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Although the wholesale electricity market in Russia has been in operation for more than
a decade, its functioning still remains largely unexplored in the western literature. This
doctoral dissertation proposes a bottom-up model of the Russian electricity sector that
enables the study of the behaviour of short-term electricity market prices and revenues
of electric producers in Russia under conditions of limited information about parameters
and operational constraints of the actual electricity market. The modelling procedure
covers identification of unobserved parameters of the Russian electricity system using
available historical market data, modelling of generators’ offers, simulation of unit
commitment and day-ahead energy market operation, and conducting a sensitivity
analysis of the model results. The use of the developed market model is demonstrated
by its application to study the impacts of the real-life market design and regulatory
changes on profits of generators obtained from the day-ahead energy market in Russia.
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1 Introduction
1.1 Background
In the past few decades, many countries have initiated reforms of their power sectors
and liberalized wholesale and retail electricity markets. The primary objectives of the
electricity liberalization in most countries and states have been to increase the
effectiveness of the power sector operations, create incentives for controlling
investments in generation, and provide long-term benefits to customers that are to be
delivered through prices that reflect economic costs of supplying electricity and service
quality attributes that reflect consumer valuations (Joskow, 2008a). Electricity markets
with competitive generation sources and customers, demanding high quality of service
from suppliers while putting downward pressure on electricity prices, have been
considered an effective mechanism to stimulate development of new power generation
technologies, encourage rational use of energy resources and provide incentives for
infrastructure organizations to maintain a high level of supply security.
The electricity reform in each country, however, has been guided by specific
governmental structures and institutions and by such characteristics as demographics,
economic and political environments, and resource availability (EIA, 1997).

As a

result, the market structure, operational rules, and levels of regulatory control in the
competitive electricity markets vary considerably across countries and states. There is
no common effective electricity market design that could be applied everywhere. All
electricity markets in the world differ in terms of trade organization, power system
operation, network congestions management, and investment incentives. Thus, analysis
of each country’s experiences in operating the liberalized electricity market represent an
important research area (Niu, 2005).
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1.2 Fundamental technological characteristics of electricity supply
and demand
The operation of the markets of electric energy differs substantially from the operation
of markets of other commodities. Electricity is a very special product, which must obey
certain physical laws. Production and consumption of electricity are inseparably linked
to physical features of the power systems that operate much faster than any market
(Kirschen and Strbac, 2004). Under normal operating conditions of the power systems,
all the electricity generated at power plants must be immediately consumed by endusers located near or within some distance of the places of electricity production.
Because electricity cannot yet be stored economically and the demand for it varies with
time of day and season, a sufficient amount of generation capacity must always be
available in the power system to balance supply and demand reliably (Joskow 2008b).
Failing to balance the customers’ demand with supply at every point of time and over
time could affect not only the operation of particular customers and generators in the
market, but the entire electric industry, which can be put at risk of an energy blackout.
To prevent such events in the power system, the fleet of available generation sources
must ensure that all possible demand levels can be physically served and also guarantee
that there is a sufficient amount of reserve capacity in the system so that a sudden loss
of a large generation unit or line of the transmission system will not result in distortion
of the near instantaneous balance between generation and load.
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Figure 1.1: Electricity supply chain (EEX, 2017)

Electricity is a commodity that can exhibit clear seasonal patterns in response to cyclic
variations in demand (Bourbonnais and Meritet, 2007). In addition to common intraweek and intra-day variations of electricity demand caused by different levels of
working activity, demand changes result from changes in weather and economic
conditions. To meet different consumption levels in the most cost-effective manner,
different types of generation technologies with different production costs are needed to
be activated in different time periods in the market. Changes in the mix of operating
resources can take place within relatively short time intervals, which leads to greater
fluctuations in the total costs of electricity production in the power system. As a
consequence, the electricity market prices usually tend to be very volatile.
Another important aspect of electricity supply is that delivery of power to customers
must take place through transmission and distribution networks, where some electricity
is always lost as heat. Unlike in most other industries, where the delivery of a product
does not influence the possibility of counterparties to access common transportation
network services, congestions on one transmission path of electric network can
influence the magnitudes of flows on the other paths thus affecting the ability of
electricity producers and customers to inject and withdraw the specified amount of
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electric power from the grid (Patterson, 1999). These physical aspects of electricity
production and transportation should always be respected, and they affect the
organization and operational rules of competitive energy markets.

1.3 Scope of the doctoral dissertation
The Russian electricity market is one of the largest and most recently introduced
electricity markets in the world. The first elements of the competitive market were
introduced in 2003 following the process of reorganization and restructuring of the
power sector. The Sector of Free Trade introduced on the territory of the European part
of Russia and Ural enabled producers and customers to trade up to 15% of their
production and consumption at free market prices. In 2006 the new model of the
competitive electricity and capacity markets (NOREM) was introduced. The
competitive market area was extended into the territory of Siberia. In addition to
energy-only market, the new market design included capacity remuneration mechanisms
to support new investments in generation and accelerate construction of new and
modernization of existing power plants.
The markets of electric energy and capacity were opened to competition gradually
between 2006 and 2010, applying the instrument of obligatory reduction of volumes
traded under the regulated contracts. Since 2011, all electricity in the market is traded at
the competitive prices except the amount of electricity required to supply population
which are traded at regulated tariffs.
Russia applied a design of the short-term electricity wholesale market, in which prices
and revenues of participants depend not only upon strategic decisions of market
participants, but also, to a large extent, upon technical conditions and reliability
constraints incorporated into the actual price auction processes. The design of the
wholesale energy market accepted many features of the pool-based market systems
applied earlier in other countries around the world, for example in the USA. Despite
this, it was agreed by some experts that the Russian market has a unique development
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path of its own, and adoption of the traditional market model in the Russian context
may not be an effective measure (Gazeev et al., 2015).
Although the electricity market in Russia has been functioning for more than ten years,
there is little research available in the literature about its operation. Specifically, the
factors affecting the prices and revenues of electric generators in the short-term
wholesale electricity market of Russia largely remain concealed from public view.
The main purpose of this work is to define the form and parameters of a mathematical
model that could best fit the structure, operational peculiarities, and regulatory
environment of the short-term wholesale electricity market in Russia. The model is
intended to provide a means for analysis of hourly electricity prices, production
quantities, and revenues of the electric companies in Russia under various demand and
supply conditions in the market.
The model is limited to simulation of the energy market operation in the first price area
of the wholesale electricity market which contains most of the generation capacity of
the country. Open electricity market data and public reports of the electric companies of
Russia are considered the main source of information for construction of the
mathematical model of the market. One of the important features of the developed
model is that it applies the methods of reverse engineering to the available market data
to determine the values of some important but unobserved parameters of the electricity
sector of Russia. The main anticipated outcome of the use of the derived model
parameters is a higher degree of realism of the market simulations.
The main indicators considered in simulations are the energy market prices and levels of
operational net revenues obtained by various generation technologies from the shortterm wholesale energy market of Russia. Net revenue represents an important parameter
commonly used to access the economic viability of power plants. Net revenues can
serve as a useful guide for the market participants and regulators in the assessment of
profitability of the power generation operations. Such information can be valuable, for
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example, for the present and future owners of generation assets planning their operation
in the specific environment of the Russian electricity markets.

1.4 Research objectives
The present work concentrates on the following research objectives:
The first objective is to determine the most appropriate form and parameters of a
bottom-up simulation model suitable for performing an analysis of the outcomes of the
short-term wholesale energy market in Russia. The specific regulatory environment and
limited information about the actual operational characteristics of the power sector in
Russia hamper direct assessment of many important parameters of the simulation model
that would be required for modelling of the competitive market outcomes. The present
work explores the option to estimate unobserved parameters of the model from available
historical market data using an inverse engineering approach and derived parameters for
modelling of the Russian day-ahead energy market outcomes.
The second objective is to determine the most important parameters and constraints of
modelling and quantify their impact on the modelled market outcomes. The Russian
energy market operates under a set of specific constraints and regulatory restrictions,
whose impacts on the market outcomes remain largely unexplored. The developed
model is intended to provide a means for understanding distinctive aspects of the
electricity market functioning and for identifying factors that have major impacts on the
results of the competitive energy market auctions in Russia.
The third objective is to demonstrate the practical use of the developed simulation
modelling framework by its application to the analysis of the impacts of the current
electricity market design and regulatory framework in Russia on the competitive dayahead energy market outcomes.
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1.5 Research questions and tasks
The main research questions and tasks considered in this doctoral dissertation are the
following:
1. What type of a simulation tool could be most suitable for the evaluation of the
outcomes of the competitive short-term wholesale electricity market of Russia,
that is, the prices and production schedules, and what data are available for
analysis? Currently, several types of models are available in the literature. These
models have their specific advantages and disadvantages, and selection of an
appropriate market model type is critical for the results of modelling.
Development of a robust market simulation model requires in-depth
understanding of the market environment to be analysed and appropriate
examination of the data used for construction of the market model. The research
task is, therefore, to examine the methods and approaches appropriate for
modelling of the revenues of generators in the competitive wholesale electricity
markets of Russia.
2. How to prepare a model in the absence of actual information about a number of
important parameters of the power sector? The task is to define the structure and
formulate parameters of the simulation model that best fit the specific
environment of the competitive electricity markets of Russia.
3. How the specific features of the developed simulation model of the power
sector, such as the lack of input data, parameter uncertainty, and structural
assumptions can influence the produced cost and revenue estimates? The task is
to validate the performance of the developed model using the actual operational
data of the Russian wholesale electricity market and assess the model output
uncertainty.
4. What are the key model constraints affecting the modelled net revenues obtained
by producers from the competitive energy market of Russia and how significant
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are they? The task is to use the developed simulation model for identification of
the key factors that can influence prices and producers’ revenues in the
competitive wholesale market of electricity in Russia.

