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Introduction

Throughout the European Union, primary energy sources as well as power generation
fuel-mixes are highly diversified. Such diversification results from several reasons. In some
countries historically shaped fuel-mixes have been maintained, while in others a substantial
change was observed, mostly due to the influence of energy policies. The first group includes
power sectors that rely strongly on nuclear (France), hydro (Norway), natural gas (Italy), or
coal power generation (Poland). The second group consists of various countries that have
managed to change their fuel-mixes mainly through the implementation of energy policy
instruments aimed at achieving desired fuel-mixes (Spain, Germany, UK). One of the
advantages of a diversified fuel-mix is the ability of the power system to respond to
changing fuel prices. For instance, in the UK, in 2012, the share of natural gas in electricity
generation-mix amounted to 27.5%, and when compared to 2011 the gas consumption fell by
31.7%. In the same period, a strong growth in coal use for power generation of 31.9% was
recorded (Szurlej and Janusz 2013; Iwicki et al. 2014).

Apart from fuel prices’ fluctuations and climate regulations that contributed to changes in
power generation-mixes, there have also been other important changes in the power sectors.
Some countries decided to introduce competition and privatisation in their power sectors
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(like the UK). Other countries, such as France or Sweden, maintain a significant influence of
the state over power generation companies.

As regards Poland, coal continues to play a crucial role as the key primary energy
carrier used for heat and power generation. This is due to the fact that Poland is the biggest
hard coal producer in Europe and, naturally, this energy carrier has been consumed exten-
sively for decades (Siemek et al. 2010). The electricity generation fuel mix indicates that,
in Poland, renewables and natural gas-based power plants produced only 7.2% of electricity

(Fig. 1).
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Fig. 1. Electricity generation fuel-mix, 2013 [%]
Source: PSE 2014

Rys. 1. Struktura wytwarzania energii elektrycznej, 2013 [%]

An analysis of the total coal sales to the Polish public power sector shows that for the
period 2002-2008 coal consumption increased year by year. Then, the level of coal sales
plummeted, reaching approx. 35 Mt in 2010. After an increase in sales in 2011, it dropped
again to the same level in 2012 (Fig. 2).

Owing to the fact that with the liberalisation of the power sector there might exist various
market structures, improvements are required in the methods that are applied in order to
analyse fuel and power sectors. Inclusion of environmental or technical aspects of electricity
generation is currently insufficient to study fuel-power systems interactions.

Considering the aforementioned, the main purpose of this paper is to develop the concept
of'a computable model designed to carry out analyses of primary energy consumption in the
power sector. Although there have already been some efforts to model power generation
systems under the Mixed Complementarity Problem (MCP) approach, it would appear that
previous works have not approached the issue of fuel supplies in the context of varying
market structures. This paper is intended to fill that gap.
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Fig. 2. Coal sales to the Polish public power sector and the total sales of coal in Poland
Source: Gawlik, ed., et al. 2013

Rys. 2. Sprzedaz wegla do energetyki zawodowej oraz catkowita sprzedaz wegla w Polsce

The remainder of the paper is structured as follows: In section 2 the model concept for
analyses of primary energy supplies to the power sector under various market structures is
discussed. Section 3 provides the mathematical expression of the model and section 4

presents key model capabilities. The paper ends with conclusions that outline main findings
(section 5).

1. The model concept for analyses of primary energy supplies
to the power sector given various market structures

After reviewing several achievements in the modelling of fuel supplies to power gene-
ration, the following assumptions were formed. The developed model should explicitly
distinguish between two wholesale electricity markets, namely the day-ahead, and the
bilateral one. The model should be able to address various market structures in the context of
thermal power generation, as well as generation based on renewable sources, with particular
attention paid to fuel supplies. In addition, it was assumed that all firms are competing in the
power markets and should be reflected in the model as individual companies which produce
electricity using differing technologies.

The model developed in this article is based upon the game theory Cournot approach
with the inclusion of conjectural variations (CV) (Varian 1992; Tirole 1988). Under this
approach, power companies change their production in response to the decisions of other
power companies in order to maximize their profits. This choice allows the representation
of a wider range of market structures from perfect competition, to oligopolies or cartels.
The model has been formulated as a Mixed Complementarity Problem (MCP), a general
mathematical framework which is particularly well suited for modelling energy systems.
The equations are defined by the Karush-Kuhn-Tucker conditions (KKT), reflecting the
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conditions for profit maximization of each power company and market-clearing conditions.
A similar approach has been also applied to market power analyses of the power sector
(please compare: Kaminski 2011, 2012, 2014).

