M *xT — PMAX 5T —a) xls, =0

With respect to a:

H H
RS" x> DEM;, — Y ls;, >0
h=1 h=1

a>0

H H
(RS" x> DEM, — Y ls;) xa =0

h=1 h=1

B.4.3 Energy Storage

H
Vs: Ly = Z(gens,h—stores,h)*T*)\h—FC’g“p*capi”St—FC’:”*eni”“—i—cp*capi”“*CFs
h=1

+ Cs,1(enj§’6d % L+ stores « T SLy — gengq * T — en7"*%)

H
stored stored
+ Z Cs,h(ens’hfl * Lg + storegp T * SLy — gengp x T — engy, )
h=2

H H
+ Z Lsp * (enimt — enifﬁ”d) + Z [s b * (capi”“ — geng, — storesy) (173)
h=1 h=1

With respect to generation:

Vs,Vh : AT — Csp*T — psp <0
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Vs,Vh : gengp > 0

Vs, Vh: (A *T — CopxT — pisp) x gensp =0

With respect to storing energy:

Vs, Vh: =g« T 4+ Cop T % SLg— pisp <0
Vs,Vh : stores ), > 0

Vs, Vh: (=X« T+ Csp T % SLg — pusp) x storegp, = 0

With respect to installed capacity:

H
Vs: —FC™ +cpx CFs + Z,us,h <0
h=1

) inst
Vs capy™ >0

H
Vs: (=FC™ + cp*x CF5 + Z fsp) * cap™t =0
h=1

With respect to installed energy:

H
Vs:—FC§"+ZL57h§0

h=1
Vs : enimt >0

H
Vs: (mFC 4+ Y 1ep) xent™ =0
h=1

With respect to amount of energy stored:
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Hours except last:

H
VS,V}L < ? . Cs,h+1 * Ls - Cs,h — lsh <0

H
Vs, Vh < T enjf,ofed >0

H
VS,V}L < ? . <C57h+1 >k LS — gS,h P [’S,h) * eng:‘«}ol’l"ed — 0

Last hour: "
Vs, h = T Q&l*LS—C&% — gl <0

H
Vs,h= 5 s engpt > 0
H
Vs, h = T (Coq x Ls — C&% — LS#) * en‘;ged =0

With respect to (:
First hour:

Vs,h=1: enztﬂ’ed % L + storesy x T« SLy — geng1 T — enztlmed >0
7T N

Vs,h=1:(12>0

VS, h=1: (67’L§tged * Ls + StO’f’BSJ * T % SLS — geng 1 * T — enitfred) % Cs L =0
7T 5 5

Rest of hours:

Vs,Vh > 1: enﬁfﬁ’f{l « Ls + stores, * T x SLy — geng, T — enjfﬁ’”“l >0
Vs,¥h>1:Cop >0
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Vs,Vh > 1: (enifﬁ“_@f % Ly + storegp, * T« SLy — gengp * T — enifﬁmd

With respect to ¢

. inst tored
Vs, Vh :end™ —eni " >0
Vs,Vh:tsp >0

Vs, Vh: (enl™ — en?) % 15, = 0

With respect to p

Vs, Vh : cap™' — geng, — store,; >0

Vs,Vh : psp >0

Vs, Yh : (cap™' — gengp, — storeg ) * fisp =0
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C Fixed cost Calculations

The annual cost of an investment is found by applying equation 174[2]. Payment
Factor will be denoted PF.

r

Payment Factor, , = ——— 174

Y T (1) (1)

The interest rate is r and number of years for the investment is n. The interest
rate will be 5% for all calculations.

C.1 HVDC Cable

The investment cost for long distance cable has been found to be 1153 EUR/kW.
This investment has a lifetime of 40 years [9].

From a 5% interest rate and 40 years the resulting PF is computed in equa-
tion

0.05
PFs4 = — 0.058278161 175
ST (140.05)% 0.05 (175)

The yearly capital cost was from this found to be 67.195 EUR/KW, or 67195
EUR/MW.

C.2 Grid reinforcement

An additional 30% of the cable cost is needed to cover the grid reinforcement need
from this extra interconnection capacity. However, this investment has a lifetime
of 70 years.

0.05
PFyq70 = = 0.051699153 176
P01 — (14 0.05)"70 (176)

The yearly capital cost was from this found to be 17.883 EUR/kW, or 17883
EUR/MW.
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C.3 PHES

The investment cost for PHES capacity has been found to be 400 EUR/kW and
an additional 0.75% of this is needed each year to cover maintenance need. This
investment has a lifetime of 30 years [9].

From a 5% interest rate and 30 years the resulting PF is computed in equa-
tion

0.05
PFyq = = 0. 14 1
530 = T (11 005y — 063051435 (177)

The yearly capital cost of the initial investment was found by multiplying the
initial investment by the PF and was found to be 26 EUR/kW. An additional 3
EUR/kW was added due to the maintenance need and the total yearly cost of
investment was found to be 29021 EUR/MW.

C.4 Lead-acid batteries

The investment cost for Li-ion capacity has been found to be 200 EUR/kW and
50 EUR/kWh. This investment has a lifetime of 10 years [4].

From a 5% interest rate and 10 years the resulting PF is computed in equa-
tion

0.05
PFs5 0= = 0.129504 1
510 = 7 (14 0.05) 10 0.129504575 (178)

The yearly capital cost of the initial investment was found by multiplying the
initial investment by the PF and was found to be 25901 EUR/MW and 6475
EUR/MWh.
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D Case results

D.1 Energy Only Model

D.1.1 EO1: No storage

Table 5: EO1 capacity

Absolute Share of system total [%]

Total installed capacity [MW] 210240 100.00
Total installed capacity: Producers [MW] 210240  100.00
Installed capacity: Nuclear [MW] 69786 33.19
Installed capacity: Coal [MW] 53292 25.35
Installed capacity: CCGT [MW] 52222 24.84
Installed capacity: OCGT [MW] 34939 16.62

Total installed capacity: Storage units [MW] 0 0.00
Installed capacity: PHES [MW]| 0 0.00
Installed capacity: Battery [MW] 0 0.00
Total installed energy [MWHh] 0 0.00
Installed energy: PHES [MWHh] 0 0.00
Installed energy: Battery [MWh] 0 0.00

Table 6: EO1 surplus

Absolute [EUR] Share of system total [%)]

Total Surplus 4292170314831  100.00
Producer surplus 0 0.00
Storage surplus 0 0.00
Consumer surplus 4275319944071  99.61
Solar surplus 5043608049 0.12
Wind surplus 11806762711 0.28
Surplus: Nuclear 0 0.00

Surplus: Coal 0 0.00
Surplus: CCGT 0 0.00
Surplus: OCGT 0 0.00
Surplus: PHES 0 0.00
Surplus: Battery 0 0.00
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Table 7: EO1 revenues

Absolute [EUR]

Share of system total [%)]

Total revenues

Total capacity-based revenues

Total energy-based revenues
Producers: Total revenues

Storage units: Total revenues
Producers: Capacity-based revenues
Producers: Energy-based revenues
Storage units: Capacity-based revenues
Storage units: Energy-based revenues
Nuclear: Total revenues

Nuclear: Capacity-based revenues
Nuclear: Energy-based revenues
Coal: Total revenues

Coal: Capacity-based revenues
Coal: Energy-based revenues
CCGT: Total revenues

CCGT: Capacity-based revenues
CCGT: Energy-based revenues
OCGT: Total revenues

OCGT: Capacity-based revenues
OCGT: Energy-based revenues
PHES: Total revenues

PHES: Capacity-based revenues
PHES: Energy-based revenues
Battery: Total revenues

Battery: Capacity-based revenues
Battery: Energy-based revenues

39291840486
0
39291840486
39291840486
0

0
39291840486
0

0
21186657258
0
21186657258
12351108983
0
12351108983
4697826790
0
4697826790
1056247455
0
1056247455
0

o O O O O

100.00
0.00
100.00
100.00
0.00
0.00
100.00
0.00
0.00
53.92
0.00
93.92
31.43
0.00
31.43
11.96
0.00
11.96
2.69
0.00
2.69
0.00
0.00
0.00
0.00
0.00
0.00

Table 8: EO1 misc

Value

Unit

Load shedding 26547

Load shedding 0.00367904

Load shedding 4

MWh

% of total demand

number of hours
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D.1.2 EO2: PHES

Table 9: EO2: Capacity

Absolute  Share of system total [%]

Total installed capacity [MW] 210240 100.00
Total installed capacity: Producers [MW] 196153 93.30
Installed capacity: Nuclear [MW] 82933 39.45
Installed capacity: Coal [MW] 33934 16.14
Installed capacity: CCGT [MW] 44347 21.09
Installed capacity: OCGT [MW] 34939 16.62
Total installed capacity: Storage units [MW]| 14087 6.70
Installed capacity: PHES [MW]| 14087 6.70
Installed capacity: Battery [MW] 0 0.00
Total installed energy [MWHh] 15000000  100.00
Installed energy: PHES [MWh] 15000000 100.00
Installed energy: Battery [MWh] 0 0.00

Table 10: EO2: Surplus

Absolute [EUR] Share of system total [%]

Total Surplus 4292267150445  100.00
Producer surplus -1 0.00
Storage surplus 70273235 0.00
Consumer surplus 4275236287111  99.60
Solar surplus 5043245738 0.12
Wind surplus 11917344361 0.28
Surplus: Nuclear -1 0.00
Surplus: Coal 1 0.00
Surplus: CCGT 0 0.00
Surplus: OCGT 0 0.00
Surplus: PHES 70273235 0.00
Surplus: Battery 0 0.00
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Table 11: EO2: Revenues

Absolute [EUR]

Share of system total [%)]

Total revenues

Total capacity-based revenues

Total energy-based revenues
Producers: Total revenues

Storage units: Total revenues
Producers: Capacity-based revenues
Producers: Energy-based revenues
Storage units: Capacity-based revenues
Storage units: Energy-based revenues
Nuclear: Total revenues

Nuclear: Capacity-based revenues
Nuclear: Energy-based revenues
Coal: Total revenues

Coal: Capacity-based revenues
Coal: Energy-based revenues
CCGT: Total revenues

CCGT: Capacity-based revenues
CCGT: Energy-based revenues
OCGT: Total revenues

OCGT: Capacity-based revenues
OCGT: Energy-based revenues
PHES: Total revenues

PHES: Capacity-based revenues
PHES: Energy-based revenues
Battery: Total revenues

Battery: Capacity-based revenues
Battery: Energy-based revenues

39687193828
0
39687193828
37573545848
2113647981
0
37573545848
0
2113647981
25213120255
0
25213120255
7714771351
0
7714771351
3589406786
0
3589406786
1056247455
0
1056247455
2113647981
0
2113647981
0

0

0

100.00
0.00
100.00
94.67
2.33
0.00
94.67
0.00
2.33
63.53
0.00
63.53
19.44
0.00
19.44
9.04
0.00
9.04
2.66
0.00
2.66
2.33
0.00
2.33
0.00
0.00
0.00

Table 12: EO2: Misc

Value

Unit

Load shedding 26547

Load shedding 0.00367904

Load shedding 4

MWh

% of total demand

number of hours
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D.1.3 EO3: Battery

Table 13: EO3: Capacity

Absolute Share of system total [%]

Total installed capacity [MW] 210240  100.00
Total installed capacity: Producers [MW] 199338  94.81
Installed capacity: Nuclear [MW] 72434 34.45
Installed capacity: Coal [MW] 49296 23.45
Installed capacity: CCGT [MW]| 48626 23.13
Installed capacity: OCGT [MW] 28982 13.79
Total installed capacity: Storage units [MW] 10902 5.19
Installed capacity: PHES [MW] 0 0.00
Installed capacity: Battery [MW] 10902 5.19
Total installed energy [MWHh] 47651 100.00
Installed energy: PHES [MWHh] 0 0.00
Installed energy: Battery [MWh] 47651 100.00

Table 14: EO3: Surplus

Absolute [EUR] Share of system total [%]

Total Surplus 4291953695330  100.00
Producer surplus 0 0.00
Storage surplus 0 0.00
Consumer surplus 4275279431202  99.61
Solar surplus 4958145640 0.12
Wind surplus 11716118489 0.27
Surplus: Nuclear 0 0.00
Surplus: Coal 0 0.00
Surplus: CCGT 0 0.00
Surplus: OCGT 0 0.00
Surplus: PHES 0 0.00
Surplus: Battery 0 0.00
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Table 15: EO3: Revenues

Absolute [EUR]

Share of system total [%)]

Total revenues

Total capacity-based revenues

Total energy-based revenues
Producers: Total revenues

Storage units: Total revenues
Producers: Capacity-based revenues
Producers: Energy-based revenues
Storage units: Capacity-based revenues
Storage units: Energy-based revenues
Nuclear: Total revenues

Nuclear: Capacity-based revenues
Nuclear: Energy-based revenues
Coal: Total revenues

Coal: Capacity-based revenues
Coal: Energy-based revenues
CCGT: Total revenues

CCGT: Capacity-based revenues
CCGT: Energy-based revenues
OCGT: Total revenues

OCGT: Capacity-based revenues
OCGT: Energy-based revenues
PHES: Total revenues

PHES: Capacity-based revenues
PHES: Energy-based revenues
Battery: Total revenues

Battery: Capacity-based revenues
Battery: Energy-based revenues

39511403753
0
39511403753
38605647199
905756553

0
38605647199
0

905756553
22002616670
0
22002616670
11368934266
0
11368934266
4320888907
0
4320888907
913207356

0

913207356

0

0

0

905756553

0

905756553

100.00
0.00
100.00
97.71
2.29
0.00
97.71
0.00
2.29
55.69
0.00
95.69
28.77
0.00
28.77
10.94
0.00
10.94
2.31
0.00
2.31
0.00
0.00
0.00
2.29
0.00
2.29

Table 16: EO3: Misc

Value

Unit

Load shedding 26547

Load shedding 0.00367904

Load shedding 4

MWh

% of total demand

number of hours
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D.1.4 EO4: Battery, energy cost half

Table 17: EO4: Capacity

Absolute  Share of system total [%]

Total installed capacity [MW] 210240  100.00
Total installed capacity: Producers [MW] 192008  91.33
Installed capacity: Nuclear [MW] 74238 35.31
Installed capacity: Coal [MW] 45298 21.55
Installed capacity: CCGT [MW] 48067 22.86
Installed capacity: OCGT [MW] 24405 11.61
Total installed capacity: Storage units [MW] 18231 8.67
Installed capacity: PHES [MW]| 0 0.00
Installed capacity: Battery [MW] 18231 8.67
Total installed energy [MWHh] 121296  100.00
Installed energy: PHES [MWHh] 0 0.00
Installed energy: Battery [MWh] 121296 100.00

Table 18: EO4: Surplus

Absolute [EUR] Share of system total [%)]

Total Surplus 4291823552745  100.00
Producer surplus 0 0.00
Storage surplus 0 0.00
Consumer surplus 4275180158555  99.61
Solar surplus 4877829787 0.11
Wind surplus 11765564403 0.27
Surplus: Nuclear 0 0.00
Surplus: Coal 0 0.00
Surplus: CCGT 0 0.00
Surplus: OCGT 0 0.00
Surplus: PHES 0 0.00
Surplus: Battery 0 0.00
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Table 19: EO4: Revenues