1.6 Summary and contributions
The scientific contributions of this doctoral dissertation are the following:
First, the doctoral dissertation provides a large-scale bottom-up model of the
competitive wholesale electricity market in Russia.
Second, the work contributes to simulation studies of the wholesale market operation in
Russia by identifying the values of specific operational constraints and parameters of
the Russian electricity sector that cannot be assessed directly form publicly available
information. By using historical market outcomes, the methods of reverse engineering
are applied to construct estimates of the parameters that can be used to model the
operation of the Russian wholesale energy market.
Third, the work presents a model sensitivity analysis and establishes a priority order of
the impact that various parameters and operational constraints of the electricity sector
have on the analysed performance indicators of the wholesale energy market in Russia.
Fourth, the dissertation contributes to understanding of the impacts of the current
market design and regulatory framework on the energy prices, operational revenues, and
costs of the generation industry of Russia by simulation of the market operations under
an alternative regulatory framework.
Fifth, the work applies the model for simulation of the impacts of the wholesale energy
market design in Russia on the wholesale market prices and revenues obtained by the
electric utilities, and presents simulation results.

21

2 Background information about the Russian electricity
market
The Russian wholesale market of electricity is divided into two large price sub-areas:
the first market sub-area covers most of the European part of the country and Ural and
the second price sub-area covers a major part of Siberia. Both the first and second
market sub-areas operate synchronously. Figure 2.1 shows the territories of Russia
covered by the wholesale electricity market.

Figure 2.1: Territories of Russia covered by the wholesale electricity market

The wholesale market prices for electricity are typically higher in the Western part of
Russia and the Ural region, where thermal generation constitutes approximately 70 % of
the total production. The wholesale prices for electricity are usually lower in the second
price sub-area of the market which has a greater number of cheaper hydro resources.
Detailed information about the structure electricity sector of Russia is provided in the
subsections below.
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2.1 Russian electricity industry
Russia ranks among the world’s major producers of electric energy. The primary
sources of electricity generation are thermal, nuclear, and hydro power plants. At the
end of 2015, the total installed capacity of all electric power plants operating in Russia
was over 235.3 GW.
2.1.1 Thermal generation
The largest proportion of electricity in Russia is produced by thermal generation
sources, which include fossil fuel power plants and nuclear power plants. In 2015,
Russia had about 160.2 GW of installed fossil fuel generation capacity. This accounted
for approximately 68 % of the total generation capacity of the country (SO, 2015a).
According to data of the System Operator of Russia, in 2014 the steam and gas turbine
generators burning fossil fuels as the source of energy produced 677.3 TWh of electric
energy, which corresponded to about 66.1 % of the total electricity production in
Russia. The fossil fuel generation sector of Russia is characterized by the presence of a
large number of condensing power plants, called GRES, which produce only electric
energy. According to rough estimates based on data of the System Operator of Russia
and annual reports of generation companies, the total installed capacity of 63 large
condensing power plants operating in different locations of the country comprises about
half of the entire fossil fuel generation sector capacity in Russia. The second type of
thermal generation technologies operating in Russia is co-generation (CHP), which can
produce heat and electric energy simultaneously using a single fuel source. The primary
function of many co-generation plants is to meet the heat demand of industrial and
residential customers located within their areas of operation. Therefore, electricity
generated at plants is often treated as a by-product.
The fossil fuel generation sector in the first market sub-area is represented by more than
two hundred large condensing and cogeneration plants with an installed capacity of
more than 25 MW and dozens of smaller-scale industrial CHP plants. Table 2.1
provides information on the major owners of fossil fuel generation in the first price sub-
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area and the number and total installed capacity of their thermal plants at the end of
2014.
Table 2.1 Structure of the fossil fuel power generation sector in the first price sub-area of the wholesale
electricity market of Russia at the end of 2014
Company

Main technology

Thermal plants

Installed capacity, GW

Inter RAO – Electric Power Plants
OGK-2
T-plus
Mosenergo
Enel Russia
E.ON Russia
Fortum
TGK-1
Bashkir Generation company
Tatenergo
Kvadra
Lukoil
TGK-2
TGK-16
Other

GRES
GRES
CHP
CHP
GRES
GRES
CHP/GRES
CHP
CHP/GRES
CHP/GRES
CHP
CHP
CHP
CHP
CHP

14
12
50
15
4
4
9
11
10
4
21
10
8
2
17

17.8
17.0
14.5
12.9
9.4
8.7
4.9
4.4
3.9
3.8
3.7
3.5
1.4
1.3
3.7

At the end of 2014, the largest condensing power plants in the first price sub-area
belonged to four large Wholesale Generation Companies (WGCs): the state energy
holding Inter RAO UES, the state-controlled public joint-stock company OGK-2, and
two large public joint-stock companies E.ON Russia and Enel Russia. In addition to
generating electric energy in the wholesale market, a number of generation units at large
condensing power plants also participated in the provision of ancillary services (SO,
2015c). Most of the co-generation power plants in the first price sub-area were operated
by eleven large Territorial Generation Companies (TGCs). As opposed to WGCs that
run thermal plants located in different parts of the country, the TGCs operated dozens of
the thermal plants often located within the boundaries of one or several geographical
regions of Russia.
Nuclear power in Russia is provided by ten power plants with a total installed capacity
of 25.2 GW. In 2013, the nuclear plants of Russia produced 172.2 billion kWh
(Rosenergoatom, 2013). This corresponds to roughly 17 % of the total energy
production (SO, 2013). Operation of all nuclear plants is controlled by the JSC Concern
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Rosenergoatom, which is responsible for safe and reliable operation of nuclear reactors.
The three main types of reactor technologies currently used in Russia are: pressurised
water reactors (PWR), fast breeder reactors (FBR), and graphite-moderated nuclear
power reactors. The pressurised water reactors are called WWER which means “WaterWater Energetic Reactor” in Russian. The graphite-moderated nuclear power reactor
type is called RBMK, which is the Russian abbreviation of “High Power Channel-type
Reactors”. Among them, reactors of WWER and RBMK types are installed in most
nuclear power plants of the country.
2.1.2 Hydro generation
The Russian hydroelectric power industry consists of 79 hydro plants with an installed
capacity of more than 25 MW and dozens of smaller hydro capacities operating in
territories covered by the wholesale energy market and also in the isolated territories of
the Far East. According to the SO of Russia (2013), the total installed capacity of all
hydro plants in the country as of January 2014 was 46.6 GW. This corresponds roughly
to one-fifth of the total installed capacity of the power generation sector in Russia in
2013 (SO, 2013). Most of the hydroelectric capacities in Russia are operated by large
power generating companies, the largest of which are the OJSC RusHydro, the JSC
EuroSibEnergo, and the JSC TGK-1. The RusHydro group manages operation of 20
hydroelectric facilities in the wholesale energy market of Russia with a total installed
capacity 24.7 GW (Rushydro, 2013). The company is also the controlling shareholder in
the JSC RAO Energy systems of East, which operates power plants on the territory of
the isolated energy system of the Russian Far East. The major shareholder of the OJSC
RusHydro is the Russian Government, which controls more than 66.8 % of the
company’s equity capital. The second largest producer of hydro energy in the wholesale
electricity market of Russia is the JSC EuroSibEnergo. The company owns four large
hydro plants in Siberia with over 15 GW of total installed capacity (EuroSibEnergo,
2014). Most of the remaining large hydro capacities operating in the wholesale power
market belong to the JSC TGK-1 and the JSC Generating Company. Table 2.2 provides
key information on the top hydropower producers in Russia.
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Table 2.2 Top hydro producers in Russia, their total capacity, and energy production in 2013
Company