2. The mathematical expression of the model
for analyses of primary energy supplies
to the power sector given various market structures

2.1. Naming conventions

The following tables describe the sets, parameters, and variables used in the subsequent
sections. Each table contains the parameter’s name followed by its units and a brief
description. In addition, parameters are grouped depending on the problem that they are
associated with.

Table 1. Sets

Tabela 1. Zbiory

Sets Description
M= {i} Wholesale electricity markets (DAM: Day-Ahead-Market and OTC: Over-The-Counter)
F=1{f} Power generation companies and Combined Heat and Power (CHP) companies

PP = {pp} Power plants and CHP plants (individual units)

D= {d} Days (7 in this model)

L={l} Loads (24 hours in this model)

P={p} Pollutants

T={t} Power generation technologies
SR = {sr} Technologies receiving remuneration (premiums) (subset of 7)
RE = {re} Renewable generation technologies (subset of 7)
FU = {fu} Fuels, primary energy carriers

Table 2. Parameters

Tabela 2. Dane

Problem  |Parameters Unit Description

Other costs, non-fuel-related, non-emissions-related of power
Power OCppm EUR/MWh | plant pp (Short Run Marginal Cost if m = DAM, Long Run

plant-related Marginal Cost if m = OTC)

"~ % Ownership indicator (1 if f owns pp, 0 otherwise)
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Table 2. cont.
Tabela 2. cd.
Problem Parameters Unit Description
Lop.t % Technology indicator (1 if pp is of type #; 0 otherwise)
Clpp MW Installed capacity of power plant pp
Y pdi % Availability factor of power plant pp during d and /
€ % Efficiency of power plant pp
Pt EUR/MWh | Fuel price for power generation technology ¢ in market m
Power Ty, MWh/h Ramp-up rate of power plant pp
plant-related rd,, MWh/h Ramp-down rate of power plant pp
Prom EUR/MWh Premium rece_lved by certain technologies for power generation
technology ¢ in market m
S % Fuel fir used by technology ¢
i % Intermittent technologies
pp.m 0 (1 if pp is allowed to produce for market m; 0 otherwise)
pl % Production and transmission losses
. ey Mg/MWh | Specific emissions of pollutant p produced by power plant pp
mission- .
_related sy Mg Emissions cap of pollutant p for firm f
exopp, EUR/Mg Exogenous permit price for pollutant p
Renewable- rty % Renewable production target of firm f
-related g
higq; MWh Hydro inflows
smg MWh Minimal level of energy stored by firm 1
scy MWh Storage capacity of firm f’
socy MWh Storage discharging capacity of firm f
Hydro-
_related vow EUR/MWh | Cost of discharging from storage
pey MWh Pumping capacity of firm f'
pey % Pumping efficiency
R o Binary parameter for including/excluding storage input and
" ’ output in the equations for DAM/OTC (1 for DAM; 0 for OTC)
el , % Elasticity of demand in market m
Demand- * . . .
—related Dy MWh Reference demand in market m during / in day d
P,:’ d.l EUR/MWh | Reference price in market m during / in day d
Market . o . L . .
power-related CVim, % Conjectural variation of firm f'in market m during /
fep Gl Primary energy carrier (fuel) fu consumption in the power sector
Selected Ju in the analysed period
output . . .
parameters Stmdl MWh Sales by firm f'in market m during / in day d
g EUR Profit obtained by firm f during the simulation horizon
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Table 3. Variables
Tabela 3. Zmienne
Problem | Variables Unit Description
Gopmdl MWh Power generation for market m by power plant pp during / in day d
N MWh Pumping for storage by f during / in day d
Company
N MWh Production from f~owned storage capacity during / in day d
SLyg; MWh Storage level of f~owned storage capacity during load / in day d
Prices P’fd ! EUR/MWh | Price of electricity in market m during / in day d

2.2. Generation companies’ problems

In the case of power generation companies, the profit is calculated as the difference
between incomes and incurred costs. In this model, income is obtained only from selling
electricity in the power markets. Costs are related to generation and storage. Therefore, the

profit equation is expressed as follows:

MaxT1,(G,,, ., 20:SI,,, >0 {only DAM };SO,,, >0 {only DAM })=
Z (PmE,dJ '[Z(Gpp,m,d,l Opp.s 'ipp,m )B + Z (RnE,dJ ’ (SO./',dJ =SI sl ) Sm)

fidlm Pp fodlm

f Z(ﬁ’m,t s )

T Z Gpp,m.d,/ : Z(erpp,p 'exoppp}ocpp,m +t67 O s
f.d.lpp.m P op

+ z (Gpp,'ﬂ.d.l Pl 'tpp,t 'Oﬂpsf)— z (vow~ SONJ)
f.d.lppmi fdl

The profit function is constrained by a series of restrictions related to sales balances,
available capacity, limitations on storage levels and the available storage capacity, inter-
-temporal balances linking hydro inflows, pumping, storage levels, and discharging.