Absolute [EUR]

Share of system total [%)]

Total revenues

Total capacity-based revenues

Total energy-based revenues
Producers: Total revenues

Storage units: Total revenues
Producers: Capacity-based revenues
Producers: Energy-based revenues
Storage units: Capacity-based revenues
Storage units: Energy-based revenues
Nuclear: Total revenues

Nuclear: Capacity-based revenues
Nuclear: Energy-based revenues
Coal: Total revenues

Coal: Capacity-based revenues
Coal: Energy-based revenues
CCGT: Total revenues

CCGT: Capacity-based revenues
CCGT: Energy-based revenues
OCGT: Total revenues

OCGT: Capacity-based revenues
OCGT: Energy-based revenues
PHES: Total revenues

PHES: Capacity-based revenues
PHES: Energy-based revenues
Battery: Total revenues

Battery: Capacity-based revenues
Battery: Energy-based revenues

39558371509
0
39558371509
38078528466
1479843042
0
38078528466
0
1479843042
22563028080
0
22563028080
10470315883
0
10470315883
4256589752
0
4256589752
788594751

0

788594751

0

0

0
1479843042
0
1479843042

100.00
0.00
100.00
96.26
3.74
0.00
96.26
0.00
3.74
57.04
0.00
57.04
26.47
0.00
26.47
10.76
0.00
10.76
1.99
0.00
1.99
0.00
0.00
0.00
3.74
0.00
3.74

Table 20: EO4: Misc

Value

Unit

Load shedding 26547

Load shedding 0.00367904

Load shedding 4

MWh

% of total demand

number of hours
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D.1.5 EOS5: Battery, energy cost double

Table 21: EO5: Capacity

Absolute  Share of system total [%]

Total installed capacity [MW] 210240  100.00
Total installed capacity: Producers [MW] 210240  100.00
Installed capacity: Nuclear [MW] 69786 33.19
Installed capacity: Coal [MW] 53292 25.35
Installed capacity: CCGT [MW] 52222 24.84
Installed capacity: OCGT [MW] 34939 16.62
Total installed capacity: Storage units [MW] 0 0.00
Installed capacity: PHES [MW]| 0 0.00
Installed capacity: Battery [MW] 0 0.00
Total installed energy [MWHh] 0 0.00
Installed energy: PHES [MWHh] 0 0.00
Installed energy: Battery [MWh] 0 0.00

Table 22: EO5: Surplus

Absolute [EUR]

Share of system total [%)]

Total Surplus

Producer surplus

Storage surplus

Consumer surplus

Solar surplus
Wind surplus

Surplus:
Surplus:
Surplus:
Surplus:
Surplus:
Surplus:

Nuclear
Coal
CCGT
OCGT
PHES

Battery

4292170314831

0
0

4275319944071

5043608049
11806762711

0

O O O OO

100.00
0.00
0.00
99.61
0.12
0.28
0.00
0.00
0.00
0.00
0.00
0.00
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Table 23: EO5: Revenues

Absolute [EUR]

Share of system total [%)]

Total revenues

Total capacity-based revenues

Total energy-based revenues
Producers: Total revenues

Storage units: Total revenues
Producers: Capacity-based revenues
Producers: Energy-based revenues
Storage units: Capacity-based revenues
Storage units: Energy-based revenues
Nuclear: Total revenues

Nuclear: Capacity-based revenues
Nuclear: Energy-based revenues
Coal: Total revenues

Coal: Capacity-based revenues
Coal: Energy-based revenues
CCGT: Total revenues

CCGT: Capacity-based revenues
CCGT: Energy-based revenues
OCGT: Total revenues

OCGT: Capacity-based revenues
OCGT: Energy-based revenues
PHES: Total revenues

PHES: Capacity-based revenues
PHES: Energy-based revenues
Battery: Total revenues

Battery: Capacity-based revenues
Battery: Energy-based revenues

39291840486
0
39291840486
39291840486
0

0
39291840486
0

0
21186658621
0
21186658621
12351107626
0
12351107626
4697826784
0
4697826784
1056247455
0
1056247455
0

o O O O O

100.00
0.00
100.00
100.00
0.00
0.00
100.00
0.00
0.00
53.92
0.00
93.92
31.43
0.00
31.43
11.96
0.00
11.96
2.69
0.00
2.69
0.00
0.00
0.00
0.00
0.00
0.00

Table 24: EO5: Misc

Value

Unit

Load shedding 26547

Load shedding 0.00367904

Load shedding 4

MWh

% of total demand

number of hours
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D.1.6 EO6: Battery, converter cost half

Table 25: EO6: Capacity

Absolute  Share of system total [%]

Total installed capacity [MW] 211896 100.00
Total installed capacity: Producers [MW] 196628  92.79
Installed capacity: Nuclear [MW] 72912 34.41
Installed capacity: Coal [MW] 48388 22.84
Installed capacity: CCGT [MW] 47947 22.63
Installed capacity: OCGT [MW] 27380 12.92
Total installed capacity: Storage units [MW] 15268 7.21
Installed capacity: PHES [MW]| 0 0.00
Installed capacity: Battery [MW] 15268 7.21
Total installed energy [MWHh] 69288 100.00
Installed energy: PHES [MWHh] 0 0.00
Installed energy: Battery [MWh] 69288 100.00

Table 26: MEOG6: Surplus

Absolute [EUR] Share of system total [%)]

Total Surplus 4291974550469  100.00
Producer surplus 0 0.00
Storage surplus 0 0.00
Consumer surplus 4275200266516  99.61
Solar surplus 4979144948 0.12
Wind surplus 11795139006 0.27
Surplus: Nuclear 0 0.00
Surplus: Coal 0 0.00
Surplus: CCGT 0 0.00
Surplus: OCGT 0 0.00
Surplus: PHES 0 0.00
Surplus: Battery 0 0.00
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Table 27: EO6: Revenues

Absolute [EUR]

Share of system total [%)]

Total revenues

Total capacity-based revenues

Total energy-based revenues
Producers: Total revenues

Storage units: Total revenues
Producers: Capacity-based revenues
Producers: Energy-based revenues
Storage units: Capacity-based revenues
Storage units: Energy-based revenues
Nuclear: Total revenues

Nuclear: Capacity-based revenues
Nuclear: Energy-based revenues
Coal: Total revenues

Coal: Capacity-based revenues
Coal: Energy-based revenues
CCGT: Total revenues

CCGT: Capacity-based revenues
CCGT: Energy-based revenues
OCGT: Total revenues

OCGT: Capacity-based revenues
OCGT: Energy-based revenues
PHES: Total revenues

PHES: Capacity-based revenues
PHES: Energy-based revenues
Battery: Total revenues

Battery: Capacity-based revenues
Battery: Energy-based revenues

39485736966
0
39485736966
38396771482
1088965483
0
38396771482
0
1088965483
22153405257
0
22153405257
11154034568
0
11154034568
4227160805
0
4227160805
862170853

0

862170853

0

0

0
1088965483
0
1088965483

100.00
0.00
100.00
97.24
2.76
0.00
97.24
0.00
2.76
56.10
0.00
96.10
28.25
0.00
28.25
10.71
0.00
10.71
2.18
0.00
2.18
0.00
0.00
0.00
2.76
0.00
2.76

Table 28: EO6: Misc

Value

Unit

Load shedding 20228

MWh

Load shedding 0.00280337 % of total demand
number of hours

Load shedding 2
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D.1.7 EQOT7: Battery, converter cost double

Table 29: EO7: Capacity

Absolute  Share of system total [%]

Total installed capacity [MW] 210240  100.00
Total installed capacity: Producers [MW] 210240  100.00
Installed capacity: Nuclear [MW] 69786 33.19
Installed capacity: Coal [MW] 53292 25.35
Installed capacity: CCGT [MW] 52222 24.84
Installed capacity: OCGT [MW] 34939 16.62
Total installed capacity: Storage units [MW] 0 0.00
Installed capacity: PHES [MW]| 0 0.00
Installed capacity: Battery [MW] 0 0.00
Total installed energy [MWHh] 0 0.00
Installed energy: PHES [MWHh] 0 0.00
Installed energy: Battery [MWh] 0 0.00

Table 30: EOT7: Surplus

Absolute [EUR]

Share of system total [%)]

Total Surplus

Producer surplus

Storage surplus

Consumer surplus

Solar surplus
Wind surplus

Surplus:
Surplus:
Surplus:
Surplus:
Surplus:
Surplus:

Nuclear
Coal
CCGT
OCGT
PHES

Battery

4292170314831

0
0

4275319944071

5043608049
11806762711

0

O O O OO

100.00
0.00
0.00
99.61
0.12
0.28
0.00
0.00
0.00
0.00
0.00
0.00
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Table 31: EO7: Revenues

Absolute [EUR]

Share of system total [%)]

Total revenues

Total capacity-based revenues

Total energy-based revenues
Producers: Total revenues

Storage units: Total revenues
Producers: Capacity-based revenues
Producers: Energy-based revenues
Storage units: Capacity-based revenues
Storage units: Energy-based revenues
Nuclear: Total revenues

Nuclear: Capacity-based revenues
Nuclear: Energy-based revenues
Coal: Total revenues

Coal: Capacity-based revenues
Coal: Energy-based revenues
CCGT: Total revenues

CCGT: Capacity-based revenues
CCGT: Energy-based revenues
OCGT: Total revenues

OCGT: Capacity-based revenues
OCGT: Energy-based revenues
PHES: Total revenues

PHES: Capacity-based revenues
PHES: Energy-based revenues
Battery: Total revenues

Battery: Capacity-based revenues
Battery: Energy-based revenues

39291840486
0
39291840486
39291840486
0

0
39291840486
0

0
21186657006
0
21186657006
12351109241
0
12351109241
4697826784
0
4697826784
1056247455
0
1056247455
0

o O O O O

100.00
0.00
100.00
100.00
0.00
0.00
100.00
0.00
0.00
53.92
0.00
93.92
31.43
0.00
31.43
11.96
0.00
11.96
2.69
0.00
2.69
0.00
0.00
0.00
0.00
0.00
0.00

Table 32: EOT7: Misc

Value

Unit

Load shedding 26547

Load shedding 0.00367904

Load shedding 4

MWh

% of total demand

number of hours
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D.1.8 EOS: Battery, fixed costs reduced by 50%

Table 33: EO8: Capacity

Absolute  Share of system total [%]

Total installed capacity [MW] 214825  100.00
Total installed capacity: Producers [MW] 188315  87.66
Installed capacity: Nuclear [MW] 74650 34.75
Installed capacity: Coal [MW] 43902 20.44
Installed capacity: CCGT [MW] 49492 23.04
Installed capacity: OCGT [MW] 20272 9.44
Total installed capacity: Storage units [MW] 26510 12.34
Installed capacity: PHES [MW]| 0 0.00
Installed capacity: Battery [MW] 26510 12.34
Total installed energy [MWHh] 173726 100.00
Installed energy: PHES [MWHh] 0 0.00
Installed energy: Battery [MWh] 173726 100.00

Table 34: EOS8: Surplus

Absolute [EUR] Share of system total [%)]

Total Surplus 4291864558747  100.00
Producer surplus 0 0.00
Storage surplus 0 0.00
Consumer surplus 4275190316030  99.61
Solar surplus 4856218430 0.11
Wind surplus 11818024288 0.28
Surplus: Nuclear 0 0.00
Surplus: Coal 0 0.00
Surplus: CCGT 0 0.00
Surplus: OCGT 0 0.00
Surplus: PHES 0 0.00
Surplus: Battery 0 0.00
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Table 35: EO&: Revenues

Absolute [EUR]

Share of system total [%)]

Total revenues

Total capacity-based revenues

Total energy-based revenues
Producers: Total revenues

Storage units: Total revenues
Producers: Capacity-based revenues
Producers: Energy-based revenues
Storage units: Capacity-based revenues
Storage units: Energy-based revenues
Nuclear: Total revenues

Nuclear: Capacity-based revenues
Nuclear: Energy-based revenues
Coal: Total revenues

Coal: Capacity-based revenues
Coal: Energy-based revenues
CCGT: Total revenues

CCGT: Capacity-based revenues
CCGT: Energy-based revenues
OCGT: Total revenues

OCGT: Capacity-based revenues
OCGT: Energy-based revenues
PHES: Total revenues

PHES: Capacity-based revenues
PHES: Energy-based revenues
Battery: Total revenues

Battery: Capacity-based revenues
Battery: Energy-based revenues

39541655614
0
39541655614
37791634105
1750021509
0
37791634105
0
1750021509
22698332952
0
22698332952
10180424281
0
10180424281
4277398118
0
4277398118
635478754

0

635478754

0

0

0
1750021509
0
1750021509

100.00
0.00
100.00
95.57
4.43
0.00
95.57
0.00
4.43
57.40
0.00
57.40
25.75
0.00
25.75
10.82
0.00
10.82
1.61
0.00
1.61
0.00
0.00
0.00
4.43
0.00
4.43

Table 36: EOS8: Misc

Value

Unit

Load shedding 14369

Load shedding 0.00199139

Load shedding 2

MWh

% of total demand

number of hours
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D.1.9 EQO9: Battery, fixed costs reduced by 40%

Table 37: EO9: Capacity

Absolute  Share of system total [%]

Total installed capacity [MW] 213372 100.00
Total installed capacity: Producers [MW] 191334  89.67
Installed capacity: Nuclear [MW] 74650 34.99
Installed capacity: Coal [MW] 44503 20.86
Installed capacity: CCGT [MW] 48632 22.79
Installed capacity: OCGT [MW] 23549 11.04
Total installed capacity: Storage units [MW] 22038 10.33
Installed capacity: PHES [MW]| 0 0.00
Installed capacity: Battery [MW] 22038 10.33
Total installed energy [MWHh] 132397  100.00
Installed energy: PHES [MWHh] 0 0.00
Installed energy: Battery [MWh] 132397 100.00

Table 38: EOQ9: Surplus

Absolute [EUR]

Share of system total [%)]

Total Surplus

Producer surplus

Storage surplus

Consumer surplus

Solar surplus
Wind surplus

Surplus:
Surplus:
Surplus:
Surplus:
Surplus:
Surplus:

Nuclear
Coal
CCGT
OCGT
PHES

Battery

4291898148279

0
0

4275190399108

4942782178
11764966993

0

O O O OO

100.00
0.00
0.00
99.61
0.12
0.27
0.00
0.00
0.00
0.00
0.00
0.00
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Table 39: EO9: Revenues

Absolute [EUR] Share of system total [%]

Total revenues

Total capacity-based revenues

Total energy-based revenues
Producers: Total revenues

Storage units: Total revenues
Producers: Capacity-based revenues
Producers: Energy-based revenues
Storage units: Capacity-based revenues
Storage units: Energy-based revenues
Nuclear: Total revenues

Nuclear: Capacity-based revenues
Nuclear: Energy-based revenues
Coal: Total revenues

Coal: Capacity-based revenues
Coal: Energy-based revenues
CCGT: Total revenues

CCGT: Capacity-based revenues
CCGT: Energy-based revenues
OCGT: Total revenues

OCGT: Capacity-based revenues
OCGT: Energy-based revenues
PHES: Total revenues

PHES: Capacity-based revenues
PHES: Energy-based revenues
Battery: Total revenues