Installed capacity, GW

Energy production, TWh

OJSC Rushydro

24.7

93.7

JSC EuroSibEnergo

15.0

62.2

JSC TGK 1

3.0

11.9

JSC Generating Company

1.2

1.7

In the first price sub-area of the market, the main producers of hydro power are the
OJSC RusHydro and the JSC TGK-1. Both companies have a significant presence in the
hydroelectric generation sector of Russia. The JSC TGK-1 controls operation of 40
small- and medium-size hydro plants with an installed electric net capacity of 3000 MW
in the Northwest Russia (TGK-1, 2014). The RusHydro group, in turn, operates large
hydro plants located mainly in the central and southern parts of the country. In 2013, the
total installed capacity of these plants was 14.2 GW. Their aggregate energy output
constituted 50.4 GWh, which corresponds to roughly 65 % of the total hydro energy
production in the first price sub-areas of the market in 2013 (Rushydro, 2013; SO,
2013). The total installed capacity of the hydro plants operated by other producers in the
first price sub-area does not exceed hundreds of MW.
2.1.3 Transmission and distribution
The Russian power grid is one of the largest electric transmission systems in the world
in terms of territorial coverage and number of customers. Figure. 2.2 shows the map of
the transmission system of Russia. The overwhelming majority of transmission and
distribution electricity networks in Russia are operated by the state-owned public JSC
Rosseti, which performs its activities through various subsidiaries.
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Figure 2.2: Russian HV transmission grid (RNС, 2016)

In 2014, the company’s assets comprised 480 thousands of electrical substations with a
total capacity of 751 GVA and about 2.3 billion kilometres of power lines of different
voltage classes. The total amount of power transmitted through the lines of the electric
networks of the company constituted about 718 TWh (Rosseti, 2014). The functions of
the transmission grid operator in Russia are performed by the JSC Federal Grid
Company of the UES (FGC). The company is responsible for managing the unified
national high-voltage transmission grid of Russia. Electricity distribution is performed
by 14 interregional distribution companies (IRDC), each of which, again, comprises
several local distribution companies providing electricity to customers at medium- and
low-voltage levels.
2.1.4 Electricity consumption
The Russian electricity market is a winter-peaking market. The maximum consumption
of electricity usually takes place in December or January. The minimum demand, again,
can typically be observed during the summer months. In 2012 and 2013, the peak of
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electricity consumption in the United Energy System (UES) of Russia was 157.5 and
147 GW, respectively (SO 2013; SO, 2014a). The actual consumption of electric energy
in the UES in 2012 and 2013 was 1016.5 and 1009.9 million MWh, respectively. The
decrease in electricity consumption in 2013 is explained by the higher temperatures for
most of the year and a reduction in consumption at a number of industrial enterprises
(SO, 2013).

2.2 Markets of electric energy
The Russian wholesale energy market design includes unit commitment (UC), dayahead and balancing markets of electric energy, and the market of ancillary services.
These market segments are explained at greater length in the sub-sections below.
2.2.1 Unit Commitment
Russia applies a pool-based design of the wholesale short-term energy markets with
centralized procedure of the generation sources commitment. The System Operator
(SO) organizes the procedure of UC daily to select the generators for operation in the
energy market. The results of the UC solution performed by the SO at day X define the
structure of operating generators during the days X+2, X+3 and X+4. The solution of
the UC problem for the day X+2 is considered final and the solutions for the days X+3
and X+4 are preliminary. In the process of determining the optimal commitment
schedules of generators in the market, the SO considers the information about the
forecasted electric load in the power system, forecasted technical and operational
constraints of power plants, limitations in the national transmission network, and active
power reserve margins.
Introduction and adaptation of bid-based security-constrained UC in the wholesale
electricity market of Russia has been implemented in several stages during which the
status, objectives, constraints, and planning horizon of the mechanism of competitive
selection of generators were modified several times. At present, the principal objective
of unit commitment in the Russian wholesale market is to determine the set of online
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generators that would supply the forecasted electricity demand at minimal total costs
while respecting all operational limitations of the power sector and the specific
constraints of individual generation units notified by their owners to the SO. Selection
of the generators that will be committed for operation in the markets is based on their
notified start-up costs and costs of electricity generation. The UC procedure ensures
physical feasibility of the short-term energy market transactions and guarantee that the
power system operates in a reliable and secure manner. In the current realities of the
Russian electricity market, the search of the unit commitment solution is a rather
difficult task, which requires finding an optimal a trade-off between economic
efficiency, stability of the chosen set of generators, and minimization of the excess of
operational generation capacity (Arhipov and Dolmatova, 2016).
The procedure of generators’ commitment in the Russian wholesale electricity market is
separated from the day-ahead market calculations. Nevertheless, it has significant
impacts on the day-ahead energy market operational results. For example, in the dayahead market auctions only the price offers of those generators that have been selected
for operation during the UC optimization stage are accepted. In addition, the price offers
the committed generators submitted to the day-ahead energy market cannot exceed their
price offers to the UC procedure. Therefore, a link between two planning mechanisms
in the short-term wholesale energy market of Russia is ensured.

2.2.2 Day-ahead energy market
The day-ahead market is the central place for electricity trade in Russia. In 2011, a total
of 213 buyers and 51 producers of electricity were registered as participants of the
market. The total amount of electricity traded in the day-ahead market was 865 TWh,
constituting approximately 80.5 % of all the electricity volumes traded in the wholesale
market. The total market turnover in 2011 was around 18.4 billion euros (ATS, 2012).
In the day-ahead market, the commercial operator ATS performs a bid-based securityconstrained economical dispatch of the generators whose statuses were determined as
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“online” by the SO in the preceding procedure of unit commitment. The day-ahead
market uses locational marginal pricing (LMP) to price the short-term electricity sales
and purchases. The nodal prices are defined on an hourly basis, and they reflect the
effects of marginal losses and congestions. The prices at each network locations are
determined by the power exchange Administrator of Trade System (ATS), and they are
valid for all energy purchase and sale transactions performed at this location. In order to
perform computation of nodal prices, the commercial operator ATS uses a calculation
model of the power system that comprises more than 8700 nodes and 13600 power lines
(SO, 2015d). With minor differences, determination of the short-term locational market
prices in the wholesale market of Russia is performed in accordance with the wellrecognized principles of LMP calculation. These principles have been documented in
detail in the literature. An in-depth description of the short-term efficient pricing
mechanisms for the electric power systems is provided, for example, by Hogan (1992).
The main differences of the LMP calculations in the Russian wholesale energy markets
from other markets are the exclusion of certain types of generation units from the price
setting process and the presence of special mechanisms that suppress the contribution of
network congestions to the prices at certain nodes.
2.2.3 Balancing market
The balancing market of electricity in Russia is an aftermarket to the day-ahead market.
It is a real-time market organized by the SO of Russia with the main objective of
minimizing the costs of production to meet the planned electricity demand. The auctions
of participants’ offers in the balancing market are held by the SO twelve times during
the day of actual delivery of electricity. In the balancing market auctions, the SO applies
the same concept of bid-based, security-constrained economic dispatch with nodal
prices that is employed in the day-ahead electricity market of Russia. The nodal prices
obtained as a result of optimization in the balancing market auctions are called
“indicators of the balancing market”. Similar to the nodal prices of the day-ahead
market, they also include the costs of marginal energy, marginal losses, and
transmission congestions.
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2.2.4 Market of ancillary services
In the market of ancillary services, the SO of Russia procure the services required for
provision of reliable and safe functioning of the power system. The list of services
procured by the SO in the market includes the normalized primary frequency regulation,
automatic secondary frequency regulation and regulation of active power flows, reactive
power regulation and services related to development of systems of emergency control.
Assignment of generators for providing ancillary services is performed on the annual
basis by comparing the parameters of price offers received from generators. The results
of competitive selection determine the list of generation units that will provide each
type of the required system service, the planned amount of this service per month, and
the price paid to each selected individual generation unit.