The first constraint imposes the (positive) sign of the amount of sold electricity:

F2 > (GCrpas 0y iy )= (SO, 4 =SI, 4, )5, <O
P

Each power plant’s generation (in a given hour) is limited by its installed capacity

multiplied by the availability factor:

F3 Z(Gpp,m,d,l )—cipp af ar < 0
m
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Regarding hydropower, there are five relevant constraints. The first constraint establishes
the lower bound of the amount of energy stored:

F4 Smf _SLf,d,l <0

That amount of stored energy is also capped by the capacity of the reservoirs:

F5 SL

/.d.l

—sc, <0

However, not only is the energy stored in the reservoirs bounded, but the pumped storage
units have a limited pumping capacity:

F6 Sl —pc, <0

While the amount of energy that may be obtained from discharge is also limited:

F7 SO, ,,—soc, <0

Finally, for each period, the levels of stored energy in the previous period plus the inflows
(from pumping and any other source) must be equal to the stored energy remaining in the
reservoirs plus the amount of energy obtained from discharge:

lI=H24
F8 SLf,d,l - SLf,d,l—l - z SLf,d—l,II - Slf,d,l “pey _hif,d,l + SOf,d,I =0

lI=H1

The emissions level related to the generation schedule of each firm is limited by the
number of emission allowances held by the firm:

F9 z (erpp,p 'Gpp,m,l Ot )_ PCrp <0

d.l,ppm

Similarly, the number of green certificates that each firm may sell is limited by its level of
renewable-based production. Note that large hydropower is not considered as a renewable
source:

F10 rty— Z (Gpp,m,l Oppf Lppre )_ ; SO; 4, + ; (SI 1.1 Pey )S 0

d.,l,pp,m.re
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The two final constraints of the generators represent the limitations of each power plant to
production change, namely the ramp-up and ramp-down constraints:

F11

z Gpp,m,d,l - Z Gpp,m.d N <0
m m

F12

Z Gpp,m,d.lfl - Z Gpp,m,d.l - rdpp <0

2.3. Equilibrium problem

The MCP problem that defines the model is based on the relationships given in the
previous section. The KKT conditions are derived along with market clearing conditions.
The KKT conditions are obtained from the derivatives of the Lagrange function with respect
to the variables and the multipliers (also called “shadow prices”) of the specific constraints
of each problem.

The resulting KKT conditions of a firm’s problem are given by the following set of

equations:
Z(PE 0 0 )+ (1+cv ) Cipimet “Onp.s bapm PE 0 0
md,l “pp.f “pp.m fom.d,l . Ypp.f “pp.m
7 f Z( ppomdd " Opp lppm)
2 (i t0r)
3
I _Z z (erppvp exopp, )+ 0Cm ™t Oy
77 €
F2 . F3 F9
+z (prhm Tops Opp.s )+ z (vam,dvl Opp.s tppm )_ Ypp.ai _fz (yf.p Clopp 'opp,f)
p
FlO Fl1 Fl12 F12

+Z(Y Opps” ppn) Yde/+Yppd/I Yopatia TVppas SOLG, 4,20

£ F2 Fé F8 Fl10
r, —Fpavras Spa T O_Yf,'DAM',dJ S ~Vras TVras Per =Yy D€ = 0L SIf 0120