Battery: Capacity-based revenues
Battery: Energy-based revenues

39544099776 100.00
0 0.00
39544099776 100.00
37989551881 96.07

1554547895 3.93
0 0.00
37989551881 96.07
0 0.00
1554547895 3.93
22689980405 57.38
0 0.00

22689980405 57.38
10284844947 26.01

0 0.00
10284844947 26.01
4275089948 10.81
0 0.00
4275089948 10.81
739636581 1.87
0 0.00
739636581 1.87
0 0.00
0 0.00
0 0.00
1554547895 3.93
0 0.00
1554547895 3.93

Table 40: EO9: Misc

Value

Unit

Load shedding 17277

MWh

Load shedding 0.00239433 % of total demand

Load shedding 2

number of hours
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D.1.10 EO10: Battery, fixed costs reduced by 30%

Table 41: EO10: Capacity

Absolute  Share of system total [%]

Total installed capacity [MW] 211843  100.00
Total installed capacity: Producers [MW] 194302 91.72
Installed capacity: Nuclear [MW] 73943 34.90
Installed capacity: Coal [MW] 46154 21.79
Installed capacity: CCGT [MW] 47377 22.36
Installed capacity: OCGT [MW] 26829 12.66
Total installed capacity: Storage units [MW] 17541 8.28
Installed capacity: PHES [MW]| 0 0.00
Installed capacity: Battery [MW] 17541 8.28
Total installed energy [MWHh] 96824 100.00
Installed energy: PHES [MWHh] 0 0.00
Installed energy: Battery [MWh] 96824 100.00

Table 42: EO10: Surplus

Absolute [EUR] Share of system total [%)]

Total Surplus 4291894901987  100.00
Producer surplus 0 0.00
Storage surplus 0 0.00
Consumer surplus 4275174767413  99.61
Solar surplus 4942374284 0.12
Wind surplus 11777760290 0.27
Surplus: Nuclear 0 0.00
Surplus: Coal 0 0.00
Surplus: CCGT 0 0.00
Surplus: OCGT 0 0.00
Surplus: PHES 0 0.00
Surplus: Battery 0 0.00
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Table 43: EO10: Revenues

Absolute [EUR]

Share of system total [%)]

Total revenues

Total capacity-based revenues

Total energy-based revenues
Producers: Total revenues

Storage units: Total revenues
Producers: Capacity-based revenues
Producers: Energy-based revenues
Storage units: Capacity-based revenues
Storage units: Energy-based revenues
Nuclear: Total revenues

Nuclear: Capacity-based revenues
Nuclear: Energy-based revenues
Coal: Total revenues

Coal: Capacity-based revenues
Coal: Energy-based revenues
CCGT: Total revenues

CCGT: Capacity-based revenues
CCGT: Energy-based revenues
OCGT: Total revenues

OCGT: Capacity-based revenues
OCGT: Energy-based revenues
PHES: Total revenues

PHES: Capacity-based revenues
PHES: Energy-based revenues
Battery: Total revenues

Battery: Capacity-based revenues
Battery: Energy-based revenues

39516195697
0
39516195697
38203242399
1312953298
0
38203242399
0
1312953298
22469716254
0
22469716254
10651369209
0
10651369209
4221101732
0
4221101732
861055204

0

861055204

0

0

0
1312953298
0
1312953298

100.00
0.00
100.00
96.68
3.32
0.00
96.68
0.00
3.32
56.86
0.00
26.86
26.95
0.00
26.95
10.68
0.00
10.68
2.18
0.00
2.18
0.00
0.00
0.00
3.32
0.00
3.32

Table 44: EO10: Misc

Value

Unit

Load shedding 20335

Load shedding 0.00281817

Load shedding 2

MWh

% of total demand

number of hours
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D.1.11 EO11: Battery, fixed costs reduced by 20%

Table 45: EO11: Capacity

Absolute  Share of system total [%]

Total installed capacity [MW] 210572 100.00
Total installed capacity: Producers [MW] 195041 92.62
Installed capacity: Nuclear [MW] 73848 35.07
Installed capacity: Coal [MW] 46782 22.22
Installed capacity: CCGT [MW] 48270 22.92
Installed capacity: OCGT [MW] 26142 12.41
Total installed capacity: Storage units [MW] 15531 7.38
Installed capacity: PHES [MW]| 0 0.00
Installed capacity: Battery [MW] 15531 7.38
Total installed energy [MWHh] 85729 100.00
Installed energy: PHES [MWHh] 0 0.00
Installed energy: Battery [MWh] 85729 100.00

Table 46: EO11: Surplus

Absolute [EUR] Share of system total [%)]

Total Surplus 4291816812304  100.00
Producer surplus 0 0.00
Storage surplus 0 0.00
Consumer surplus 4275177624181  99.61
Solar surplus 4888430692 0.11
Wind surplus 11750757431 0.27
Surplus: Nuclear 0 0.00
Surplus: Coal 0 0.00
Surplus: CCGT 0 0.00
Surplus: OCGT 0 0.00
Surplus: PHES 0 0.00
Surplus: Battery 0 0.00
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Table 47: EO11: Revenues

Absolute [EUR]

Share of system total [%)]

Total revenues

Total capacity-based revenues

Total energy-based revenues
Producers: Total revenues

Storage units: Total revenues
Producers: Capacity-based revenues
Producers: Energy-based revenues
Storage units: Capacity-based revenues
Storage units: Energy-based revenues
Nuclear: Total revenues

Nuclear: Capacity-based revenues
Nuclear: Energy-based revenues
Coal: Total revenues

Coal: Capacity-based revenues
Coal: Energy-based revenues
CCGT: Total revenues

CCGT: Capacity-based revenues
CCGT: Energy-based revenues
OCGT: Total revenues

OCGT: Capacity-based revenues
OCGT: Energy-based revenues
PHES: Total revenues

PHES: Capacity-based revenues
PHES: Energy-based revenues
Battery: Total revenues

Battery: Capacity-based revenues
Battery: Energy-based revenues

39544406344
0
39544406344
38284144704
1260261640
0
38284144704
0
1260261640
22438013667
0
22438013667
10764963587
0
10764963587
4255591208
0
4255591208
825576243

0

825576243

0

0

0
1260261640
0
1260261640

100.00
0.00
100.00
96.81
3.19
0.00
96.81
0.00
3.19
56.74
0.00
56.74
27.22
0.00
27.22
10.76
0.00
10.76
2.09
0.00
2.09
0.00
0.00
0.00
3.19
0.00
3.19

Table 48: EO11: Misc

Value

Unit

Load shedding 25220

Load shedding 0.0034951

Load shedding 4

MWh

% of total demand

number of hours
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D.1.12 EO12: Battery, fixed costs reduced by 10%

Table 49: EO12: Capacity

Absolute  Share of system total [%]

Total installed capacity [MW] 210240  100.00
Total installed capacity: Producers [MW] 196931  93.67
Installed capacity: Nuclear [MW] 72966 34.71
Installed capacity: Coal [MW] 48476 23.06
Installed capacity: CCGT [MW] 48158 2291
Installed capacity: OCGT [MW] 27332 13.00
Total installed capacity: Storage units [MW] 13308 6.33
Installed capacity: PHES [MW]| 0 0.00
Installed capacity: Battery [MW] 13308 6.33
Total installed energy [MWHh] 62683 100.00
Installed energy: PHES [MWHh] 0 0.00
Installed energy: Battery [MWh] 62683 100.00

Table 50: EO12: Surplus

Absolute [EUR] Share of system total [%)]

Total Surplus 4291896693479  100.00
Producer surplus 0 0.00
Storage surplus 0 0.00
Consumer surplus 4275229599202  99.61
Solar surplus 4933741027 0.11
Wind surplus 11733353250 0.27
Surplus: Nuclear 0 0.00
Surplus: Coal 0 0.00
Surplus: CCGT 0 0.00
Surplus: OCGT 0 0.00
Surplus: PHES 0 0.00
Surplus: Battery 0 0.00
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Table 51: EO12: Revenues

Absolute [EUR] Share of system total [%]

Total revenues

Total capacity-based revenues

Total energy-based revenues
Producers: Total revenues

Storage units: Total revenues
Producers: Capacity-based revenues
Producers: Energy-based revenues
Storage units: Capacity-based revenues
Storage units: Energy-based revenues
Nuclear: Total revenues

Nuclear: Capacity-based revenues
Nuclear: Energy-based revenues
Coal: Total revenues

Coal: Capacity-based revenues
Coal: Energy-based revenues
CCGT: Total revenues

CCGT: Capacity-based revenues
CCGT: Energy-based revenues
OCGT: Total revenues

OCGT: Capacity-based revenues
OCGT: Energy-based revenues
PHES: Total revenues

PHES: Capacity-based revenues
PHES: Energy-based revenues
Battery: Total revenues

Battery: Capacity-based revenues
Battery: Energy-based revenues

39529688620 100.00
0 0.00
39529688620 100.00
38454137366 97.28

1075551254 2.72
0 0.00
38454137366 97.28
0 0.00
1075551254 2.72
22167322687 56.08
0 0.00

22167322687 96.08
11160746858 28.23

0 0.00
11160746858 28.23
4255536327 10.77
0 0.00
4255536327 10.77
870531495 2.20
0 0.00
870531495 2.20
0 0.00
0 0.00
0 0.00
1075551254 2.72
0 0.00
1075551254 2.72

Table 52: EO12: Misc

Value

Unit

Load shedding 26547

MWh

Load shedding 0.00367904 % of total demand

Load shedding 4

number of hours
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D.1.13 EO13: Battery, fixed costs increased by 10%

Table 53: EO13: Capacity

Absolute  Share of system total [%]

Total installed capacity [MW] 210240  100.00
Total installed capacity: Producers [MW] 202617  96.37
Installed capacity: Nuclear [MW] 71824 34.16
Installed capacity: Coal [MW] 50470 24.01
Installed capacity: CCGT [MW] 49081 23.35
Installed capacity: OCGT [MW] 31243 14.86
Total installed capacity: Storage units [MW] 7623 3.63
Installed capacity: PHES [MW]| 0 0.00
Installed capacity: Battery [MW] 7623 3.63
Total installed energy [MWHh] 31280 100.00
Installed energy: PHES [MWHh] 0 0.00
Installed energy: Battery [MWh] 31280 100.00

Table 54: EO13: Surplus

Absolute [EUR] Share of system total [%)]

Total Surplus 4292001053736 100.00
Producer surplus 0 0.00
Storage surplus 0 0.00
Consumer surplus 4275284635370  99.61
Solar surplus 4983897524 0.12
Wind surplus 11732520841 0.27
Surplus: Nuclear 0 0.00
Surplus: Coal 0 0.00
Surplus: CCGT 0 0.00
Surplus: OCGT 0 0.00
Surplus: PHES 0 0.00
Surplus: Battery 0 0.00
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Table 55: EO13: Revenues

Absolute [EUR] Share of system total [%]

Total revenues

Total capacity-based revenues

Total energy-based revenues
Producers: Total revenues

Storage units: Total revenues
Producers: Capacity-based revenues
Producers: Energy-based revenues
Storage units: Capacity-based revenues
Storage units: Energy-based revenues
Nuclear: Total revenues

Nuclear: Capacity-based revenues
Nuclear: Energy-based revenues
Coal: Total revenues

Coal: Capacity-based revenues
Coal: Energy-based revenues
CCGT: Total revenues

CCGT: Capacity-based revenues
CCGT: Energy-based revenues
OCGT: Total revenues

OCGT: Capacity-based revenues
OCGT: Energy-based revenues
PHES: Total revenues

PHES: Capacity-based revenues
PHES: Energy-based revenues
Battery: Total revenues

Battery: Capacity-based revenues
Battery: Energy-based revenues

39464176546 100.00
0 0.00
39464176546 100.00
38806897287 98.33

657279259 1.67
0 0.00
38806897287 98.33
0 0.00
657279259 1.67
21813028902 55.27
0 0.00

21813028902 55.27
11640396322 29.50

0 0.00
11640396322 29.50
4376946222 11.09
0 0.00
4376946222 11.09
976525842 247
0 0.00
976525842 247
0 0.00
0 0.00
0 0.00
657279259 1.67
0 0.00
657279259 1.67

Table 56: EO13: Misc

Value

Unit

Load shedding 26547

MWh

Load shedding 0.00367904 % of total demand

Load shedding 4

number of hours
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D.1.14 EO14: Battery, fixed costs increased by 20%

Table 57: EO14: Capacity

Absolute  Share of system total [%]

Total installed capacity [MW] 210240 100.00
Total installed capacity: Producers [MW] 206369  98.16
Installed capacity: Nuclear [MW] 71072 33.81
Installed capacity: Coal [MW] 51750 24.61
Installed capacity: CCGT [MW] 50839 24.18
Installed capacity: OCGT [MW] 32707 15.56
Total installed capacity: Storage units [MW] 3871 1.84
Installed capacity: PHES [MW]| 0 0.00
Installed capacity: Battery [MW] 3871 1.84
Total installed energy [MWHh] 15485 100.00
Installed energy: PHES [MWHh] 0 0.00
Installed energy: Battery [MWh] 15485 100.00

Table 58: EO14: Surplus

Absolute [EUR] Share of system total [%)]

Total Surplus 4292058711859  100.00
Producer surplus 0 0.00
Storage surplus 0 0.00
Consumer surplus 4275296030346  99.61
Solar surplus 4997915357 0.12
Wind surplus 11764766156 0.27
Surplus: Nuclear 0 0.00
Surplus: Coal 0 0.00
Surplus: CCGT 0 0.00
Surplus: OCGT 0 0.00
Surplus: PHES 0 0.00
Surplus: Battery 0 0.00
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Table 59: EO14: Revenues

Absolute [EUR] Share of system total [%]

Total revenues

Total capacity-based revenues

Total energy-based revenues
Producers: Total revenues

Storage units: Total revenues
Producers: Capacity-based revenues
Producers: Energy-based revenues
Storage units: Capacity-based revenues
Storage units: Energy-based revenues
Nuclear: Total revenues

Nuclear: Capacity-based revenues
Nuclear: Energy-based revenues
Coal: Total revenues

Coal: Capacity-based revenues
Coal: Energy-based revenues
CCGT: Total revenues

CCGT: Capacity-based revenues
CCGT: Energy-based revenues
OCGT: Total revenues

OCGT: Capacity-based revenues
OCGT: Energy-based revenues
PHES: Total revenues

PHES: Capacity-based revenues
PHES: Energy-based revenues
Battery: Total revenues

Battery: Capacity-based revenues
Battery: Energy-based revenues

39391481923 100.00
0 0.00
39391481923 100.00
39035774581 99.10

355707342 0.90
0 0.00
39035774581 99.10
0 0.00
355707342 0.90
21580277810 54.78
0 0.00

21580277810 54.78
11942931251 30.32

0 0.00
11942931251 30.32
4519193463 11.47
0 0.00
4519193463 11.47
993372057 2.52
0 0.00
993372057 2.52
0 0.00
0 0.00
0 0.00
355707342 0.90
0 0.00
355707342 0.90

Table 60: EO14: Misc

Value

Unit

Load shedding 26547

MWh

Load shedding 0.00367904 % of total demand

Load shedding 4

number of hours
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D.1.15 EO15: Battery, fixed costs increased by 30%