2.3 Capacity markets
The capacity market model includes regulated contracts, annual auctions for the
generator capacity, and long-term agreements for new generation capacity approved by
the Government. Capacity market trade is led by the System Operator (SO), which
forecasts demand for capacity and determines prices in annual competitive capacity
auctions. The results of the capacity auction held at the end of 2015 determined the
prices and capacity delivery obligations of generators during the coming three years
2017-2019 years. The results of the capacity auctions held in September 2016 and
September 2017, in turn, determined the costs and capacity delivery obligations of
generators during 2020 and 2021 years correspondingly. The price for capacity
determined in the auctions for 2017-2021 years is between 110451.2 and 134393.8
RUB/MW per month for the first price sub-area of the market (1634.9 and 1989.3
EUR/MW per month, based on the exchange rate on 23 October 2017) and between
181760.7 and 225339.7 RUB/MW per month for the second price sub-area of the
market (2690.4 and 3335.4 EUR/MW per month, based on the exchange rate on 23
October 2017).
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In 2008-2015, transmission network limitations have led to the appearance of regional
markets in multiple sub-areas of the capacity market called zones of free flow of electric
energy and capacity (ZFFs). The zones were originally introduced by the SO for the
purposes of proper evaluation of future capacity delivery obligations of generators in the
annual competitive auctions for electric capacity between 2008 and 2015. Beginning in
2008, and for each calendar year thereafter until and including 2015, the SO updated the
list of the ZFFs and established maximum allowable limits for capacity transfers
between the zones based on information about actual and projected situations in the
transmission system of the country. In 2011, the SO distinguished 22 and 7 zones of
free flow within the territories of the first and second wholesale market price sub-areas,
respectively. Between 2011 and 2014, as a result of merging of several ZFFs, the total
number of bidding zones in the capacity market was gradually reduced to twenty-one
(SO, 2012; SO, 2014b). Since 2016, however, during the capacity auction calculations
the SO only accounts on the limitations on the capacity flows between two market subareas.
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3 Overview of electricity markets modelling approaches
Modelling of the competitive electricity market is an activity, the aim of which is to
establish mathematical dependencies between the actions of power producers,
consumers of electricity, infrastructure organizations and regulators and electricity
prices in the market. Commonly, modelling of electricity market implies development
of a mathematical model that captures the impacts of the decisions of market parties and
various technical-economical constraints in the power sector on generation and
consumption levels and costs and prices of electric energy in the market.
Modelling and forecasting of the competitive electricity market operations is a topic that
continues to receive substantial attention in various political and research arenas and
fields of practice. The energy market modelling tools are continuously developing and
become more sophisticated to respond to the various needs of different parties of
interest. First, owners of the generation assets often require models that can provide
them with instructions regarding the optimal strategy of operation in a deregulated
electricity market environment. Second, investors in new generation capacity need
electricity market models, for example, to analyse the behaviour of future cash flows
under various market conditions and evaluate the profitability of their long-term
investments. Third, industrial consuming facilities and retailers that buy electricity from
the wholesale market for resale to small- and medium-scale end-users may use market
models to assess the risks associated with the electricity procurement process. Finally,
for policymakers, models can be an effective tool to obtain a better understanding of
unanticipated and unintended consequences of various policy decisions.
In the past few decades, a number of different modelling frameworks have been
proposed to analyse and forecast the operation of competitive electricity markets. The
models vary in terms of data requirements, computational complexity, approaches to
modelling interactions between market parties, treatment of market constraints, and
accuracy with which they could replicate known characteristics of a particular market.
The present chapter provides an overview of the existing market modelling techniques
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with emphasis on main features, input data requirements, and common areas of
application of each market model type. After that, the suitability of various market
modelling methods for a particular environment of the Russian electricity market is
discussed, with the focus on available market data and the unique challenges imposed
by the features of the actual electricity market in Russia. The chapter concludes with a
definition of the form of the appropriate model of the Russian energy market and
outlines the basic requirements regarding the input parameters, structure, and solution
methods for the development of the large-scale model of the Russian short-term
wholesale electricity market.

3.1 Classification of models
Several classifications are currently available in the academic and industrial literature
on modelling of electricity markets. One of the broadest model classifications is
proposed in Davidson et al. (2002). The authors distinguish between the bottom-up,
econometric top-down, and hybrid bottom-up/top-down models of electricity markets.
These models differ by the manner in which they represent technology and the nature of
data applied in the analysis (Muller, 2000). The bottom-up system-driven models are
similar to those used in conventional power system engineering disciplines. The models
can include many of the essential technical and economic details of the power system
operation, and they often calculate prices and schedules of generators in much the same
manner as the actual electricity market dispatch algorithms do (Tipping and Read,
2010). In contrast, top-down models of electricity market do not model details of
operation of electricity systems but attempt to explain changes in market prices or
demand by analysing the technical features of relevant time series data or by applying
methods of statistical and econometric time series data analysis. Hybrid bottom-up/topdown models allow combination of the advantages of conventional bottom-up and topdown approaches. These models use a detailed bottom-up representation of the market
with some parameters of the conventional bottom-up model being estimated taking a
top-down approach (Tipping and Read, 2010).
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The market models can also be classified in accordance with some arbitrary selected
criteria characterizing the features or performance of the specific modelling approach in
a certain environment. Examples of these criteria could be the mathematical structure,
the degree of competition, or the complexity of the applied solution methods. For
instance, Ventosa et al. (2005) categorized the bottom-up market models into three main
trends based on their mathematical structures: single-firm optimization models,
equilibrium models, and agent-based simulation models. Single-firm optimization
models concentrate on finding the optimal decision on the trading performance of
individual market participants, whereas equilibrium and agent-based simulation models
focus on modelling the decisions of many market players with different objective
functions and specific constraints. An optimization modelling framework can also be
applied to model the operation of the entire market. In such cases, the optimal market
schedules and prices are determined from the results of total generation cost
minimization or market welfare maximization.
Another important distinction between various bottom-up modelling approaches is the
assumption about the competitive market environment. Leuthold (2010) establishes two
different categories of models: the models of perfect competition and the models of
imperfect competition. The first class of models does not take into account strategic
interactions between market participants, whereas the models of imperfect competition
address the strategic behaviour of participants in the market.
It is important to note that owing to quite a large number of various modelling
approaches, in many cases, strict classification of various model types is problematic.
The same models can be attributed to different classes depending on pursued modelling
objectives, design of the electricity market in question, or the model application area.
For example, Most and Keles (2010) distinguish four main classes of models that can be
applied to the electricity market analysis. In this classification, the market-wide
optimization models and the agent-based simulation models are referred to as
fundamental models because these models allow simulation of fundamental technicaleconomic aspects of the power sector operations. On the other hand, the second class of
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models, game-theoretic approaches that address the strategic behaviour of participants
in the market, is essentially the same as the class of equilibrium models. All the above
approaches can be referred to as a bottom-up class of models. Other two model types
are financial mathematical models that analyse only the technical features of the time
series data and econometric time-series models that take into account some fundamental
market characteristics, such as demand or hydro production variation, as explanatory
variables can be attributed to top-down modelling approaches. The models of this type
are frequently applied to model the key characteristics of electricity prices, such as
volatility levels, spikes, and seasonality.
Table 3.1 summarizes the information about some electricity market model
classifications proposed by different authors. Most of the considered model
classifications are conditional, and additional subcategories could be added if needed.
Table 3.1 Examples of classifications of electricity market model types proposed by different authors
Author

Model type
Single-

Market-wide

firm/technology
Hourcade
et al., 2006

Hybrid
models

Most and
Keles,
2010

Bottom-up models

Game theory
models

Ventosa et
al., 2005

Optimization
models

Grunewald
et al., 2012

Engineering
models

Equilibrium
models

Top-down models

Fundamental models

Financial
mathematical
models

Econometric
time-series
models

Agentbased
simulation
models
Systemwide
models

Since this work concentrates on modelling the operation of the entire wholesale power
market of Russia, the single-firm models, which usually focus on modelling of an
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individual market player or specific technology operation in the electricity market, are
omitted from further consideration. Thus, the following sub-sections concentrate on the
description of the bottom-up modelling approaches used for the analysis of the entire
wholesale electricity market operation. These approaches are presented in accordance
with one of the most general classifications of bottom-up models provided, for example,
by Pfluger (2013) and Weigt (2009). According to the authors, the market-wide models
can be categorized according to the model structure into various main groups:
equilibrium models, agent-based computational models, and optimization models.
3.1.1 Equilibrium models
The first sub-category of bottom-up models is the equilibrium or oligopoly game theory
models. The models of this type are frequently applied to analyse the impacts of firms’
strategic behaviour on electricity market outcomes (Weigt, 2009). A distinctive feature
of equilibrium models is that they explicitly consider market equilibria. The models rely
on the concept of Nash equilibrium, which specifies strategies with which market
competitors can mutually maximize their profits. This principle is pervasively used in
economics to understand and describe the potential behaviour of rational firms in a
deregulated market environment (Rudkevich, 1999, Baldick, 2006).
Equilibrium models can differ from each other depending on the assumed form of
strategic game, levels of technical details incorporated into the model, the type of
modelled markets, and calculation methods. Two most popular types of equilibrium
models are often distinguished in the literature: Cournot models and Supply Function
Equilibrium (SFE) models (Willems et al., 2009). These models differ by the form of
the game considered. In the simplest Cournot modelling framework, each market player
maximizes its profit by choosing the quantity of output under the assumption that its
decision will not affect the other competitors’ production levels. The market players are
assumed to set their outputs simultaneously. The market clearing prices and optimal
production quantities that satisfy the imposed market-clearing constraints, and the
profit-maximizing conditions for each market participant are then determined from a
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given inverse demand equation by solving a set of algebraic equations. This feature of
the Cournot models makes them easy to compute, and thus, many equilibrium-based
models originate from the Cournot solution concept (Ventosa et al., 2005)
In the SFE models, on the other hand, each supplier attempts to maximize its profit by
bidding its unique supply curve into the market with uncertain demand. The supply
curve specifies the price for each quantity of electric energy offered by the supplier to
the market. Similar to the Cournot type of game, the individual supply curves of
participants are submitted simultaneously, and each supplier assumes that its supply
decision will not affect the decisions of other market suppliers. Computation of
equilibrium, however, usually requires solving of a set of differential equations, which
makes the SFE problem solving process rather difficult. In addition, the models can
produce a number of possible equilibria (Willems et al., 2009).
Other market game rule arrangements are also possible within the equilibrium
modelling framework. Alternative types of strategic games used for studying
interactions between market participants may be, for example, Bertrand behaviour,
Stackelberg leadership competition, and Collusion and Conjectural Variations. A
comprehensive overview of different types of strategic interactions in equilibrium
models is given in Day et al. (2002).
Generally, equilibrium models can provide a more realistic description of participants’
behaviour in the market than other model types, particularly in those markets where
only a few large sellers compete with each other. These models are often considered one
of the most powerful tools in exploring market power by incorporating into one model
many of the structural, behaviourial, and market design factors that are related to market
power (Twomey et al., 2004). However, one of the common disadvantages of
equilibrium models is that they may be poor to produce realistic simulations as they
usually do not consider non-convex problems of the electricity market, such as the unit
commitment process (Weigt, 2009). Examination of the relevant literature also shows
that most of the models tend to omit many of actual technical limitations present in
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actual competitive electricity markets, and they greatly simplify the actual energy sector
representation. In addition, many important behavioural parameters in the models
cannot be directly observable from the markets (Day et al., 2002). As a result, the
quantitative results obtained from equilibrium models are often taken more as
illustrative examples rather than ultimate research objectives (Most and Keles, 2010;
Weber, 2005).
3.1.2 Agent-based simulation models
An alternative class of models that can be applied to the analysis of electricity market
operation is agent-based simulation models. Agent-based simulation modelling is
widely used in many disciplines to model complex adaptive systems (Macal and North,
2013). These models can be particularly valuable for the systems whose functioning is
not understood well enough to construct an equation-based model that would
appropriately simulate their operation (An et al., 2007).
In agent-based models for electricity markets, the decisions of market participants are
usually modelled taking into account the important factor of historic experience of their
operation. Different market participants, such as generators, customers, or network
operators, can be represented by different computer programs, called agents.