£ F2 F7 F8 F10

Ty Ppastas Spa +0+ Y ipasas Soae ~VOW=Yrar —Yrar TV, S 0L SOf,d,[ 20

lI=H24

Iy Y;,Adj _V';,S,i _Yl;,sd,l +Y_':,8d,H + Z 7_7,8,171,11 =01 SL_/,d,l Jree
li=H1
. F2
T _z (Gpp,m,d,/ Ot Lopm )_ (SOJ',d,[ - Slf,d,z ) 5, <01 Y mas 2 0
P
T ZGppym,dJ_Clp G i —OJ‘ypde 20
m
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F4
Iy sm,=SL, ,, <0Ly,,, 20
F5
Iy SL;,,—sc, <0Ly,%,20
r SI,,,—pc,, 0Ly, >0
9 fdil ~PCr S Yral =
Lo SO, ,,—soc;; <0 Ly}, >0
=H24 e
ry SLf,d.I 7SLf,d,lfl - ”Zm SLf,dfl.ll —-Pl,,, -pe,— hif,d,l +S0f,d,l =01 Vrai Jree
Fo
Iy, , IZ (erppvp 'Gpp«mvdvl 'Oppwf)_pc./,p <0l YipZ 0
. pp.m
Fl10
T = 20 (Copmas Oy e )= 225040+ 2 (S0P, JSO Ly 20
d.l,pp,m,re d,l d.,l
Fll
Ty szpvm,dJ - z Gppvm,d,l—l —ru, S 0L Y ppas Z 0
F12
Ts szp’m,dJ—l - szp’m,dJ - rdpp <0l Y ppaai 20

Note that the equation I'| contains the exogenous conjectural variation parameter which

is used to model the behaviour (either price-taker or strategic) of the generation companies.

This is a typical approach for Cournot-based models with the inclusion of Conjectural

Variations. This term is derived from the following general expression (Mas-Colell et al.

1995; Kaminski 2011):

oIl .0 oc, K oc
_f=p+p.q_f.u(1+cyf)__f=p.[1+_f(1+CVf)]__f=()
aq, q p-oq oq, € ' oq,
Lof — index of electricity producer,

p — electricity price,

qr — electricity production,

CVy — conjectural variation (for more information on its derivation and

interpretation, please see Mas-Colell et al. 1995),

sy — market share,

Oc

= _ marginal costs,

€ — price elasticity of supplies.

Documentation from prior research confirms that there have been several attempts to
estimate the appropriate value of the price elasticity of electricity demand. An analysis of
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econometric studies indicates the complexity of the problem and the difficulty in the
selection of appropriate values. However, a review of existing electricity market models —
such as: Schill and Kemfert (2011), Lise et al. (2008), Lise et al. (2006), Borenstein and
Bushnell (1999) — also shows that the widely accepted value is —0.4. Since this value is not
significantly different from the results of econometric studies (Table 4), the price elasticity of
electricity demand is proposed to be assumed at the level of —0.4.

Table 4. Results of econometric studies on estimations of price elasticity of demand for electricity

Table 4. Wyniki badan elektrometrycznych wskaznika elastyczno$ci cenowej popytu na energig elektryczna

Country Years Short run Long run
Bentzen and Engsted (1993) Denmark 1948-1990 -0.14 -0.47
Silk and Joutz (1997) USA 1949-1993 -0.63 -0.48
Beenstock et al. (1999) Israel 1965-1995 - -0.43
Hondroyiannis (2004) Greece 1986-1999 - -0.41
Rapanos and Polemis (2006) Greece 1965-1999 —0.31 —-0.60
Halicioglu (2007) Turkey 1968-2005 —0.33 —0.52
Zachariadis and Pashourtidou 2007 Cyprus 1960-2004 —0.10 -0.43

Source: Jamil and Ahmad 2011

Finally, the market clearing conditions of each power market are defined as follows:

. . PmE —el,

m,d,l

The model is implemented in the General Algebraic Modelling System (GAMS) (Brooke,
Kendrick and Meeraus 1992) as a Mixed Complementary Problem (MCP), and the numerical
solution is found with the application of the PATH solver (Dirkse and Ferris 1995; Ferris and
Munson 2000; Rutherford 2002).

An MCP is a generalization of a pure, Nonlinear Complementarity Problem (NCP). The MCP
formulation also allows for non-zero lower bounds as well as upper bounds to the variables for
which a solution must be determined. In an MCP, a vector x must be determined, so that:

0<x L F(x)=0

where the | (“perp”) symbol indicates that x is complementary to the function F(x). To faci-
litate comparison with the MCP formulation, another way to put this is that for each element x;:

X >—)Fl'(.x):0
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3. Model capabilities

The model is capable of running scenarios and providing a quantitative analysis of
fuel supplies to the power sector given various market structures, which is of significant
importance when considering the current organisation of the fuel and energy sectors.
Therefore, it is possible to consider how the change in ownership of power companies would
affect fuel consumption in the electricity generation sector.

Consequently, based on results of model computation, the level of consumption of
primary energy carriers is derived using the following expression:

z Gpp,m,d,l
Je fi :Z Z L'tpp,t S g |36

t| pp €pp

This model allows one to investigate also the effects of changes in the following
exogenously assumed scenario settings:
¢ installed power generation capacity for each power unit existing in the Polish power
sector,
availability/capacity factors,
fuel prices for each fuel that can be consumed in the power sector,
share of bilateral/spot electricity trading,
demergers, mergers, and acquisitions,
renewable electricity support schemes,
renewable electricity targets,
emission limits,

L ZBK ZER 2R 2R SR JER JER 4

emission taxes.