Table 61: EO15: Capacity

Absolute  Share of system total [%]

Total installed capacity [MW] 210240  100.00
Total installed capacity: Producers [MW] 208650  99.24
Installed capacity: Nuclear [MW] 70552 33.56
Installed capacity: Coal [MW] 52464 24.95
Installed capacity: CCGT [MW] 51998 24.73
Installed capacity: OCGT [MW] 33637 16.00
Total installed capacity: Storage units [MW] 1590 0.76
Installed capacity: PHES [MW]| 0 0.00
Installed capacity: Battery [MW] 1590 0.76
Total installed energy [MWHh] 6361 100.00
Installed energy: PHES [MWHh] 0 0.00
Installed energy: Battery [MWh] 6361 100.00

Table 62: EO15: Surplus

Absolute [EUR] Share of system total [%)]

Total Surplus 4292157046545  100.00
Producer surplus 0 0.00
Storage surplus 0 0.00
Consumer surplus 4275307933477  99.61
Solar surplus 5052120582 0.12
Wind surplus 11796992486 0.27
Surplus: Nuclear 0 0.00
Surplus: Coal 0 0.00
Surplus: CCGT 0 0.00
Surplus: OCGT 0 0.00
Surplus: PHES 0 0.00
Surplus: Battery 0 0.00
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Table 63: EO15: Revenues

Absolute [EUR]

Share of system total [%)]

Total revenues

Total capacity-based revenues

Total energy-based revenues
Producers: Total revenues

Storage units: Total revenues
Producers: Capacity-based revenues
Producers: Energy-based revenues
Storage units: Capacity-based revenues
Storage units: Energy-based revenues
Nuclear: Total revenues

Nuclear: Capacity-based revenues
Nuclear: Energy-based revenues
Coal: Total revenues

Coal: Capacity-based revenues
Coal: Energy-based revenues
CCGT: Total revenues

CCGT: Capacity-based revenues
CCGT: Energy-based revenues
OCGT: Total revenues

OCGT: Capacity-based revenues
OCGT: Energy-based revenues
PHES: Total revenues

PHES: Capacity-based revenues
PHES: Energy-based revenues
Battery: Total revenues

Battery: Capacity-based revenues
Battery: Energy-based revenues

39338259085
0
39338259085
39183104165
155154921

0
39183104165
0

155154921
21419403034
0
21419403034
12120937257
0
12120937257
4634785915
0
4634785915
1007977958
0
1007977958
0

0

0

155154921

0

155154921

100.00
0.00
100.00
99.61
0.39
0.00
99.61
0.00
0.39
04.45
0.00
04.45
30.81
0.00
30.81
11.78
0.00
11.78
2.56
0.00
2.56
0.00
0.00
0.00
0.39
0.00
0.39

Table 64: EO15: Misc

Value

Unit

Load shedding 26547

Load shedding 0.00367904

Load shedding 4

MWh

% of total demand

number of hours
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D.1.16 EO16: Battery, fixed costs increased by 40%

Table 65: EO16: Capacity

Absolute  Share of system total [%]

Total installed capacity [MW] 210240  100.00
Total installed capacity: Producers [MW] 210240  100.00
Installed capacity: Nuclear [MW] 69786 33.19
Installed capacity: Coal [MW] 53292 25.35
Installed capacity: CCGT [MW] 52222 24.84
Installed capacity: OCGT [MW] 34939 16.62
Total installed capacity: Storage units [MW] 0 0.00
Installed capacity: PHES [MW]| 0 0.00
Installed capacity: Battery [MW] 0 0.00
Total installed energy [MWHh] 0 0.00
Installed energy: PHES [MWHh] 0 0.00
Installed energy: Battery [MWh] 0 0.00

Table 66: EO16: Surplus

Absolute [EUR]

Share of system total [%)]

Total Surplus

Producer surplus

Storage surplus

Consumer surplus

Solar surplus
Wind surplus

Surplus:
Surplus:
Surplus:
Surplus:
Surplus:
Surplus:

Nuclear
Coal
CCGT
OCGT
PHES

Battery

4292170314831

0
0

4275319944071

5043608049
11806762711

0

O O O OO

100.00
0.00
0.00
99.61
0.12
0.28
0.00
0.00
0.00
0.00
0.00
0.00
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Table 67: EO16: Revenues

Absolute [EUR]

Share of system total [%)]

Total revenues

Total capacity-based revenues

Total energy-based revenues
Producers: Total revenues

Storage units: Total revenues
Producers: Capacity-based revenues
Producers: Energy-based revenues
Storage units: Capacity-based revenues
Storage units: Energy-based revenues
Nuclear: Total revenues

Nuclear: Capacity-based revenues
Nuclear: Energy-based revenues
Coal: Total revenues

Coal: Capacity-based revenues
Coal: Energy-based revenues
CCGT: Total revenues

CCGT: Capacity-based revenues
CCGT: Energy-based revenues
OCGT: Total revenues

OCGT: Capacity-based revenues
OCGT: Energy-based revenues
PHES: Total revenues

PHES: Capacity-based revenues
PHES: Energy-based revenues
Battery: Total revenues

Battery: Capacity-based revenues
Battery: Energy-based revenues

39291840486
0
39291840486
39291840486
0

0
39291840486
0

0
21186657042
0
21186657042
12351109205
0
12351109205
4697826784
0
4697826784
1056247455
0
1056247455
0

o O O O O

100.00
0.00
100.00
100.00
0.00
0.00
100.00
0.00
0.00
53.92
0.00
93.92
31.43
0.00
31.43
11.96
0.00
11.96
2.69
0.00
2.69
0.00
0.00
0.00
0.00
0.00
0.00

Table 68: EO16: Misc

Value

Unit

Load shedding 26547

Load shedding 0.00367904

Load shedding 4

MWh

% of total demand

number of hours
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D.1.17 EO17: PHES, fixed costs increased by 10%

Table 69: EO17: Capacity

Absolute  Share of system total [%)]

Total installed capacity [MW] 210240 100.00
Total installed capacity: Producers [MW] 210240 100.00
Installed capacity: Nuclear [MW] 69786 33.19
Installed capacity: Coal [MW] 53292 25.35
Installed capacity: CCGT [MW] 52222 24.84
Installed capacity: OCGT [MW] 34939 16.62
Total installed capacity: Storage units [MW] 0 0.00
Installed capacity: PHES [MW]| 0 0.00
Installed capacity: Battery [MW] 0 0.00
Total installed energy [MWHh] 15000000  100.00
Installed energy: PHES [MWHh] 15000000 100.00
Installed energy: Battery [MWh] 0 0.00

Table 70: EO17: Surplus

Absolute [EUR] Share of system total [%)]

Total Surplus 4292170314831  100.00
Producer surplus 0 0.00
Storage surplus 0 0.00
Consumer surplus 4275319944071  99.61
Solar surplus 5043608049 0.12
Wind surplus 11806762711 0.28
Surplus: Nuclear 0 0.00
Surplus: Coal 0 0.00
Surplus: CCGT 0 0.00
Surplus: OCGT 0 0.00
Surplus: PHES 0 0.00
Surplus: Battery 0 0.00
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Table 71: EO17: Revenues

Absolute [EUR]

Share of system total [%)]

Total revenues

Total capacity-based revenues

Total energy-based revenues
Producers: Total revenues

Storage units: Total revenues
Producers: Capacity-based revenues
Producers: Energy-based revenues
Storage units: Capacity-based revenues
Storage units: Energy-based revenues
Nuclear: Total revenues

Nuclear: Capacity-based revenues
Nuclear: Energy-based revenues
Coal: Total revenues

Coal: Capacity-based revenues
Coal: Energy-based revenues
CCGT: Total revenues

CCGT: Capacity-based revenues
CCGT: Energy-based revenues
OCGT: Total revenues

OCGT: Capacity-based revenues
OCGT: Energy-based revenues
PHES: Total revenues

PHES: Capacity-based revenues
PHES: Energy-based revenues
Battery: Total revenues

Battery: Capacity-based revenues
Battery: Energy-based revenues

39291840486
0
39291840486
39291840486
0

0
39291840486
0

0
21186657248
0
21186657248
12351108999
0
12351108999
4697826784
0
4697826784
1056247455
0
1056247455
0

o O O O O

100.00
0.00
100.00
100.00
0.00
0.00
100.00
0.00
0.00
53.92
0.00
93.92
31.43
0.00
31.43
11.96
0.00
11.96
2.69
0.00
2.69
0.00
0.00
0.00
0.00
0.00
0.00

Table 72: EO17: Misc

Value

Unit

Load shedding 26547

Load shedding 0.00367904

Load shedding 4

MWh

% of total demand

number of hours
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D.2 Strategic Reserves Model

D.2.1 SR1: No Storage

Table 73: SR1: Capacity

Absolute Share of system total [%]

Total installed capacity [MW] 255219  100.00
Total installed capacity: Producers [MW] 255219  100.00
Installed capacity: Nuclear [MW] 69786 27.34
Installed capacity: Coal [MW] 53292 20.88
Installed capacity: CCGT [MW]| 52222 20.46
Installed capacity: OCGT [MW] 79918 31.31
Total installed capacity: Storage units [MW] 0 0.00
Installed capacity: PHES [MW] 0 0.00
Installed capacity: Battery [MW] 0 0.00
Total installed energy [MWHh] 0 0.00
Installed energy: PHES [MWh] 0 0.00
Installed energy: Battery [MWh] 0 0.00

Table 74: SR1: Surplus

Absolute [EUR]

Share of system total [%)]

Total Surplus

Producer surplus

Storage surplus

Consumer surplus

Solar surplus
Wind surplus

Surplus:
Surplus:
Surplus:
Surplus:
Surplus:
Surplus:

Nuclear
Coal
CCGT
OCGT

PHES
Battery

4291450748664

0
0

4274600317863

5043681322
11806749479

0

o O O O O

100.00
0.00
0.00
99.61
0.12
0.28
0.00
0.00
0.00
0.00
0.00
0.00
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Table 75: SR1: Revenues

Absolute [EUR]  Share of system total [%]

Total revenues 40011499544 100.00
Total capacity-based revenues 719659057 1.80
Total energy-based revenues 39291840486 98.20
Producers: Total revenues 40011499544 100.00
Storage units: Total revenues 0 0.00
Producers: Capacity-based revenues 719659057 1.80
Producers: Energy-based revenues 39291840486 98.20
Storage units: Capacity-based revenues 0 0.00
Storage units: Energy-based revenues 0 0.00
Nuclear: Total revenues 21186657230 52.95
Nuclear: Capacity-based revenues 0 0.00
Nuclear: Energy-based revenues 21186657230 52.95
Coal: Total revenues 12351109017 30.87
Coal: Capacity-based revenues 0 0.00
Coal: Energy-based revenues 12351109017 30.87
CCGT: Total revenues 4697826784 11.74
CCGT: Capacity-based revenues 0 0.00
CCGT: Energy-based revenues 4697826784 11.74
OCGT: Total revenues 1775906513 4.44
OCGT: Capacity-based revenues 719659057 1.80
OCGT: Energy-based revenues 1056247455 2.64
PHES: Total revenues 0 0.00
PHES: Capacity-based revenues 0 0.00
PHES: Energy-based revenues 0 0.00
Battery: Total revenues 0 0.00
Battery: Capacity-based revenues 0 0.00
Battery: Energy-based revenues 0 0.00
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Table 76: SR1: Misc

Value Unit
Load shedding 0 MWh
Load shedding 0 % of total demand
Load shedding 0 number of hours
SR generation 26547 MWh
SR generation 0.00367904 % of total demand
SR generation 4 number of hours
CRM price 16000 EUR
Capacity demand 44979 MW
Offered capacity: Total 44979 MW
Offered capacity: Nuclear 0 MW
Offered capacity: Coal 0 MW
Offered capacity: CCGT 0 MW
Offered capacity: OCGT 44979 MW
Offered capacity: PHES 0 MW
Offered capacity: Battery 0 MW
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D.2.2 SR2: PHES without CRM participation

Table 77: SR2: Capacity

Absolute  Share of system total [%)]

Total installed capacity [MW] 269308 100.00
Total installed capacity: Producers [MW] 255219 94.77
Installed capacity: Nuclear [MW] 82936 30.80
Installed capacity: Coal [MW] 33923 12.60
Installed capacity: CCGT [MW] 44353 16.47
Installed capacity: OCGT [MW] 94007 34.91
Total installed capacity: Storage units [MW] 14090 5.23
Installed capacity: PHES [MW]| 14090 5.23
Installed capacity: Battery [MW] 0 0.00
Total installed energy [MWHh] 15000000  100.00
Installed energy: PHES [MWHh] 15000000 100.00
Installed energy: Battery [MWh] 0 0.00

Table 78:

SR2: Surplus

Absolute [EUR]

Share of system total [%)]

Total Surplus

Producer surplus

Storage surplus

Consumer surplus

Solar surplus
Wind surplus

Surplus:
Surplus:
Surplus:
Surplus:
Surplus:
Surplus:

Nuclear
Coal
CCGT
OCGT
PHES

Battery

4291322240119  100.00

4
70234250

0.00
0.00

4274291337392 99.60
5043362992 0.12
11917305481 0.28

6

-2

0

0
70234250
0

0.00
0.00
0.00
0.00
0.00
0.00
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Table 79: SR2: Revenues

Absolute [EUR]  Share of system total [%]

Total revenues 40632705599 100.00
Total capacity-based revenues 945093207 2.33
Total energy-based revenues 39687612391 97.67
Producers: Total revenues 38518312113 94.80
Storage units: Total revenues 2114393486 5.20
Producers: Capacity-based revenues 945093207 2.33
Producers: Energy-based revenues 37573218906 92.47
Storage units: Capacity-based revenues 0 0.00
Storage units: Energy-based revenues 2114393486 5.20
Nuclear: Total revenues 25213996961 62.05
Nuclear: Capacity-based revenues 0 0.00
Nuclear: Energy-based revenues 25213996961 62.05
Coal: Total revenues 7712841730 18.98
Coal: Capacity-based revenues 0 0.00
Coal: Energy-based revenues 7712841730 18.98
CCGT: Total revenues 3590132760 8.84
CCGT: Capacity-based revenues 0 0.00
CCGT: Energy-based revenues 3590132760 8.84
OCGT: Total revenues 2001340662 4.93
OCGT: Capacity-based revenues 945093207 2.33
OCGT: Energy-based revenues 1056247455 2.60
PHES: Total revenues 2114393486 5.20
PHES: Capacity-based revenues 0 0.00
PHES: Energy-based revenues 2114393486 5.20
Battery: Total revenues 0 0.00
Battery: Capacity-based revenues 0 0.00
Battery: Energy-based revenues 0 0.00
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Table 80: SR2: Misc

Value Unit
Load shedding 0 MWh
Load shedding 0 % of total demand
Load shedding 0 number of hours
SR generation 26547 MWh
SR generation 0.00367904 % of total demand
SR generation 4 number of hours
CRM price 16000 EUR
Capacity demand 59068 MW
Offered capacity: Total 59068 MW
Offered capacity: Nuclear 0 MW
Offered capacity: Coal 0 MW
Offered capacity: CCGT 0 MW
Offered capacity: OCGT 59068 MW
Offered capacity: PHES 0 MW
Offered capacity: Battery 0 MW
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D.2.3 SR3: Battery without CRM participation