The

agents’ behaviours can evolve over time as they observe their competitors’ behaviour,
learn new strategies, and adapt to changing conditions of the external environment.
Chassin et al. (2014) describe some important features of the agent-based simulation
models:
1) The behaviours of the agents are modelled such that they can evolve over time in
a manner similar to a state machine or an equivalent model.
2) The agents can interact with each other in a manner that is consistent with the
anticipated interactions in the actual system. For example, the agents can exhibit
characteristics of competitive behaviour.
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3) The agents react to changes in the surrounding environment, and changes in the
surrounding environment may occur as a result of the actions of the agents.

An important advantage of the agent-based simulation models is that they provide an
opportunity to deviate from formal market equilibrium conditions and assumptions of
the profit-maximizing strategies of the participants (Sensfub et al., 2007). This makes it
possible to specify a wide range of possible objectives for agents, including those of
non-economic character, which often cannot be considered in the models of other types.
For example, agent-based simulations can be a suitable tool to evaluate the adoption rate
of new market products or technologies by different market members and assess the
rationality of various public policies to promote their use (Newbery, 2012).
Advantages of agent-based models, however, are usually offset by challenges related to
the analysis of their results. Despite the great flexibility in specifying how agents
behave, the results of simulations are often hard to interpret and validate as the models
do not follow specific trends of agents’ behavioural learning (Weidlich and Veit, 2008).
In addition, most of academic publications on the application of agent-based models in
the simulation analysis of competitive electricity markets often simplify the underlying
market physics by excluding most of the real-life market constraints from consideration.
In particular, many models tend to omit the effects of transmission network limitations,
which can usually have a significant impact on market outcomes (Zhou et al., 2007).
Nevertheless, agent-based modelling is one of the most actively developing classes of
computational algorithms, which demonstrates its potential for analysis of the realworld energy markets (Young et al., 2014).
3.1.3 Optimization models for electricity markets
Optimization models rely on a detailed technical description of the energy supply chain
and energy transformation processes. The advantage of these models is that they allow
explicit representation of technical and operational constraints present in actual
wholesale electricity markets, such as transmission network constraints, unit generation
limits, ramp-rates, fuel supply contracts limitations, and thermal pollution constraints.
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Detailed information about the costs of operating a specific power plant, including
variable generation costs, no-load costs, and start-up expenses, can also be easily
incorporated into optimization models. The typical objectives considered in the models
include minimizing the total commitment and production cost of generation sources to
serve forecasted customer loads or maximizing social welfare subject to the imposed
constraints. The models can be solved in a deterministic mode, in which only one
unique set of prices and production schedules of generators is determined under a given
single market demand curve realization (Kiviluoma, 2013). Alternatively, the models
can take into account uncertainty in power consumption and renewable source
production forecasts in the optimization by producing a range of different price
estimates under various possible realizations of stochastic demand, hydro, or wind
production.
The main disadvantage of optimization models is that they usually have to make certain
simplifications

about

the competitive market

environment.

Specifically, the

simplifications that are applied to estimate the price–quantity pairs in the producers’
offers represent one of the major concerns of optimization models (Twomey et al.,
2004). Although optimization models allow modelling of many important technicaleconomical characteristics of the power systems, which cannot be easily incorporated
into the models of other types, most of the models calculate competitive market price
estimates under the assumption that all market participants act as price-takers.
Typically, the modelled power plants are assumed to bid simultaneously into the market
auction their true marginal production costs until their available capacity is fully
utilized. Therefore, the possible impacts of strategic decisions of market participants on
prices are excluded from consideration in the optimization modelling framework.
Despite the major simplifications in modelling of the participants’ behaviour in the
market, optimization models continue to be one of the most widely applied tools to
analyse actual competitive electricity markets. This can generally be explained by the
greater transparency of the optimization modelling framework and the absence of
shortcomings related to the assumptions about the behaviour of market participants
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(Pfluger, 2013). The least-cost dispatch schedules of generators and competitive market
price estimates are typically determined by optimization models in the same manner as
dispatch schedules of generators and market prices are determined by an SO in an actual
electricity market. This usually makes interpretation of the model results easier than in
the models of other types.
3.1.4 Other models
Some electricity market models, however, can use a combination of various modelling
approaches and, therefore, they cannot be perfectly slotted into one of the abovementioned model categories. For example, in recent years, attempts to increase the
degree of realism of simulations produced by bottom-up models resulted in the
development of a hybrid “bottom-up/top-down” modelling approach. As described by
Tipping and Read (2010), in these models, parameters for simplified “bottom-up”
models are estimated from time series models, which is a “top-down” part of the hybrid
simulation approach. In their studies, the authors applied a hybrid simulation framework
to model energy prices in a hydro-dominated market using readily available data on
water inflows and reservoir levels from the New Zealand Electricity Market. The
similar methodology was used to calibrate a complex bottom-up equilibrium model of
the Australian National Electricity Market. In both cases, the authors reported that
simulated prices obtained with the hybrid model fit the actual market prices more
accurately than those obtained with top-down and bottom-up models alone. Another
application example of the hybrid modelling approach can be found in Anderson and
Davison (2006). The authors applied the hybrid modelling framework to examine the
effects of altering power plants’ outage durations on the frequency of price spikes in the
Pennsylvania Jersey Maryland (PJM) power pool.
Another example of market models that can incorporate several modelling techniques
within a single modelling framework is complementarity models. These models can
consider the simultaneous optimization task of one or more interacting decision-makers,
and thus, they represent powerful tools for formulating and solving bottom-up energy
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market models (Ruiz et al., 2014). One important application of complementary models
is the multi-leader-follower game and modelling of strategic decisions of generators in
the market. In these types of models, called strategic offering models, each generator is
considered a leader that solves the Stackelberg game formulated as Mathematical
Program with Equilibrium Constraints (MPEC) (Ruiz et al., 2014; Su, 2005). An MPEC
model typically has an outer problem of maximizing the generator profit taking into
account that the SO must solve an economic dispatch problem in the electricity market,
which is treated as the inner problem in the model (Kwon and Frances, 2011).
Mathematically, the MPEC can be a very challenging problem, and application of
specialized algorithms is often required to obtain its solution (Pieper, 2001). However,
explicit consideration of the impacts that the price and quantity offers of generators
could have on the outcomes of the electricity market auction in these models encourages
their application by generators that need to formulate their bidding strategies in the
market and regulators that can apply them for market monitoring.
3.1.5 Applicability of the models for analysis of actual electricity market
operations
Generally, selection of the appropriate market model type depends on the research
objectives being studied and the specific features of the modelled actual electricity
market environment. For example, the equilibrium modelling framework can be an
appropriate approach to understand producers’ behaviour in an oligopoly electricity
market. The models can handle large databases, and therefore, they can be used to
create large-scale approximations of actual electricity markets (Weigt, 2009). On the
other side, when many technical and economical attributes of actual power sectors
should be considered, an accurate equilibrium model may be difficult and timeconsuming to obtain and solve. Moreover, inclusion of such an important element of the
electricity supply chain as the transmission network in the model formulation often
complicates the results in sometimes most unexpected ways (Neuhoff et al., 2005). For
these reasons, the benefits and practical applications of equilibrium models for the
analysis of actual short-term electricity market operations can be limited.
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The agent-based models show great promise in the field of modelling of electricity
markets operations. They have been applied to study a wide range of topics, such as
market power manifestation, market design, or new technology adoption. Analysis of
the relevant literature shows, however, that the agent-based models of electricity
markets may substantially differ by structure, representations of interactions, and
underlying assumptions about the behaviour of market participants. This versatility of
model designs complicates communications and comparison of different model results
and hampers efforts to evaluate such models. Another important concern of agent-based
modelling is the higher number of model iterations that are typically required to
evaluate the simulated outcomes. Although computing power is rapidly increasing, high
computational requirements of agent-based models impose limitations on their
applicability to modelling large systems (Castle and Crooks, 2006). At present, in the
literature there are only a small number of models that have been applied to practical
study of the operation of actual electricity markets. Examples of these models can be
found in Rastegar et al. (2009), Young et al. (2014), and Li and Tesfatsion (2017).
These publications address challenges related to application of the agent-based
modelling framework in the deregulated electricity markets of Italy, New Zealand, and
New England.
Optimization models, sometimes referred to as Engineering models in the literature, can
accept a large amount of data on actual technical parameters and constraints of
generation equipment, variable and fixed production costs, pollution limits,
transmission network details, and constraints related to power system security
operation. The models can simultaneously optimize production output of hundreds of
generators in actual markets given their exogenously determined operational constraints
and taking into account the general limitations on power sector operations imposed by
the SO. The models are frequently applied to simulate the welfare effects of the
integration processes of national markets, emission allowances, and penetration of the
renewable sources of generation. For example, Leuthold et al. (2012) developed a largescale spatial optimization model of the European electricity market (ELMOD) and used