Moreover, the model is fully capable of running scenarios that would enable exami-
nations of the impact of deployment of new technologies in the Polish power generation
sector, also those that include Carbon Capture and Storage (CCS) (Bartela and Kotowicz
2010; Bartela et al. 2012; Bartela and Skorek-Osikowska 2010) on consumption of primary
energy carriers.

Conclusions

The problem of fuels’ consumption in the power sector has been already studied in the
context of environmental regulations, technological progress, and several other circumstan-
ces. However, the issue of primary energy supplies to the power sector, given a variety of
market structures, has not seen sufficient attention from the research community. Therefore,
this paper has formulated a computable model that enables such analyses to be carried out.
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The research presented in this article will be further complemented with data collection and
the calibration of the model. Once those tasks are completed, the tool will be ready to employ
for analyses that are outlined in the previous sections of this paper.
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ZUZYCIE ENERGII PIERWOTNEJ W SEKTORZE ENERGETYCZNYM
W ZALEZNOSCI OD STRUKTUR RYNKOWYCH — PODEJSCIE MODELOWE

Stowa kluczowe
energia pierwotna, modelowanie, sektor wytworczy

Streszczenie

W artykule przedstawiono model matematyczny, ktéry mozne by¢ zastosowany do badan i analiz
dotyczacych zuzycia energii pierwotnej w sektorze energetycznym dla réznych struktur rynkowych.
Cho¢ problematyka ta byla juz przedmiotem badan w kontekscie regulacji srodowiskowych
czy postepu technologicznego, wedtug najlepszej wiedzy autora wczesniejsze prace nie omawialy
problematyki zuzycia paliw pierwotnych w zaleznosci od struktur rynkowych. W artykule sfor-
mutowano model matematyczny, ktory umozliwia takie analizy. Model jest oparty na koncepcji
teorii gier — zastosowano podejscie Cournota z uwzglednieniem oczekiwanych zmian (Conjectural
Variations — CV). Model zostal sformutowany jako problem programowania mieszanego komple-
mentarnego (Mixed Complementarity Problem — MCP), ktory szczeg6lnie nadaje si¢ do modelowania
systemow paliwowo-energetycznych w kontekscie rynkowym. Przyjeto zatozenie o uwzglednieniu
dwoch hurtowych rynkow obrotu energia elektryczna, a mianowicie rynku dnia nastgpnego (RDN)
oraz rynku bilateralnego (OTC). Model moze by¢ zaimplementowany w dowolnym systemie mode-
lowania wykorzystywanym do budowy matematycznych modeli systeméw paliwowo-energetycz-
nych. Oprécz analiz zuzycia energii pierwotnej w sektorze energetycznym model bgdzie mogt by¢
réwniez wykorzystany do analiz ekonomicznych, w szczegodlnosci analiz dobrobytu konsumentow
i producentow, strat spotecznych oraz cen i wielkosci produkcji. Badania przedstawione w niniejszym
artykule beda kontynuowane, w szczegdlnosci w zakresie pozyskania danych i kalibracji modelu.
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PRIMARY ENERGY CONSUMPTION IN THE POWER GENERATION SECTOR
AND VARIOUS MARKET STRUCTURES: A MODELLING APPROACH
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Abstract

This paper presents a computable model that can be applied to examinations of primary energy
supplies to the power sector given various market structures. Although a similar problem has been
already studied, in particular in the context of environmental regulations and technological progress,
it would appear prior works have not approached this issue in the context of market structures. This
study has formulated a model that enables such analyses to be carried out. The model developed in this
article is based upon the game theory approach; Cournot with the inclusion of conjectural variations.
It has been formulated as a Mixed Complementarity Problem (MCP), a general mathematical fra-
mework which is particularly well suited for modelling energy systems. The model explicitly
distinguishes two wholesale electricity trading platforms, namely the day-ahead (DAM), and the
bilateral (OTC) market. The model can be implemented in a modelling systems that are frequently
used for development of computable models of power systems. Apart from analyses of primary energy
consumption in the power generation sector, the model is capable of carrying out welfare analyses, in
particular impact analyses regarding: consumer and producer surpluses, dead weight loss, prices and
quantities produced. The research presented in this paper will be further complemented with data
collection and calibration of the model.