Table 81: SR3: Capacity

Absolute  Share of system total [%]

Total installed capacity [MW] 266121  100.00
Total installed capacity: Producers [MW] 255219  95.90
Installed capacity: Nuclear [MW] 72434 27.22
Installed capacity: Coal [MW] 49296 18.52
Installed capacity: CCGT [MW] 48626 18.27
Installed capacity: OCGT [MW] 84863 31.89
Total installed capacity: Storage units [MW] 10902 4.10
Installed capacity: PHES [MW]| 0 0.00
Installed capacity: Battery [MW] 10902 4.10
Total installed energy [MWHh] 47651 100.00
Installed energy: PHES [MWHh] 0 0.00
Installed energy: Battery [MWh] 47651 100.00

Table 82: SR3: Surplus

Absolute [EUR]

Share of system total [%)]

Total Surplus

Producer surplus

Storage surplus

Consumer surplus

Solar surplus
Wind surplus

Surplus:
Surplus:
Surplus:
Surplus:
Surplus:
Surplus:

Nuclear
Coal
CCGT
OCGT
PHES

Battery

4291059693810

0
0

4274385369641

4958218912
11716105257

0

O O O OO

100.00
0.00
0.00
99.61
0.12
0.27
0.00
0.00
0.00
0.00
0.00
0.00
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Table 83: SR3: Revenues

Absolute [EUR]

Share of system total [%)]

Total revenues

Total capacity-based revenues

Total energy-based revenues
Producers: Total revenues

Storage units: Total revenues
Producers: Capacity-based revenues
Producers: Energy-based revenues
Storage units: Capacity-based revenues
Storage units: Energy-based revenues
Nuclear: Total revenues

Nuclear: Capacity-based revenues
Nuclear: Energy-based revenues
Coal: Total revenues

Coal: Capacity-based revenues
Coal: Energy-based revenues
CCGT: Total revenues

CCGT: Capacity-based revenues
CCGT: Energy-based revenues
OCGT: Total revenues

OCGT: Capacity-based revenues
OCGT: Energy-based revenues
PHES: Total revenues

PHES: Capacity-based revenues
PHES: Energy-based revenues
Battery: Total revenues

Battery: Capacity-based revenues
Battery: Energy-based revenues

40405498164
894094411
39511403753
39499741611
905756553
894094411
38605647199
0

905756553
22002616670
0
22002616670
11368934266
0
11368934266
4320888907
0
4320888907
1807301768
894094411
913207356

0

0

0

905756553

0

905756553

100.00
2.21
97.79
97.76
2.24
2.21
95.55
0.00
2.24
04.45
0.00
04.45
28.14
0.00
28.14
10.69
0.00
10.69
4.47
2.21
2.26
0.00
0.00
0.00
2.24
0.00
2.24
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Table 84: SR3: Misc

Value Unit
Load shedding 0 MWh
Load shedding 0 % of total demand
Load shedding 0 number of hours
SR generation 26547 MWh
SR generation 0.00367904 % of total demand
SR generation 4 number of hours
CRM price 16000 EUR
Capacity demand 55881 MW
Offered capacity: Total 5H881 MW
Offered capacity: Nuclear 0 MW
Offered capacity: Coal 0 MW
Offered capacity: CCGT 0 MW
Offered capacity: OCGT 55881 MW
Offered capacity: PHES 0 MW
Offered capacity: Battery 0 MW
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D.2.4 SR4: PHES with CRM participation

Table 85: SR4: Capacity

Absolute  Share of system total [%)]

Total installed capacity [MW] 255219 100.00
Total installed capacity: Producers [MW] 241132 94.48
Installed capacity: Nuclear [MW] 82933 32.49
Installed capacity: Coal [MW] 33934 13.30
Installed capacity: CCGT [MW] 44347 17.38
Installed capacity: OCGT [MW] 79918 31.31
Total installed capacity: Storage units [MW] 14087 5.52
Installed capacity: PHES [MW] 14087 5.52
Installed capacity: Battery [MW] 0 0.00
Total installed energy [MWHh] 15000000  100.00
Installed energy: PHES [MWHh] 15000000 100.00
Installed energy: Battery [MWh] 0 0.00

Table 86: SR4: Surplus

Absolute [EUR]

Share of system total [%)]

Total Surplus

Producer surplus

Storage surplus

Consumer surplus

Solar surplus
Wind surplus

Surplus:
Surplus:
Surplus:
Surplus:
Surplus:
Surplus:

Nuclear
Coal
CCGT
OCGT
PHES

Battery

4291547523819
0

70300152
4274516585364
5043290581
11917347722

0

0

0

0

70300152

0

100.00
0.00
0.00
99.60
0.12
0.28
0.00
0.00
0.00
0.00
0.00
0.00
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Table 87: SR4: Revenues

Absolute [EUR]  Share of system total [%]

Total revenues 40406869489 100.00
Total capacity-based revenues 719659057 1.78
Total energy-based revenues 39687210431 98.22
Producers: Total revenues 38293204906 94.77
Storage units: Total revenues 2113664583 5.23
Producers: Capacity-based revenues 719659057 1.78
Producers: Energy-based revenues 37573545848 92.99
Storage units: Capacity-based revenues 0 0.00
Storage units: Energy-based revenues 2113664583 5.23
Nuclear: Total revenues 25213120256 62.40
Nuclear: Capacity-based revenues 0 0.00
Nuclear: Energy-based revenues 25213120256 62.40
Coal: Total revenues 7714771350 19.09
Coal: Capacity-based revenues 0 0.00
Coal: Energy-based revenues 7714771350 19.09
CCGT: Total revenues 3589406786 8.88
CCGT: Capacity-based revenues 0 0.00
CCGT: Energy-based revenues 3589406786 8.88
OCGT: Total revenues 1775906513 4.40
OCGT: Capacity-based revenues 719659057 1.78
OCGT: Energy-based revenues 1056247455 2.61
PHES: Total revenues 2113664583 5.23
PHES: Capacity-based revenues 0 0.00
PHES: Energy-based revenues 2113664583 5.23
Battery: Total revenues 0 0.00
Battery: Capacity-based revenues 0 0.00
Battery: Energy-based revenues 0 0.00

130



Table 88: SR4: Misc

Value Unit
Load shedding 0 MWh
Load shedding 0 % of total demand
Load shedding 0 number of hours
SR generation 26547 MWh
SR generation 0.00367904 % of total demand
SR generation 4 number of hours
CRM price 16000 EUR
Capacity demand 44979 MW
Offered capacity: Total 44979 MW
Offered capacity: Nuclear 0 MW
Offered capacity: Coal 0 MW
Offered capacity: CCGT 0 MW
Offered capacity: OCGT 44979 MW
Offered capacity: PHES 0 MW
Offered capacity: Battery 0 MW

131



D.2.5 SRb5: Battery with CRM participation

Table 89: SR5: Capacity

Absolute  Share of system total [%]

Total installed capacity [MW] 255219 100.00
Total installed capacity: Producers [MW] 244316  95.73
Installed capacity: Nuclear [MW] 72434 28.38
Installed capacity: Coal [MW] 49296 19.32
Installed capacity: CCGT [MW] 48626 19.05
Installed capacity: OCGT [MW] 73961 28.98
Total installed capacity: Storage units [MW] 10902 4.27
Installed capacity: PHES [MW]| 0 0.00
Installed capacity: Battery [MW] 10902 4.27
Total installed energy [MWHh] 47651 100.00
Installed energy: PHES [MWHh] 0 0.00
Installed energy: Battery [MWh] 47651 100.00

Table 90: SR5: Surplus

Absolute [EUR] Share of system total [%)]

Total Surplus 4291234129163  100.00
Producer surplus 0 0.00
Storage surplus 0 0.00
Consumer surplus 4274559804995  99.61
Solar surplus 4958218912 0.12
Wind surplus 11716105257 0.27
Surplus: Nuclear 0 0.00
Surplus: Coal 0 0.00
Surplus: CCGT 0 0.00
Surplus: OCGT 0 0.00
Surplus: PHES 0 0.00
Surplus: Battery 0 0.00
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Table 91: SR5: Revenues

Absolute [EUR]

Share of system total [%)]

Total revenues

Total capacity-based revenues

Total energy-based revenues
Producers: Total revenues

Storage units: Total revenues
Producers: Capacity-based revenues
Producers: Energy-based revenues
Storage units: Capacity-based revenues
Storage units: Energy-based revenues
Nuclear: Total revenues

Nuclear: Capacity-based revenues
Nuclear: Energy-based revenues
Coal: Total revenues

Coal: Capacity-based revenues
Coal: Energy-based revenues
CCGT: Total revenues

CCGT: Capacity-based revenues
CCGT: Energy-based revenues
OCGT: Total revenues

OCGT: Capacity-based revenues
OCGT: Energy-based revenues
PHES: Total revenues

PHES: Capacity-based revenues
PHES: Energy-based revenues
Battery: Total revenues

Battery: Capacity-based revenues
Battery: Energy-based revenues

40231062810
719659057
39511403753
39325306257
905756553
719659057
38605647199
0

905756553
22002616670
0
22002616670
11368934266
0
11368934266
4320888907
0
4320888907
1632866414
719659057
913207356

0

0

0

905756553

0

905756553

100.00
1.79
98.21
97.75
2.25
1.79
95.96
0.00
2.25
54.69
0.00
54.69
28.26
0.00
28.26
10.74
0.00
10.74
4.06
1.79
2.27
0.00
0.00
0.00
2.25
0.00
2.25
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Table 92: SR5: Misc

Value Unit
Load shedding 0 MWh
Load shedding 0 % of total demand
Load shedding 0 number of hours
SR generation 26547 MWh
SR generation 0.00367904 % of total demand
SR generation 4 number of hours
CRM price 16000 EUR
Capacity demand 44979 MW
Offered capacity: Total 44979 MW
Offered capacity: Nuclear 0 MW
Offered capacity: Coal 0 MW
Offered capacity: CCGT 0 MW
Offered capacity: OCGT 44979 MW
Offered capacity: PHES 0 MW
Offered capacity: Battery 0 MW
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D.3 Capacity-Based Capacity Market Model

D.3.1 CM1: No Storage

Table 93: CM1: Capacity

Absolute Share of system total [%]
Total installed capacity [MW] 255219  100.00
Total installed capacity: Producers [MW] 255219  100.00
Installed capacity: Nuclear [MW] 69786 27.34
Installed capacity: Coal [MW] 53292 20.88
Installed capacity: CCGT [MW]| 52222 20.46
Installed capacity: OCGT [MW] 79918 31.31
Total installed capacity: Storage units [MW] 0 0.00
Installed capacity: PHES [MW] 0 0.00
Installed capacity: Battery [MW] 0 0.00
Total installed energy [MWHh] 0 0.00
Installed energy: PHES [MWh] 0 0.00
Installed energy: Battery [MWh] 0 0.00

Table 94: CM1: Surplus

Absolute [EUR]

Share of system total [%)]

Total Surplus

Producer surplus

Storage surplus

Consumer surplus

Solar surplus
Wind surplus

Surplus:
Surplus:
Surplus:
Surplus:
Surplus:
Surplus:

Nuclear
Coal
CCGT
OCGT

PHES
Battery

4291280476299

0
0

4274852100413

4783129608
11645246279

0

o O O O O

100.00
0.00
0.00
99.62
0.11
0.27
0.00
0.00
0.00
0.00
0.00
0.00

135



Table 95: CM1: Revenues

Absolute [EUR]  Share of system total [%]

Total revenues 40015481578 100.00
Total capacity-based revenues 4083497880 10.20
Total energy-based revenues 35931983698 89.80
Producers: Total revenues 40015481578 100.00
Storage units: Total revenues 0 0.00
Producers: Capacity-based revenues 4083497880 10.20
Producers: Energy-based revenues 35931983698 89.80
Storage units: Capacity-based revenues 0 0.00
Storage units: Energy-based revenues 0 0.00
Nuclear: Total revenues 21186657258 52.95
Nuclear: Capacity-based revenues 1116582257 2.79
Nuclear: Energy-based revenues 20070075001 50.16
Coal: Total revenues 12351108983 30.87
Coal: Capacity-based revenues 852674391 2.13
Coal: Energy-based revenues 11498434592 28.73
CCGT: Total revenues 4697826790 11.74
CCGT: Capacity-based revenues 835557660 2.09
CCGT: Energy-based revenues 3862269130 9.65
OCGT: Total revenues 1779888548 4.45
OCGT: Capacity-based revenues 1278683572 3.20
OCGT: Energy-based revenues 501204976 1.25
PHES: Total revenues 0 0.00
PHES: Capacity-based revenues 0 0.00
PHES: Energy-based revenues 0 0.00
Battery: Total revenues 0 0.00
Battery: Capacity-based revenues 0 0.00
Battery: Energy-based revenues 0 0.00
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Table 96: CM1: Misc

Value  Unit
Load shedding 0 MW
Load shedding 0 % of total demand
Load shedding 0 number of hours
CRM price 16000 EUR
Capacity demand 255219 MW

Offered capacity: total 255219 MW
Offered capacity: Nuclear 69786 MW
Offered capacity: Coal 53292 MW
Offered capacity: CCGT 52222 MW
Offered capacity: OCGT 79918 MW
Offered capacity: PHES 0 MW
Offered capacity: Battery 0 MW
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D.3.2 CM2: PHES without CRM participation

Table 97: CM2: Capacity

Absolute  Share of system total [%)]

Total installed capacity [MW] 255219 100.00
Total installed capacity: Producers [MW] 255219 100.00
Installed capacity: Nuclear [MW] 69786 27.34
Installed capacity: Coal [MW] 53292 20.88
Installed capacity: CCGT [MW] 52222 20.46
Installed capacity: OCGT [MW] 79918 31.31
Total installed capacity: Storage units [MW] 0 0.00
Installed capacity: PHES [MW]| 0 0.00
Installed capacity: Battery [MW] 0 0.00
Total installed energy [MWHh] 15000000  100.00
Installed energy: PHES [MWHh] 15000000 100.00
Installed energy: Battery [MWh] 0 0.00

Table 98: CM2: Surplus

Absolute [EUR] Share of system total [%)]

Total Surplus 4291280476299  100.00
Producer surplus 0 0.00
Storage surplus 0 0.00
Consumer surplus 4274852100412  99.62
Solar surplus 4783129607 0.11
Wind surplus 11645246279 0.27
Surplus: Nuclear 0 0.00
Surplus: Coal 0 0.00
Surplus: CCGT 0 0.00
Surplus: OCGT 0 0.00
Surplus: PHES 0 0.00
Surplus: Battery 0 0.00
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Table 99: CM2: Revenues

Absolute [EUR]  Share of system total [%]