45
it to study a variety of questions regarding the network congestion management
schemes, optimal market design, and investment in generation in the German electricity
market and markets of Continental Europe. Kiviluoma (2013) applied a large-scale
optimization model WILMAR to study the flexibility of the power system under
conditions of significant wind production with the focus on the Nordic electricity
market. The above models are rich in technical specifications, and they include detailed
representation of actual generation and transmission sectors of the regions under
consideration.
Another typical area of the optimization model applications is the competitive
benchmark analysis. A competitive benchmark analysis is performed for recognition of
market power. It is based on comparison of actual market prices with those obtained as
a result of market simulations for the purpose of detecting periods when prices have a
significant gap. Bushnell and Saravia (2002) developed a competitive benchmark model
to estimate the price markup on the electricity market of New England from May 1999
to September 2001. Musgens (2006) examined the presence of market power in the
German electricity market applying a dynamic-multiregional dispatch model, which
incorporates effects of the international power exchange and dynamic effects, such as
start-up costs and hydro storage plant dispatch. Weigt (2009) developed a competitive
benchmark model also for the German market, taking into account general power plant
characteristics, fuel and emission allowance prices, wind generation, cross-border flows,
unit commitment, and start-up costs. Such models, however, have typically been
criticized either for not incorporating some important aspects of real electricity market
operation, such as operating reserves, unit commitment, and power exchanges into the
analysis, or modelling the power plant operational characteristics, such as production
costs and availability, in a too simplified manner (Most and Genoese, 2009).
Hybrid bottom-up/top-down approaches are specifically designed for applications to
real-world market studies. Hybrid bottom-up/top-down approach can be beneficial over
conventional optimization and equilibrium approaches, especially when some
parameters of the underlying bottom-up model can only be estimated from available
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market data. The models are, therefore, always market-dependent. One of the most
common applications of the models is price forecasting in electricity markets.
Over the past years, the potential of the bottom-up market models for analysing market
design and regulation has also been demonstrated by many authors. A list of the most
common simulation model applications includes but is not limited to the assessment of
environmental regulation impacts on market prices, changes in the cross-border trade
rules, payment rules, and pricing schemes in the market. For instance, Pellini (2011)
applied the detailed bottom-up model of the power system of Italy to study the impacts
of replacing explicit auction mechanisms with market coupling on the Italian electricity
market outcomes. The author performed the simulation under a perfect competition and
oligopolistic framework and concluded that introduction of market coupling would
result in a net welfare gain for the market participants and lead to more efficient
utilization of cross-border transmission capacities. Weigt et al. (2010) used the model of
the European electricity market to examine the impacts of extensive wind development
in Germany on energy prices and generation under different grid extension scenarios
and pricing rules. The author reported that the highest welfare effects could be obtained
under the nodal pricing scenarios and that the use of the HVDC connection to transmit
the wind off-shore power from the North Sea to the country’s southern regions is
superior to the plans of extending the AC transmission grid. Lise et al. (2010) reported
the results of application of the bottom-up model of the European electricity market in
the assessment of the impacts of the EU Emission Trading Scheme on prices, profits,
and emissions in the power sector under the framework of perfect and imperfect
competition.
Table 3.2 provides information about the type of the market model, its fundamental
assumption about the modelled market environment, incorporation of the behavioural
aspects of market participants’ operation, applicability to large-scale real problems,
degree of realism in modelling of technical-economical limitations of the power sector,
and examples of typical applications.
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Table 3.2 Basic features of the bottom-up models for electricity markets

Model type

Assumption about the
market environment

Modelling of

Applicability

Realistic

participant’s

to large-scale

representation of

behaviour

problems

technology

Typical
applications

Equilibrium
models

Imperfect competition

+

+

-

Market
power,
congestion
management

Agent-Based
models

Perfect/Imperfect
competition

+

-

-/+

Optimization
models

Perfect competition

-

+

+

Policy
analysis,
transmission
investments,
wind
integration

Hybrid
bottom-up/topdown models

Perfect/Imperfect
competition

-/+

+

+

Price
modelling in
hydrodominated
systems

Market
design,
technology
adaptation

3.2 Research questions related to the modelling of the Russian
wholesale energy market
Development of the bottom-up model of the wholesale energy market of Russia requires
a decision about the model type and structure that best fits the peculiarities of the
modelled market, a list of parameters used in the model, and the solution methods
applied to solve the model. The section below provides an analysis of the requirements
for the bottom-up model of the Russian short-term wholesale energy market. It
describes the key model needs and defines the tasks to be accomplished in order to
develop a model of the wholesale electricity market in Russia.
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3.2.1 Selection of the model type
In order to select the model type that would closely enough represent the operation of
the Russian short-term wholesale energy market, the key features of the actual market
operation should be considered. First, Russia applies a centralized pool-based design of
the wholesale day-ahead and balancing energy markets with unit commitment and nodal
pricing. Since a pool-based market design is applied in the wholesale market, the prices
and production schedules of generators are determined in a centralized manner, and they
depend on a large number of technical constraints and limitations incorporated into the
market clearing process. The review of the characteristics of various simulation
approaches presented in Table 3.2 suggests that the optimization models could meet the
Russian market design requirements better than the models of other types. These models
may demonstrate a higher ability to capture various technicalities of electricity
production and actions of market regulations in the actual short-term market of Russia.
Moreover, application of an optimization model may also prove to be particularly useful
in the market with centralized dispatch because of the inherent features of the
optimization modelling framework, which assumes that all generators’ commitment and
production decisions are made in a centralized manner. Another important advantage of
the optimization modelling framework is that it allows modelling of non-convex
commitment decisions of generators in the wholesale market of Russia, which may be
problematic in the models of other types.
Second, the Russian wholesale energy market can be characterized as a transmission
constrained market. In the presence of transmission system limitations, the use of a
single-node simulation analysis, in which the electric network is completely omitted
from the model formulation, may result in a substantial mismatch between the simulated
and actual prices and loading levels of generators. In order to enhance the degree of
reliability of the simulation analysis of producers’ operation in the transmissionconstrained wholesale energy market in Russia, it is necessary to apply such a market
simulation model in which network constraints can be included in the scheduling and
market-cleaning processes. Inclusion of the transmission network in the model
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formulation is easy to implement within the optimization modelling framework,
whereas in other models this may create obstacles to modelling of market operations in
a realistic manner.
On the other hand, the Russian electricity sector represents a typical oligopoly owing to
the presence of tens of large privately owned and governmental generation companies
with significant market shares. These generation companies have the potential to affect
market prices (Barkin et al., 2014). Therefore, equilibrium models would be a more
suitable approach to examine the operation of power producers in the Russian shortterm energy market. Unfortunately, the major simplifications with respect to
representation of producer’s supply offers required in these models and difficulties
associated with treatment of technological constraints may not allow construction of a
large-scale equilibrium model that would reflect the operation of the Russian energy
market realistically. For the reasons presented above, selection of the optimization
modelling framework to model the operation of the short-term electricity market seems
to be a pertinent approach.
3.2.2 General model structure
The proposed optimization model of the Russian electricity market is expected to
establish functional dependences between various attributes of the actual market. These
dependences can later be used to analyse and predict the behaviour of the market under
different experimental conditions. However, in order to obtain the desired input-output
characteristics, assumptions about the structure of the proposed model should be made.
The key structural elements of a typical optimization model of the electricity market or
power system are: decision variables, uncontrollable model parameters, performance
indicators, and objective function (Badinelli et al., 2010).
The factors that can affect the values of performance indicators are categorized into two
sets or collections; uncontrollable factors and controllable factors. Uncontrollable
factors are fixed parameters of the model, and they can have constant values in the
course of modelling or be stochastic by nature. Typical examples of uncontrollable
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parameters of electricity market models include pre-specified limits of available
transmission capacity, installed capacity of plants, maximum fuel consumption limits,
power system reliability criteria, outdoor temperature levels, or amounts of
precipitation. Sometimes, certain uncontrollable model parameters and constraints, such
as required operating reserve margins in the power systems or electric loads, may also
be considered to be known in advance, and thus, they do not have to be modelled. Other
input parameters, such as hydro reservoir inflow rates or unplanned outages of capacity,
usually have to be estimated or modelled separately, for example, by using available
historic data. Controllable model parameters or decision variables, on the other hand,
represent alternatives or choices of resource usage that should be made to obtain the
preferred and feasible results.
A model typically requires definition of how the controlled and uncontrolled variables
are connected to the model output variables. Examples of these input–output
relationships that have to be considered in the model can include:
•