Total revenues 40015481579 100.00
Total capacity-based revenues 4083497880 10.20
Total energy-based revenues 35931983699 89.80
Producers: Total revenues 40015481579 100.00
Storage units: Total revenues 0 0.00
Producers: Capacity-based revenues 4083497880 10.20
Producers: Energy-based revenues 35931983699 89.80
Storage units: Capacity-based revenues 0 0.00
Storage units: Energy-based revenues 0 0.00
Nuclear: Total revenues 21186657999 52.95
Nuclear: Capacity-based revenues 1116582297 2.79
Nuclear: Energy-based revenues 20070075702 50.16
Coal: Total revenues 12351108240 30.87
Coal: Capacity-based revenues 852674351 2.13
Coal: Energy-based revenues 11498433889 28.73
CCGT: Total revenues 4697826793 11.74
CCGT: Capacity-based revenues 835557660 2.09
CCGT: Energy-based revenues 3862269132 9.65
OCGT: Total revenues 1779888547 4.45
OCGT: Capacity-based revenues 1278683572 3.20
OCGT: Energy-based revenues 501204976 1.25
PHES: Total revenues 0 0.00
PHES: Capacity-based revenues 0 0.00
PHES: Energy-based revenues 0 0.00
Battery: Total revenues 0 0.00
Battery: Capacity-based revenues 0 0.00
Battery: Energy-based revenues 0 0.00
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Table 100: CM2: Misc

Value  Unit
Load shedding 0 MW
Load shedding 0 % of total demand
Load shedding 0 number of hours
CRM price 16000 EUR
Capacity demand 255219 MW

Offered capacity: total 255219 MW
Offered capacity: Nuclear 69786 MW
Offered capacity: Coal 53292 MW
Offered capacity: CCGT 52222 MW
Offered capacity: OCGT 79918 MW
Offered capacity: PHES 0 MW
Offered capacity: Battery 0 MW
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D.3.3 CM3: Battery without CRM participation

Table 101: CM3: Capacity

Absolute

Share of system total [%)]

Total installed capacity [MW]

Total installed capacity: Producers [MW]
Installed capacity: Nuclear [MW]
Installed capacity: Coal [MW]

Installed capacity: CCGT [MW]
Installed capacity: OCGT [MW]

Total installed capacity: Storage units [MW]
Installed capacity: PHES [MW]|

Installed capacity: Battery [MW]

Total installed energy [MWHh]

Installed energy: PHES [MWHh]

Installed energy: Battery [MWh]

256782
255219
70721
52189
01744
80565
1563

0

1563
8628

0

8628

100.00
99.39
27.54
20.32
20.15
31.37
0.61
0.00
0.61
0.00
0.00
0.00

Table 102: CM3: Surplus

Absolute [EUR]

Share of system total [%)]

Total Surplus

Producer surplus

Storage surplus

Consumer surplus

Solar surplus
Wind surplus

Surplus:
Surplus:
Surplus:
Surplus:
Surplus:
Surplus:

Nuclear
Coal
CCGT
OCGT
PHES

Battery

4291245756585

0
0

4274830406589

4779589024
11635760971

0

O O O OO

100.00
0.00
0.00
99.62
0.11
0.27
0.00
0.00
0.00
0.00
0.00
0.00
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Table 103: CM3: Revenues

Absolute [EUR]

Share of system total [%)]

Total revenues

Total capacity-based revenues

Total energy-based revenues
Producers: Total revenues

Storage units: Total revenues
Producers: Capacity-based revenues
Producers: Energy-based revenues
Storage units: Capacity-based revenues
Storage units: Energy-based revenues
Nuclear: Total revenues

Nuclear: Capacity-based revenues
Nuclear: Energy-based revenues
Coal: Total revenues

Coal: Capacity-based revenues
Coal: Energy-based revenues
CCGT: Total revenues

CCGT: Capacity-based revenues
CCGT: Energy-based revenues
OCGT: Total revenues

OCGT: Capacity-based revenues
OCGT: Energy-based revenues
PHES: Total revenues

PHES: Capacity-based revenues
PHES: Energy-based revenues
Battery: Total revenues

Battery: Capacity-based revenues
Battery: Energy-based revenues

40067867650
4083497880
35984369770
39916830442
151037208
4083497880
35833332562
0

151037208
21471006436
1131535207
20339471229
12052216247
835024505
11217191742
4621278060
827904407
3793373653
1772329699
1289033760
483295939

0

0

0

151037208

0

151037208

100.00
10.19
89.81
99.62
0.38
10.19
89.43
0.00
0.38
93.59
2.82
50.76
30.08
2.08
28.00
11.53
2.07
9.47
4.42
3.22
1.21
0.00
0.00
0.00
0.38
0.00
0.38
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Table 104: CM3: Misc

Value  Unit
Load shedding 0 MW
Load shedding 0 % of total demand
Load shedding 0 number of hours
CRM price 16000 EUR
Capacity demand 255219 MW

Offered capacity: total 255219 MW
Offered capacity: Nuclear 70721 MW
Offered capacity: Coal 52189 MW
Offered capacity: CCGT 51744 MW
Offered capacity: OCGT 80565 MW
Offered capacity: PHES 0 MW
Offered capacity: Battery 0 MW
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D.3.4 CM4: PHES with CRM participation

Table 105: CM4: Capacity

Absolute  Share of system total [%)]

Total installed capacity [MW] 255219 100.00
Total installed capacity: Producers [MW] 241132 94.48
Installed capacity: Nuclear [MW] 82933 32.49
Installed capacity: Coal [MW] 33934 13.30
Installed capacity: CCGT [MW] 44347 17.38
Installed capacity: OCGT [MW] 79918 31.31
Total installed capacity: Storage units [MW] 14087 5.52
Installed capacity: PHES [MW] 14087 5.52
Installed capacity: Battery [MW] 0 0.00
Total installed energy [MWHh] 15000000  100.00
Installed energy: PHES [MWHh] 15000000 100.00
Installed energy: Battery [MWh] 0 0.00

Table 106: CM4: Surplus

Absolute [EUR]

Share of system total [%)]

Total Surplus

Producer surplus

Storage surplus

Consumer surplus

Solar surplus
Wind surplus

Surplus:
Surplus:
Surplus:
Surplus:
Surplus:
Surplus:

Nuclear
Coal
CCGT
OCGT
PHES
Battery

4291377251454
0

70300152
4274768367913
4782738867
11755844522

0

0

0

0

70300152

0

100.00
0.00
0.00
99.61
0.11
0.27
0.00
0.00
0.00
0.00
0.00
0.00
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Table 107: CM4: Revenues

Absolute [EUR]

Share of system total [%)]

Total revenues

Total capacity-based revenues

Total energy-based revenues
Producers: Total revenues

Storage units: Total revenues
Producers: Capacity-based revenues
Producers: Energy-based revenues

Storage units: Capacity-based revenues

Storage units: Energy-based revenues
Nuclear: Total revenues

Nuclear: Capacity-based revenues
Nuclear: Energy-based revenues
Coal: Total revenues

Coal: Capacity-based revenues
Coal: Energy-based revenues
CCGT: Total revenues

CCGT: Capacity-based revenues
CCGT: Energy-based revenues
OCGT: Total revenues

OCGT: Capacity-based revenues
OCGT: Energy-based revenues
PHES: Total revenues

PHES: Capacity-based revenues
PHES: Energy-based revenues
Battery: Total revenues

Battery: Capacity-based revenues
Battery: Energy-based revenues

40410851524
4083497880
36327353644
38297186940
2113664583
3858109585
34439077355
225388295
1888276289
25213120256
1326929896
23886190360
7714771350
542943348
7171828002
3589406786
709552770
2879854017
1779888548
1278683572
501204976
2113664583
225388295
1888276289
0

0

0

100.00
10.10
89.90
94.77
5.23
9.55
85.22
0.56
4.67
62.39
3.28
09.11
19.09
1.34
17.75
8.88
1.76
7.13
4.40
3.16
1.24
5.23
0.56
4.67
0.00
0.00
0.00
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Table 108: CM4: Misc

Value  Unit
Load shedding 0 MW
Load shedding 0 % of total demand
Load shedding 0 number of hours
CRM price 16000 EUR
Capacity demand 255219 MW

Offered capacity: total 255219 MW
Offered capacity: Nuclear 82933 MW
Offered capacity: Coal 33934 MW
Offered capacity: CCGT 44347 MW
Offered capacity: OCGT 79918 MW
Offered capacity: PHES 14087 MW
Offered capacity: Battery 0 MW
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D.3.5 CMb5: Battery with CRM participation

Table 109: CMb5: Capacity

Absolute  Share of system total [%]

Total installed capacity [MW] 255219 100.00
Total installed capacity: Producers [MW] 244234 95.70
Installed capacity: Nuclear [MW] 72434 28.38
Installed capacity: Coal [MW] 49362 19.34
Installed capacity: CCGT [MW] 48566 19.03
Installed capacity: OCGT [MW] 73872 28.94
Total installed capacity: Storage units [MW] 10985 4.30
Installed capacity: PHES [MW]| 0 0.00
Installed capacity: Battery [MW] 10985 4.30
Total installed energy [MWHh] 47788 100.00
Installed energy: PHES [MWHh] 0 0.00
Installed energy: Battery [MWh] 47788 100.00

Table 110: CM5: Surplus

Absolute [EUR] Share of system total [%)]

Total Surplus 4291065345098  100.00
Producer surplus 0 0.00
Storage surplus 0 0.00
Consumer surplus 4274812145199  99.62
Solar surplus 4699313340 0.11
Wind surplus 11553886559 0.27
Surplus: Nuclear 0 0.00
Surplus: Coal 0 0.00
Surplus: CCGT 0 0.00
Surplus: OCGT 0 0.00
Surplus: PHES 0 0.00
Surplus: Battery 0 0.00
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Table 111: CM5: Revenues

Absolute [EUR]

Share of system total [%)]

Total revenues

Total capacity-based revenues

Total energy-based revenues
Producers: Total revenues

Storage units: Total revenues
Producers: Capacity-based revenues
Producers: Energy-based revenues

40233108683
4083497880
36149610803
39326038494
907070189
3907744976
35418293518

Storage units: Capacity-based revenues 175752904

Storage units: Energy-based revenues
Nuclear: Total revenues

Nuclear: Capacity-based revenues
Nuclear: Energy-based revenues
Coal: Total revenues

Coal: Capacity-based revenues
Coal: Energy-based revenues
CCGT: Total revenues

CCGT: Capacity-based revenues
CCGT: Energy-based revenues
OCGT: Total revenues

OCGT: Capacity-based revenues
OCGT: Energy-based revenues
PHES: Total revenues

PHES: Capacity-based revenues
PHES: Energy-based revenues
Battery: Total revenues

Battery: Capacity-based revenues
Battery: Energy-based revenues

731317285
22002687475
1158948490
20843738985
11379243196
789793871
10589449324
4310088043
777054673
3533033370
1634019781
1181947941
452071840

0

0

0

907070189
175752904
731317285

100.00
10.15
89.85
97.75
2.25
9.71
88.03
0.44
1.82
54.69
2.88
51.81
28.28
1.96
26.32
10.71
1.93
8.78
4.06
2.94
1.12
0.00
0.00
0.00
2.25
0.44
1.82
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Table 112: CM5: Misc

Value  Unit
Load shedding 0 MW
Load shedding 0 % of total demand
Load shedding 0 number of hours
CRM price 16000 EUR
Capacity demand 255219 MW

Offered capacity: total 255219 MW
Offered capacity: Nuclear 72434 MW
Offered capacity: Coal 49362 MW
Offered capacity: CCGT 48566 MW
Offered capacity: OCGT 73872 MW
Offered capacity: PHES 0 MW
Offered capacity: Battery 10985 MW
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D.3.6 CM6: PHES with 25% CRM participation

Table 113: CM6: Capacity

Absolute  Share of system total [%)]

Total installed capacity [MW] 255219 100.00
Total installed capacity: Producers [MW] 255219 100.00
Installed capacity: Nuclear [MW] 69786 27.34
Installed capacity: Coal [MW] 53292 20.88
Installed capacity: CCGT [MW] 52222 20.46
Installed capacity: OCGT [MW] 79918 31.31
Total installed capacity: Storage units [MW] 0 0.00
Installed capacity: PHES [MW]| 0 0.00
Installed capacity: Battery [MW] 0 0.00
Total installed energy [MWHh] 15000000  100.00
Installed energy: PHES [MWHh] 15000000 100.00
Installed energy: Battery [MWh] 0 0.00

Table 114: CM6: Surplus

Absolute [EUR] Share of system total [%)]

Total Surplus 4291280476299  100.00
Producer surplus 0 0.00
Storage surplus 0 0.00
Consumer surplus 4274852100412  99.62
Solar surplus 4783129607 0.11
Wind surplus 11645246279 0.27
Surplus: Nuclear 0 0.00
Surplus: Coal 0 0.00
Surplus: CCGT 0 0.00
Surplus: OCGT 0 0.00
Surplus: PHES 0 0.00
Surplus: Battery 0 0.00
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Table 115: CM6: Revenues

Absolute [EUR]  Share of system total [%]

Total revenues 40015481578 100.00
Total capacity-based revenues 4083497880 10.20
Total energy-based revenues 35931983698 89.80
Producers: Total revenues 40015481578 100.00
Storage units: Total revenues 0 0.00
Producers: Capacity-based revenues 4083497880 10.20
Producers: Energy-based revenues 35931983698 89.80
Storage units: Capacity-based revenues 0 0.00
Storage units: Energy-based revenues 0 0.00
Nuclear: Total revenues 21186657229 52.95
Nuclear: Capacity-based revenues 1116582256 2.79
Nuclear: Energy-based revenues 20070074973 50.16
Coal: Total revenues 12351109018 30.87
Coal: Capacity-based revenues 852674393 2.13
Coal: Energy-based revenues 11498434625 28.73
CCGT: Total revenues 4697826784 11.74
CCGT: Capacity-based revenues 835557659 2.09
CCGT: Energy-based revenues 3862269125 9.65
OCGT: Total revenues 1779888548 4.45
OCGT: Capacity-based revenues 1278683572 3.20
OCGT: Energy-based revenues 501204976 1.25
PHES: Total revenues 0 0.00
PHES: Capacity-based revenues 0 0.00
PHES: Energy-based revenues 0 0.00
Battery: Total revenues 0 0.00
Battery: Capacity-based revenues 0 0.00
Battery: Energy-based revenues 0 0.00
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Table 116: CM6: Misc

Value  Unit
Load shedding 0 MW
Load shedding 0 % of total demand
Load shedding 0 number of hours
CRM price 16000 EUR
Capacity demand 255219 MW

Offered capacity: total 255219 MW
Offered capacity: Nuclear 69786 MW
Offered capacity: Coal 53292 MW
Offered capacity: CCGT 52222 MW
Offered capacity: OCGT 79918 MW
Offered capacity: PHES 0 MW
Offered capacity: Battery 0 MW
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D.3.7 CMY7: Battery with 25% CRM participation

Table 117: CMT: Capacity

Absolute

Share of system total [%)]

Total installed capacity [MW]

Total installed capacity: Producers [MW]
Installed capacity: Nuclear [MW]
Installed capacity: Coal [MW]

Installed capacity: CCGT [MW]
Installed capacity: OCGT [MW]

Total installed capacity: Storage units [MW]
Installed capacity: PHES [MW]|

Installed capacity: Battery [MW]

Total installed energy [MWHh]

Installed energy: PHES [MWHh]

Installed energy: Battery [MWh]