Production cost functions of generators

•

Dependences of flows in the transmission network from power injections and
withdrawals at nodes.

The proposed decision models can be characterized as a prescriptive model, that is, the
model prescribes the actions that have to be done to achieve the best and most desired
alternative. Generally, prescriptive solutions from the energy market models can be
obtained using various optimization techniques including branch-and-bound or
evolutionally heuristic algorithms (Badinelli et al., 2010).
For the modelling, a set of performance indications used as the model outputs should be
defined. Examples of performance indicators can include:
•

Hourly day-ahead energy market price estimates

•

Energy production plans of the modelled generators
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•

Total net revenues obtained by the modelled plants from the day-ahead energy
market over a single model run

The values of performance indicators determined by the model may be used directly in
the decision making process or averaged over time and over the examined modelling
scenarios to obtain generic measures of rationality and feasibility of each proposed
alternative. Examples of the generic performance measures can include the number of
start-ups and shutdowns of plants over a month, duration of operation under different
loading levels, fuel economy, or average marker revenues.
Following the objectives of this doctoral dissertation, the total revenues of the modelled
generators are chosen as the main generic performance measure. Evaluation of the
generic measures requires estimation of two main decision variables: the prices and the
production plans of generators in the market. In the actual wholesale energy market of
Russia, market prices and generation schedules are obtained as a result of solution of
two major optimization problems: unit commitment and economic dispatch. Therefore,
the proposed optimization model of the short-term energy market is required to replicate
in a sufficient detail the process of market clearing performed by the SO and the ATS in
the actual market. Thereby, a mathematical problem of total market welfare
maximization under given power sector constraints should be formulated. In the
proposed optimization model, the group of controllable parameters should include
binary commitment decisions of thermal generators and production output levels of
hydro, thermal, and nuclear power plants in the short-term market. These variables are
considered the most fundamental parameters for describing the physical state of the
generation sector of Russia. To represent the values of state variables in a realistic
manner, the constraints associated with actual electricity sector operation should be
introduced.
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In the context of the Russian electricity market, the list of basic constraints describing
the boundary conditions of the actual electricity sectors operation should cover:
•

Thermal generation sector constraints
o Operational constraints of condensing power plants (GRES).
o Operational constraints of co-generation plants (CHP)

•

Nuclear generation sector constraints

•

Hydro generation constraints
o Output and energy constraints of plants with water reservoirs
o Run-of-river plant constraints

•

Limitations in the national transmission system

•

System-security constraints
o Operating reserve margins

Figure 3.1 depicts the general structure of the proposed optimization model of the
Russian day-ahead energy market.
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Figure 3.1: General structure of the proposed optimization model

The functions of the SO in the model are narrowed down to performing the process of
unit commitment in order to meet the forecasted customer’s demand at the lowest
possible costs given by the production offers of generators. Activities of the commercial
operator ATS are replicated by implementing an Economic Dispatch of the committed
generation sources.
3.2.3 Data availability
Parameterization of a large-scale optimization model of the Russian energy market
requires collection of data about actual characteristics of the power plants operating in
Russia, production costs, and power system constraints using the publicly available
sources of information. In the absence of actual information, which is the most common
case for the electricity markets, this is a typical approach to construct optimizationbased market models. The model, however, is required to take into account various
aspects of operation of an actual power system, such as seasonal reductions in available
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generation capacity and fuel supply limitations. In order to evaluate the data needs of
the model, the required and available data from the market are given in Table 3.3.

Table 3.3 Available and missing data from the Russian wholesale energy market
Market segment

Character of

Actual data availability

information
Nodal level

Region level

System level

Reference data

-

-

-

Data updated by GenCos on

-

-

-

Reference data

Hourly

Hourly

Hourly

Reference data for GRES

-

-

-

Ramp-rate constraints

-

-

-

-

Capacity outages

-

-

Monthly average

Monthly average

Reference data by types of

-

-

-

Reference data by types of

Hourly data

Hourly data

-

equipment

for selected

Generation
Fuel costs, efficiency, start-up and
shut-down costs of plants
Installed capacity of plants

annual basis
Min/Max output limits of power
plants
Min up-time/down-time constraints

Transmission
Line and transformer impedance

equipment
Min/Max active power flow limits
across network elements

lines
System-wide security limitations
Installed operating reserve margins

Tertiary reserve margins

-

-

evaluations from the SO

Normative and
planned reserves
during peak load
hours

Electric loads
Min/Max load values

-

-

Design data

Hourly

Hourly

Hourly

Export/import
Cross-border line capacities

-

-
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An analysis of available information required for parameterization of the model shows
that the most significant uncertainty can be expected in the modelling of the following
model parameters:
•

Plants’ variable operating costs

•

Minimum up-time/down-time and ramp-rate constraints of power plants

•

Generators’ planned and unplanned outages

•

Transmission system parameters

Other model parameters, such as reserve margins and electric loads, may be represented
relatively well based on the information available from the market.
3.2.4 Solution methods
The model must provide a solution for the large-scale unit commitment problems in
which optimal commitment and dispatch schedules of generation sources are
determined under a set of various system and individual producers’ operational
constraints. The delivered performance indicators could include the estimated shortterm marginal prices, production amounts, and estimates of the revenues obtained by
various power sources operating in the market.

3.3 Modelling procedure
The basic scheme of market simulations proposed in the present work includes
construction of a large-scale optimization model of the power system, use of the
developed model for simulation of the short-term energy market auction outcomes, and
critical evaluation of the simulation results. The general flow chart of modelling is
presented below:
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Data acquisition

Estimation of the parameters and
formulation of the constraints

Solving the model for optimum prices
and production schedules

Evaluation of the results against actual
market outcomes

Uncertainty and sensitivity analyses

Figure 3.2: General framework of modelling

Detailed explanation of each of the stages presented in Fig. 3.2 will be discussed in the
next chapter.
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4.1 Introduction
The present chapter describes the model structure, the solution algorithms, and the
parameter estimation methods applied in the study of the Russian short-term
competitive energy market. The model is designed to simulate the operation of the
energy market of Russia in the first price sub-area of the wholesale market. It models
operation decisions of generators in the market by solution of the total production cost
minimization problem. The model calculates hourly energy market prices and
production quantities of generators taking into account the basic features of various
plants technologies and also the most general power system reliability requirements
that are incorporated into the design of the wholesale energy market. Modelled
optimal prices are considered as a useful tool for evaluating the impact of various
structural, technological, and regulatory arrangements on the market performance.
The procedure of modelling is organized as follows. First, the model input parameters
are estimated from data available in the public domain and historical time series data
of the examined energy market. Explanations of various methods used to estimate the
model inputs are presented and the key results of modelling are discussed. After
identifying the model parameters, simulation of market operation is performed using a
multistage process of generation source dispatch. At the beginning, an optimal set of
on-line generators is determined in the day-ahead unit commitment procedure. After
that, the hourly costs and optimal production schedules in the market are accessed by
solving a series of economic dispatch problems with the selected generation sources.
The evaluated outcomes of simulations include hourly power outputs of generators,
total costs of electricity production, local marginal costs, and net revenues of
producers. A flow chart of the modelling approach is presented below.
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Figure 4.1: Flowchart of proposed market simulations
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In this work, the list of parameters evaluated from market data comprise operating
cycles of nuclear plants, seasonal variations of the available production capacity of
thermal plants, amounts of hydro energy in the market, and must-run electricity
production. The above-mentioned model parameters are evaluated using historical
data series. In addition to that, the work explores the potential of using methods of
statistical analysis to model loop flows in the electrical power transmission system.
Specifically, the study takes the approach in which network parameters are
determined using historical data on trade outcomes of the examined market of electric
energy. The network parameters are estimated from a multiple regression model, and
they are used to construct a simplified DC model of the transmission network,
operating in the wholesale energy market.
Therefore,