257607
254423
71303
51388
51453
80278
3184

0

3184
17469
0
17469

100.00
98.76
27.68
19.95
19.97
31.16
1.24
0.00
1.24
100.00
0.00
100.00

Table 118: CM7: Surplus

Absolute [EUR]

Share of system total [%)]

Total Surplus

Producer surplus

Storage surplus

Consumer surplus

Solar surplus
Wind surplus

Surplus:
Surplus:
Surplus:
Surplus:
Surplus:
Surplus:

Nuclear
Coal
CCGT
OCGT
PHES

Battery

4291205385527

0
0

4274834360950

4764126406
11606898170

0

O O O OO

100.00
0.00
0.00
99.62
0.11
0.27
0.00
0.00
0.00
0.00
0.00
0.00
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Table 119: CM7: Revenues

Absolute [EUR]

Share of system total [%)]

Total revenues

Total capacity-based revenues

Total energy-based revenues
Producers: Total revenues

Storage units: Total revenues
Producers: Capacity-based revenues
Producers: Energy-based revenues

40113972914
4083497880
36030475034
39808298718
305674197
4070761557
35737537161

Storage units: Capacity-based revenues 12736323

Storage units: Energy-based revenues
Nuclear: Total revenues

Nuclear: Capacity-based revenues
Nuclear: Energy-based revenues
Coal: Total revenues

Coal: Capacity-based revenues
Coal: Energy-based revenues
CCGT: Total revenues

CCGT: Capacity-based revenues
CCGT: Energy-based revenues
OCGT: Total revenues

OCGT: Capacity-based revenues
OCGT: Energy-based revenues
PHES: Total revenues

PHES: Capacity-based revenues
PHES: Energy-based revenues
Battery: Total revenues

Battery: Capacity-based revenues
Battery: Energy-based revenues

292937874
21649724969
1140849608
20508875361
11848953572
822210727
11026742845
4563461883
823251014
3740210869
1746158294
1284450208
461708086

0

0

0

305674197
12736323
292937874

100.00
10.18
89.82
99.24
0.76
10.15
89.09
0.03
0.73
53.97
2.84
51.13
29.54
2.05
27.49
11.38
2.05
9.32
4.35
3.20
1.15
0.00
0.00
0.00
0.76
0.03
0.73
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Table 120: CM7: Misc

Value  Unit
Load shedding 0 MW
Load shedding 0 % of total demand
Load shedding 0 number of hours
CRM price 16000 EUR
Capacity demand 255219 MW

Offered capacity: total 255219 MW
Offered capacity: Nuclear 71303 MW
Offered capacity: Coal 51388 MW
Offered capacity: CCGT 51453 MW
Offered capacity: OCGT 80278 MW
Offered capacity: PHES 0 MW
Offered capacity: Battery 796 MW
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D.3.8 CMS8: PHES with 50% CRM participation

Table 121: CMS8: Capacity

Absolute  Share of system total [%)]

Total installed capacity [MW]

258981 100.00

Total installed capacity: Producers [MW] 251456 97.09

Installed capacity: Nuclear [MW]
Installed capacity: Coal [MW]

Installed capacity: CCGT [MW]
Installed capacity: OCGT [MW]

77312 29.85
43655 16.86
46808 18.07
83681 32.31

Total installed capacity: Storage units [MW] 7526 2.91

Installed capacity: PHES [MW]|
Installed capacity: Battery [MW]
Total installed energy [MWHh]
Installed energy: PHES [MWHh]
Installed energy: Battery [MWh]

7526 291
0 0.00
15000000  100.00
15000000  100.00
0 0.00

Table 122: CMS: Surplus

Absolute [EUR] Share of system total [%)]

Total Surplus

Producer surplus

Storage surplus

Consumer surplus

Solar surplus
Wind surplus

Surplus:
Surplus:
Surplus:
Surplus:
Surplus:
Surplus:

Nuclear
Coal
CCGT
OCGT
PHES

Battery

4291282504889  100.00

0
0

0.00
0.00

4274833276299  99.62
4788421545 0.11
11660807045 0.27

0

O O O OO

0.00
0.00
0.00
0.00
0.00
0.00
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Table 123: CMS8: Revenues

Absolute [EUR]

Share of system total [%)]

Total revenues

Total capacity-based revenues

Total energy-based revenues
Producers: Total revenues

Storage units: Total revenues
Producers: Capacity-based revenues
Producers: Energy-based revenues

40203885089
4083497880
36120387209
39149724601
1054160488
4023292698
35126431903

Storage units: Capacity-based revenues 60205182

Storage units: Energy-based revenues
Nuclear: Total revenues

Nuclear: Capacity-based revenues
Nuclear: Energy-based revenues
Coal: Total revenues

Coal: Capacity-based revenues
Coal: Energy-based revenues
CCGT: Total revenues

CCGT: Capacity-based revenues
CCGT: Energy-based revenues
OCGT: Total revenues

OCGT: Capacity-based revenues
OCGT: Energy-based revenues
PHES: Total revenues

PHES: Capacity-based revenues
PHES: Energy-based revenues
Battery: Total revenues

Battery: Capacity-based revenues
Battery: Energy-based revenues

993955306
23487857146
1236992600
22250864546
9909220245
698481735
9210738511
3912553480
748929610
3163623870
1840093729
1338888754
501204976
1054160488
60205182
993955306

0

0

0

100.00
10.16
89.84
97.38
2.62
10.01
87.37
0.15
247
08.42
3.08
95.35
24.65
1.74
2291
9.73
1.86
7.87
4.58
3.33
1.25
2.62
0.15
247
0.00
0.00
0.00

157



Table 124: CMS8: Misc

Value  Unit
Load shedding 0 MW
Load shedding 0 % of total demand
Load shedding 0 number of hours
CRM price 16000 EUR
Capacity demand 255219 MW

Offered capacity: total 255219 MW
Offered capacity: Nuclear 77312 MW
Offered capacity: Coal 43655 MW
Offered capacity: CCGT 46808 MW
Offered capacity: OCGT 83681 MW
Offered capacity: PHES 3763 MW
Offered capacity: Battery 0 MW
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D.3.9 CM9: Battery with 50% CRM participation

Table 125: CM9: Capacity

Absolute  Share of system total [%]

Total installed capacity [MW] 257994  100.00
Total installed capacity: Producers [MW] 252443  97.85
Installed capacity: Nuclear [MW] 71825 27.84
Installed capacity: Coal [MW] 50698 19.65
Installed capacity: CCGT [MW] 49304 19.11
Installed capacity: OCGT [MW] 80617 31.25
Total installed capacity: Storage units [MW] 5551 2.15
Installed capacity: PHES [MW]| 0 0.00
Installed capacity: Battery [MW] 5551 2.15
Total installed energy [MWHh] 28897 100.00
Installed energy: PHES [MWHh] 0 0.00
Installed energy: Battery [MWh] 28897 100.00

Table 126: CM9: Surplus

Absolute [EUR] Share of system total [%)]

Total Surplus 4291111422398  100.00
Producer surplus 0 0.00
Storage surplus 0 0.00
Consumer surplus 4274798644195  99.62
Solar surplus 4729378895 0.11
Wind surplus 11583399309 0.27
Surplus: Nuclear 0 0.00
Surplus: Coal 0 0.00
Surplus: CCGT 0 0.00
Surplus: OCGT 0 0.00
Surplus: PHES 0 0.00
Surplus: Battery 0 0.00
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Table 127: CM9: Revenues

Absolute [EUR]

Share of system total [%)]

Total revenues

Total capacity-based revenues

Total energy-based revenues
Producers: Total revenues

Storage units: Total revenues
Producers: Capacity-based revenues
Producers: Energy-based revenues

40168308181
4083497880
36084810301
39655652479
512655702
4039087130
35616565348

Storage units: Capacity-based revenues 44410750

Storage units: Energy-based revenues
Nuclear: Total revenues

Nuclear: Capacity-based revenues
Nuclear: Energy-based revenues
Coal: Total revenues

Coal: Capacity-based revenues
Coal: Energy-based revenues
CCGT: Total revenues

CCGT: Capacity-based revenues
CCGT: Energy-based revenues
OCGT: Total revenues

OCGT: Capacity-based revenues
OCGT: Energy-based revenues
PHES: Total revenues

PHES: Capacity-based revenues
PHES: Energy-based revenues
Battery: Total revenues

Battery: Capacity-based revenues
Battery: Energy-based revenues

468244953
21811374334
1149192856
20662181479
11670342937
811169594
10859173343
4391015507
788857181
3602158326
1782919701
1289867499
493052201

0

0

0

512655702
44410750
468244953

100.00
10.17
89.83
98.72
1.28
10.06
88.67
0.11
1.17
54.30
2.86
51.44
29.05
2.02
27.03
10.93
1.96
8.97
4.44
3.21
1.23
0.00
0.00
0.00
1.28
0.11
1.17
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Table 128: CM9: Misc

Value  Unit
Load shedding 0 MW
Load shedding 0 % of total demand
Load shedding 0 number of hours
CRM price 16000 EUR
Capacity demand 255219 MW

Offered capacity: total 255219 MW
Offered capacity: Nuclear 71825 MW
Offered capacity: Coal 50698 MW
Offered capacity: CCGT 49304 MW
Offered capacity: OCGT 80617 MW
Offered capacity: PHES 0 MW
Offered capacity: Battery 2776 MW
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D.3.10 CM10: PHES with 75% CRM participation

Table 129: CM10: Capacity

Absolute  Share of system total [%)]

Total installed capacity [MW] 258544 100.00
Total installed capacity: Producers [MW] 245242 94.86
Installed capacity: Nuclear [MW] 82797 32.02
Installed capacity: Coal [MW] 35889 13.88
Installed capacity: CCGT [MW] 43313 16.75
Installed capacity: OCGT [MW] 83243 32.20
Total installed capacity: Storage units [MW] 13302 5.14
Installed capacity: PHES [MW]| 13302 5.14
Installed capacity: Battery [MW] 0 0.00
Total installed energy [MWHh] 15000000  100.00
Installed energy: PHES [MWHh] 15000000 100.00
Installed energy: Battery [MWh] 0 0.00

Table 130: CM10: Surplus

Absolute [EUR]

Share of system total [%)]

Total Surplus

Producer surplus

Storage surplus

Consumer surplus

Solar surplus
Wind surplus

Surplus:
Surplus:
Surplus:
Surplus:
Surplus:
Surplus:

Nuclear
Coal
CCGT
OCGT
PHES

Battery

4291307032516

0
28504646

4274805709956

4782751874
11690066040

0
0
0
0
28504646
0

100.00
0.00
0.00
99.62
0.11
0.27
0.00
0.00
0.00
0.00
0.00
0.00
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Table 131: CM10: Revenues

Absolute [EUR]  Share of system total [%]

Total revenues 40321658303 100.00
Total capacity-based revenues 4083497880 10.13
Total energy-based revenues 36238160423 89.87
Producers: Total revenues 38441526107 95.34
Storage units: Total revenues 1880132195 4.66
Producers: Capacity-based revenues 3923875017 9.73
Producers: Energy-based revenues 34517651090 85.61
Storage units: Capacity-based revenues 159622863 0.40
Storage units: Energy-based revenues 1720509332 4.27
Nuclear: Total revenues 25167411869 62.42
Nuclear: Capacity-based revenues 1324751551 3.29
Nuclear: Energy-based revenues 23842660318 59.13
Coal: Total revenues 7982270973 19.80
Coal: Capacity-based revenues 574231319 1.42
Coal: Energy-based revenues 7408039655 18.37
CCGT: Total revenues 3458747097 8.58
CCGT: Capacity-based revenues 693000954 1.72
CCGT: Energy-based revenues 2765746142 6.86
OCGT: Total revenues 1833096169 4.55
OCGT: Capacity-based revenues 1331891193 3.30
OCGT: Energy-based revenues 501204976 1.24
PHES: Total revenues 1880132195 4.66
PHES: Capacity-based revenues 159622863 0.40
PHES: Energy-based revenues 1720509332 4.27
Battery: Total revenues 0 0.00
Battery: Capacity-based revenues 0 0.00
Battery: Energy-based revenues 0 0.00
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Table 132: CM10: Misc

Value  Unit
Load shedding 0 MW
Load shedding 0 % of total demand
Load shedding 0 number of hours
CRM price 16000 EUR
Capacity demand 255219 MW

Offered capacity: total 255219 MW
Offered capacity: Nuclear 82797 MW
Offered capacity: Coal 35889 MW
Offered capacity: CCGT 43313 MW
Offered capacity: OCGT 83243 MW
Offered capacity: PHES 9976 MW
Offered capacity: Battery 0 MW
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D.3.11 CM11: Battery with 75% CRM participation

Table 133: CM11: Capacity

Absolute  Share of system total [%]

Total installed capacity [MW] 257232 100.00
Total installed capacity: Producers [MW] 249179  96.87
Installed capacity: Nuclear [MW] 71886 27.95
Installed capacity: Coal [MW] 49979 19.43
Installed capacity: CCGT [MW] 49355 19.19
Installed capacity: OCGT [MW] 77960 30.31
Total installed capacity: Storage units [MW] 8052 3.13
Installed capacity: PHES [MW]| 0 0.00
Installed capacity: Battery [MW] 8052 3.13
Total installed energy [MWHh] 38214 100.00
Installed energy: PHES [MWHh] 0 0.00
Installed energy: Battery [MWh] 38214 100.00

Table 134: CM11: Surplus

Absolute [EUR] Share of system total [%)]

Total Surplus 4291084891749  100.00
Producer surplus 0 0.00
Storage surplus 0 0.00
Consumer surplus 4274812492443  99.62
Solar surplus 4721356680 0.11
Wind surplus 11551042626 0.27
Surplus: Nuclear 0 0.00
Surplus: Coal 0 0.00
Surplus: CCGT 0 0.00
Surplus: OCGT 0 0.00
Surplus: PHES 0 0.00
Surplus: Battery 0 0.00
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Table 135: CM11: Revenues

Absolute [EUR]

Share of system total [%)]

Total revenues

Total capacity-based revenues

Total energy-based revenues
Producers: Total revenues

Storage units: Total revenues
Producers: Capacity-based revenues
Producers: Energy-based revenues

40203695055
4083497880
36120197175
39503162890
700532166
3986868352
35516294537

Storage units: Capacity-based revenues 96629528

Storage units: Energy-based revenues
Nuclear: Total revenues

Nuclear: Capacity-based revenues
Nuclear: Energy-based revenues
Coal: Total revenues

Coal: Capacity-based revenues
Coal: Energy-based revenues
CCGT: Total revenues

CCGT: Capacity-based revenues
CCGT: Energy-based revenues
OCGT: Total revenues

OCGT: Capacity-based revenues
OCGT: Energy-based revenues
PHES: Total revenues

PHES: Capacity-based revenues
PHES: Energy-based revenues
Battery: Total revenues

Battery: Capacity-based revenues
Battery: Energy-based revenues

603902638
21834039269
1150170623
20683868647
11553402041
799660096
10753741945
4401194178
789682646
3611511532
1714527401
1247354987
467172414

0

0

0

700532166
96629528
603902638

100.00
10.16
89.84
98.26
1.74
9.92
88.34
0.24
1.50
04.31
2.86
51.45
28.74
1.99
26.75
10.95
1.96
8.98
4.26
3.10
1.16
0.00
0.00
0.00
1.74
0.24
1.50
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Table 136: CM11: Misc

Value  Unit
Load shedding 0 MW
Load shedding 0 % of total demand
Load shedding 0 number of hours
CRM price 16000 EUR
Capacity demand 255219 MW

Offered capacity: total 255219 MW
Offered capacity: Nuclear 71886 MW
Offered capacity: Coal 49979 MW
Offered capacity: CCGT 49355 MW
Offered capacity: OCGT 77960 MW
Offered capacity: PHES 0 MW
Offered capacity: Battery 6039 MW
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D.4 Price-Based Capacity Market Model

D.4.1 CP1: No Storage

Table 137: CP1: Capacity

Absolute Share of system total [%]
Total installed capacity [MW] 255219  100.00
Total installed capacity: Producers [MW] 255219  100.00
Installed capacity: Nuclear [MW] 69786 27.34
Installed capacity: Coal [MW] 53292 20.88
Installed capacity: CCGT [MW]| 52222 20.46
Installed capacity: OCGT [MW] 79918 31.31
Total installed capacity: Storage units [MW] 0 0.00
Installed capacity: PHES [MW] 0 0.00
Installed capacity: Battery [MW] 0 0.00
Total installed energy [MWHh] 0 0.00
Installed energy: PHES [MWh] 0 0.00
Installed energy: Battery [MWh] 0 0.00

Table 138: CP1: Surplus

Absolute [EUR]

Share of system total [%)]

Total Surplus

Producer surplus

Storage surplus

Consumer surplus

Solar surplus
Wind surplus

Surplus:
Surplus:
Surplus:
Surplus:
Surplus:
Surplus:

Nuclear
Coal
CCGT
OCGT

PHES
Battery

4291280476299

0
0

4274852100413

4783129608
11645246279

0

o O O O O

100.00
0.00
0.00
99.62
0.11
0.27
0.00
0.00
0.00
0.00
0.00
0.00
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Table 139: CP1: Revenues

Absolute [EUR]

Share of system total [%]

Total revenues

Total capacity-based revenues
Total energy-based revenues
Producers: Total revenues
Storage units: Total revenues

Producers: Capacity-based revenues

Producers: Energy-based revenues

Storage units: Capacity-based revenues
Storage units: Energy-based revenues

Nuclear: Total revenues

Nuclear: Capacity-based revenues
Nuclear: Energy-based revenues
Coal: Total revenues

Coal: Capacity-based revenues
Coal: Energy-based revenues
CCGT: Total revenues

CCGT: Capacity-based revenues
CCGT: Energy-based revenues
OCGT: Total revenues

OCGT: Capacity-based revenues
OCGT: Energy-based revenues
PHES: Total revenues

PHES: Capacity-based revenues
PHES: Energy-based revenues
Battery: Total revenues

Battery: Capacity-based revenues
Battery: Energy-based revenues

40015481578
4083497880
35931983698
40015481578
0
4083497880
35931983698
0

0
21186657258
1116582257
20070075001
12351108983
852674391
11498434592
4697826790
835557660
3862269130
1779888548
1278683572
501204976

0

o O O O O

100.00
10.20
89.80
100.00
0.00
10.20
89.80
0.00
0.00
52.95
2.79
20.16
30.87
2.13
28.73
11.74
2.09
9.65
4.45
3.20
1.25
0.00
0.00
0.00
0.00
0.00
0.00

Table 140: CP1: Misc

Value

Unit

Load shedding
Load shedding
Load shedding
CRM price

0
0
0
16000

MWh

% of total demand

number of hours

EUR
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D.4.2 CP2: PHES without CRM participation

Table 141: CP2: Capacity

Absolute  Share of system total [%)]

Total installed capacity [MW] 255219 100.00
Total installed capacity: Producers [MW] 255219 100.00
Installed capacity: Nuclear [MW] 69786 27.34
Installed capacity: Coal [MW] 53292 20.88
Installed capacity: CCGT [MW] 52222 20.46
Installed capacity: OCGT [MW] 79918 31.31
Total installed capacity: Storage units [MW] 0 0.00
Installed capacity: PHES [MW]| 0 0.00
Installed capacity: Battery [MW] 0 0.00
Total installed energy [MWHh] 15000000  100.00
Installed energy: PHES [MWHh] 15000000 100.00
Installed energy: Battery [MWh] 0 0.00

Table 142: CP2: Surplus

Absolute [EUR] Share of system total [%)]

Total Surplus 4291280476299  100.00
Producer surplus -1 0.00
Storage surplus 0 0.00
Consumer surplus 4274852100413  99.62
Solar surplus 4783129608 0.11
Wind surplus 11645246279 0.27
Surplus: Nuclear -1 0.00
Surplus: Coal -1 0.00
Surplus: CCGT 1 0.00
Surplus: OCGT 0 0.00
Surplus: PHES 0 0.00
Surplus: Battery 0 0.00
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Table 143: CP2: Revenues

Absolute [EUR]

Share of system total [%]

Total revenues

Total capacity-based revenues
Total energy-based revenues
Producers: Total revenues
Storage units: Total revenues

Producers: Capacity-based revenues

Producers: Energy-based revenues

Storage units: Capacity-based revenues
Storage units: Energy-based revenues

Nuclear: Total revenues

Nuclear: Capacity-based revenues
Nuclear: Energy-based revenues
Coal: Total revenues

Coal: Capacity-based revenues
Coal: Energy-based revenues
CCGT: Total revenues

CCGT: Capacity-based revenues
CCGT: Energy-based revenues
OCGT: Total revenues

OCGT: Capacity-based revenues
OCGT: Energy-based revenues
PHES: Total revenues

PHES: Capacity-based revenues
PHES: Energy-based revenues
Battery: Total revenues

Battery: Capacity-based revenues
Battery: Energy-based revenues

40015481578
4083497880
35931983698
40015481578
0
4083497880
35931983698
0

0
21186657199
1116582254
20070074945
12351109038
852674394
11498434644
4697826793
835557660
3862269133
1779888548
1278683572
501204976

0

o O O O O

100.00
10.20
89.80
100.00
0.00
10.20
89.80
0.00
0.00
52.95
2.79
20.16
30.87
2.13
28.73
11.74
2.09
9.65
4.45
3.20
1.25
0.00
0.00
0.00
0.00
0.00
0.00

Table 144: CP2: Misc

Value

Unit

Load shedding
Load shedding
Load shedding
CRM price

0
0
0
16000

MWh

% of total demand

number of hours

EUR
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D.4.3 CP3: Battery without CRM participation

Table 145: CP3: Capacity

Absolute  Share of system total [%]

Total installed capacity [MW] 256782  100.00
Total installed capacity: Producers [MW] 255219 99.39
Installed capacity: Nuclear [MW] 70721 27.54
Installed capacity: Coal [MW] 52189 20.32
Installed capacity: CCGT [MW] 51744 20.15
Installed capacity: OCGT [MW] 80565 31.37
Total installed capacity: Storage units [MW] 1563 0.61
Installed capacity: PHES [MW]| 0 0.00
Installed capacity: Battery [MW] 1563 0.61
Total installed energy [MWHh] 8628 100.00
Installed energy: PHES [MWHh] 0 0.00
Installed energy: Battery [MWh] 8628 100.00

Table 146: CP3: Surplus

Absolute [EUR]

Share of system total [%)]

Total Surplus

Producer surplus

Storage surplus

Consumer surplus

Solar surplus
Wind surplus

Surplus:
Surplus:
Surplus:
Surplus:
Surplus:
Surplus:

Nuclear
Coal
CCGT
OCGT
PHES
Battery

4291245756585

0
0

4274830406589

4779589024
11635760971

0

O O O OO

100.00
0.00
0.00
99.62
0.11
0.27
0.00
0.00
0.00
0.00
0.00
0.00
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Table 147: CP3: Revenues

Absolute [EUR]

Share of system total [%]

Total revenues

Total capacity-based revenues
Total energy-based revenues
Producers: Total revenues
Storage units: Total revenues

Producers: Capacity-based revenues

Producers: Energy-based revenues

Storage units: Capacity-based revenues
Storage units: Energy-based revenues

Nuclear: Total revenues

Nuclear: Capacity-based revenues
Nuclear: Energy-based revenues
Coal: Total revenues

Coal: Capacity-based revenues
Coal: Energy-based revenues
CCGT: Total revenues

CCGT: Capacity-based revenues
CCGT: Energy-based revenues
OCGT: Total revenues

OCGT: Capacity-based revenues
OCGT: Energy-based revenues
PHES: Total revenues

PHES: Capacity-based revenues
PHES: Energy-based revenues
Battery: Total revenues

Battery: Capacity-based revenues
Battery: Energy-based revenues

40067867650
4083497880
35984369770
39916830442
151037208
4083497880
35833332562
0

151037208
21471006436
1131535207
20339471229
12052216247
835024505
11217191742
4621278060
827904407
3793373653
1772329699
1289033760
483295939

0

0

0

151037208

0

151037208

100.00
10.19
89.81
99.62
0.38
10.19
89.43
0.00
0.38
53.59
2.82
50.76
30.08
2.08
28.00
11.53
2.07
9.47
4.42
3.22
1.21
0.00
0.00
0.00
0.38
0.00
0.38

Table 148: CP3: Misc

Value

Unit

Load shedding
Load shedding
Load shedding
CRM price

0
0
0
16000

MWh

% of total demand

number of hours

EUR
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D.4.4 CP4: PHES with CRM participation

Table 149: CP4: Capacity

Absolute  Share of system total [%)]

Total installed capacity [MW] 255219 100.00
Total installed capacity: Producers [MW] 241132 94.48
Installed capacity: Nuclear [MW] 82933 32.49
Installed capacity: Coal [MW] 33934 13.30
Installed capacity: CCGT [MW] 44347 17.38
Installed capacity: OCGT [MW] 79918 31.31
Total installed capacity: Storage units [MW] 14087 5.52
Installed capacity: PHES [MW] 14087 5.52
Installed capacity: Battery [MW] 0 0.00
Total installed energy [MWHh] 15000000  100.00
Installed energy: PHES [MWHh] 15000000 100.00
Installed energy: Battery [MWh] 0 0.00

Table 150: CP4: Surplus

Absolute [EUR]

Share of system total [%)]

Total Surplus

Producer surplus

Storage surplus

Consumer surplus

Solar surplus
Wind surplus

Surplus:
Surplus:
Surplus:
Surplus:
Surplus:
Surplus:

Nuclear
Coal
CCGT
OCGT
PHES
Battery

4291377304478
0

70276279
4274768434992
4782763333
11755829873
-1

1

0

0

70276279

0

100.00
0.00
0.00
99.61
0.11
0.27
0.00
0.00
0.00
0.00
0.00
0.00
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Table 151: CP4: Revenues

Absolute [EUR]

Share of system total [%]

Total revenues

Total capacity-based revenues
Total energy-based revenues
Producers: Total revenues
Storage units: Total revenues

Producers: Capacity-based revenues

Producers: Energy-based revenues

Storage units: Capacity-based revenues
Storage units: Energy-based revenues

Nuclear: Total revenues

Nuclear: Capacity-based revenues
Nuclear: Energy-based revenues
Coal: Total revenues

Coal: Capacity-based revenues
Coal: Energy-based revenues
CCGT: Total revenues

CCGT: Capacity-based revenues
CCGT: Energy-based revenues
OCGT: Total revenues

OCGT: Capacity-based revenues
OCGT: Energy-based revenues
PHES: Total revenues

PHES: Capacity-based revenues
PHES: Energy-based revenues
Battery: Total revenues

Battery: Capacity-based revenues
Battery: Energy-based revenues

40410836820
4083497880
36327338940
38297186940
2113649880
3858109585
34439077355
225388295
1888261585
25213120256
1326929896
23886190359
7714771351
542943348
7171828003
3589406786
709552770
2879854017
1779888548
1278683572
501204976
2113649880
225388295
1888261585
0

0

0

100.00
10.10
89.90
94.77
2.23
9.55
85.22
0.56
4.67
62.39
3.28
59.11
19.09
1.34
17.75
8.88
1.76
7.13
4.40
3.16
1.24
5.23
0.56
4.67
0.00
0.00
0.00

Table 152: CP4: Misc

Value

Unit

Load shedding
Load shedding
Load shedding
CRM price

0
0
0
16000

MWh

% of total demand

number of hours

EUR
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D.4.5 CP5: Battery with CRM participation

Table 153: CP5: Capacity

Absolute  Share of system total [%]

Total installed capacity [MW] 255219 100.00
Total installed capacity: Producers [MW] 244234 95.70
Installed capacity: Nuclear [MW] 72434 28.38
Installed capacity: Coal [MW] 49362 19.34
Installed capacity: CCGT [MW] 48566 19.03
Installed capacity: OCGT [MW] 73872 28.94
Total installed capacity: Storage units [MW] 10985 4.30
Installed capacity: PHES [MW]| 0 0.00
Installed capacity: Battery [MW] 10985 4.30
Total installed energy [MWHh] 47788 100.00
Installed energy: PHES [MWHh] 0 0.00
Installed energy: Battery [MWh] 47788 100.00

Table 154: CP5: Surplus

Absolute [EUR] Share of system total [%)]

Total Surplus 4291065345098  100.00
Producer surplus 0 0.00
Storage surplus 0 0.00
Consumer surplus 4274812145199  99.62
Solar surplus 4699313340 0.11
Wind surplus 11553886559 0.27
Surplus: Nuclear 0 0.00
Surplus: Coal 0 0.00
Surplus: CCGT 0 0.00
Surplus: OCGT 0 0.00
Surplus: PHES 0 0.00
Surplus: Battery 0 0.00
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Table 155: CP5: Revenues

Absolute [EUR]

Share of system total [%]

Total revenues

Total capacity-based revenues
Total energy-based revenues
Producers: Total revenues
Storage units: Total revenues

Producers: Capacity-based revenues

Producers: Energy-based revenues

Storage units: Capacity-based revenues
Storage units: Energy-based revenues

Nuclear: Total revenues

Nuclear: Capacity-based revenues
Nuclear: Energy-based revenues
Coal: Total revenues

Coal: Capacity-based revenues
Coal: Energy-based revenues
CCGT: Total revenues

CCGT: Capacity-based revenues
CCGT: Energy-based revenues
OCGT: Total revenues

OCGT: Capacity-based revenues
OCGT: Energy-based revenues
PHES: Total revenues

PHES: Capacity-based revenues
PHES: Energy-based revenues
Battery: Total revenues

Battery: Capacity-based revenues
Battery: Energy-based revenues

40233108683
4083497880
36149610803
39326038494
907070189
3907744976
35418293519
175752904
731317285
22002687475
1158948490
20843738985
11379243196
789793871
10589449324
4310088042
777054673
3533033370
1634019781
1181947941
452071840

0

0

0

907070189
175752904
731317285

100.00
10.15
89.85
97.75
2.25
9.71
88.03
0.44
1.82
54.69
2.88
51.81
28.28
1.96
26.32
10.71
1.93
8.78
4.06
2.94
1.12
0.00
0.00
0.00
2.25
0.44
1.82

Table 156: CP5: Misc

Value

Unit

Load shedding
Load shedding
Load shedding
CRM price

0
0
0
16000

MWh

% of total demand

number of hours

EUR
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