the

applied

modelling

framework

integrates

several

essential

characteristics of the bottom-up/top-down approach. This should facilitate more
accurate representation of market prices and production quantities of plants in the
Russian energy market and increase the degree of realism of the performed market
simulations.
The model is intended to replicate the operation of the spot market in the first price
sub-area between March 2011 and March 2014 using information about operational
parameters of the power system, regional natural gas and coal prices, generators’
efficiencies, and other essential details of the electricity sector of Russia. Zonal
marginal cost estimates obtained from the solution of the short-term optimal dispatch
problem are considered as market prices for electricity. The model is solved for three
distinctive days of each month: average work day, Saturday, and Sunday. The results
obtained from each model run are averaged and compared with the historical market
outcomes in order to assess the credibility of the performed simulations. The accuracy
of modelling is assessed by calculation of Root-Mean-Square-Deviation (RMSD)
between the modelled and observed market price values.
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4.2 Short-term electricity market demand
In order to model the operation of the power generation sector in the first price subarea of the wholesale electricity market of Russia, the estimates of the short-term
demand for electric energy in the sub-area need to be obtained. The demand quantities
in the model should represent the domestic market demand requirements, power
interchanges with the second price sub-area and the non-price areas of the wholesale
market, and export and import flows from other countries. In addition, it is preferable
to distinguish the quantities of the electricity demand for the model regions that can
be potentially separated by binding transmission constraints from the rest of the
market.
Information about the quantities of domestic electricity consumption and electricity
export and import for the model is accessed from daily reports of the ATS on
operation of the day-ahead energy market in the first price sub-area of the wholesale
market. The reports provide information about the total hourly day-ahead electricity
load obligations in the sub-area and the aggregate hourly electricity demand in each
zone of the capacity market (Fig.4.2).

Figure 4.2: Capacity market zones (Peretok, 2016)
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The parameters of the electricity demand for the model are determined using data on
the day-ahead electricity consumption and export and import of electricity in the ZFFs
available for the period between March 2011 and March 2014. To assess the demand
that must be faced by the electric producers in the model, the original total electricity
demand in each ZFF is adjusted for the export and imports supplies, and also for the
power interchanges with other market areas. Fig. 4.3 shows the modified total hourly
electricity demand in the day-ahead market in the first price sub-area of the market
between March 2011 and March 2014.

Figure 4.3: Total electricity demand in the European part of Russia and Ural between March 2011 and
March 2014 after controlling of the effects of export and import supplies

The modified hourly day-ahead energy demand in each ZFF is used to estimate the
average hourly demand profiles in this zone during the workday, Saturday and Sunday
in each of the 36 months of the considered three-year period. The obtained average
day zonal load profiles are incorporated into the model and serve as a basis for the
assessment of market prices and production quantities of generators in the first price
sub-area of the wholesale market.

4.3 Assessment of marginal generation costs
The marginal cost of production at the electric plants is an important factor that
affects the outcomes of competitive electricity markets. For most fossil fuel power
plants, the marginal production costs are determined by the costs of fuel used at these
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plants to generate electricity, variable operating and maintenance costs, and the costs
of emission allowances. Among them, fuel-related costs may constitute about 90 per
cent of total hourly production costs (PJM, 2009). The hourly production costs of the
fossil fuel power plants in Russia are modelled based on available information about
the average fuel efficiency of plants and their evaluated fuel costs.
Calculation of the short-run marginal cost offers of plants is performed as follows:

 7000   fc 
MC  1.1  

  BSFC
 C   1000 

(4.1)

where

C : fuel calorific value, Ccal/kg (Ccal/m³)
fc : fuel cost, RUB/ton (RUB/1000 m³)

BSFC : average brake specific fuel consumption of plant, g/(kWh)
Data about thermal plants’ efficiencies are taken from annual reports of generation
companies of Russia. The regional tariffs for limited gas for the industrial customers
of the JSC Gazprom are used to assess prices for natural gas for the gas-fired power
plant. For the coal-fired plants, the fuel costs estimates are obtained using information
about average coal producers’ prices and coal transportation costs.
Owing to the presence of separate capacity market, generators are assumed not to
include their fixed costs into their short-term market price offers to the day-ahead
energy market. Therefore, the resulting market offers of fossil fuel in the model
closely reflect the average fuel expenses at plants. However, in order to take into
account the operating and maintenance costs at plants, a 10 % cost adder is assumed
to be included in the market cost offers of plants.
Nuclear and hydro power plants are modelled with zero marginal costs. These types
of power plants are assumed to operate in the market as must-take suppliers
performing the task of base-load generation. The applied assumption is consistent
with the rules of these power source operations in the Russian energy market.
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4.4 Modelling of nuclear production
Nuclear power plants provide about one-fourth of the total electricity production in
the first price sub-area of the wholesale market of Russia. A realistic representation of
these plants’ output in the model could play an important role in the accurate
modelling of the competitive market outcomes. The present section describes the
procedure applied to evaluate the parameters of the operation of nuclear plants in the
wholesale market of electric energy in Russia.
4.4.1 Background and objectives
Nuclear power plants are thermal power plants that use heat released in nuclear fission
to boil water into steam. Owing to greater restrictions on load changes than other
generation technologies, these plants are usually run as base-load plants in the power
systems (Hassan and Chaplin, 2010). Another distinctive feature of nuclear power
plants is that they have relatively low variable costs of electricity production in
comparison with fossil generation plants. Therefore, it is usually a commercially
sensible arrangement to dispatch nuclear units at their full capacity as often as they
are available for production in order to minimize the total costs of power generation
for a power system.
Although the capacity factor of nuclear plants generally tends to be high, in normal
conditions the plants cannot operate at a full capacity over long periods of time.
Similar to other sources of generation, nuclear plants require operational breaks for
maintenance of their production facilities. Most of the preventive maintenance
operations at nuclear plants are typically scheduled by the plant operators for periods
of reactor refueling. Refueling of reactors at nuclear plants is often organized every 12
or 24 months, and it may last several weeks or more (IAEA, 2002).
Although the nuclear power plants may rarely become marginal producers in the
Russian wholesale electricity market because of the obligation to submit zero cost
offers for their capacity in the day-ahead market auctions, the operating performance
of these plants may have considerable effects on the electricity market outcomes.
Since not enough capacity may be available in the power system to provide base-load
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electricity during the nuclear plant outages, the more expensive fossil fuel generation
sources can be brought into operation in the market in the UC stage. This may cause
the day-ahead energy market prices to rise above their regular levels. The effects of
nuclear unit outages can be especially critical when transmission constraints lead to
formation of multiple deficit and surplus generation areas in the wholesale market. In
such cases, reduction of the baseload capacity as a result of a full or partial outage at a
certain nuclear plant may cause larger market price differences across different
geographical locations of the market. For these reasons, the model of the Russian
short-term electricity market should incorporate special metrics whose values would
reflect the specific operating conditions of each nuclear plant in each modelled period.
4.4.2 Data and methods
The operating performance of the nine nuclear power plants functioning within the
boundaries of the first price sub-area of the wholesale market of Russia can vary
depending on the applied reactor technology type, technical conditions, and the
maintenance scheduling strategy of Rosenergoatom. To ensure safe and reliable
functioning of plants in the power system, the concern devises a one-year
maintenance and modernization program of nuclear facilities and also formulates a
perspective plan of maintenance operations at nuclear plants for the upcoming years
on an annual basis (Rosenergoatom, 2016). At the time of writing this,
Rosenergoatom continued implementation of the modernization program of the
nuclear plants. Initiated in 2010, the program suggests a gradual increase in operation
times between refueling outages at nuclear units from 12 to 18 months and an increase
in the unit efficiency (Rosenergoatom, 2014).
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Figure 4.4: Nuclear power plants in the first price sub-area of the wholesale market (Rosenergoatom,
2014)

Descriptions of the projected maintenance activities at nuclear plants and information
about the time of the beginning of each planned maintenance operation are, however,
not in the public domain. Therefore, prediction of the time and duration of planned
outage operations at various nuclear power plants in the wholesale market can be
problematic.
In this work, historical schedules of generation units in the day-ahead energy market
provided by the ATS are used to capture peculiarities of different nuclear power
plants’ operation in the wholesale electricity market of Russia. The operating
performance of different nuclear power plant units in different time periods is
assessed from the hourly production output data of plants in the market for the period
from September 2010 to February 2014. Separate estimates are obtained for three
types of reactor technology currently used in Russia: WWER, RBMK, and FBR. The
estimates include the average operating capacity, the average periods of effective
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operation, and durations of scheduled maintenance outages of each nuclear unit type.
The subsections below describe the process of modelling the operation of each
nuclear unit type at a greater length.
4.4.3 WWER-type reactor plants
The first type of nuclear power plant units considered is the units with a WWER
(VVER) type reactor. About half of the nuclear plants of the country have reactors of
this type. WWER-type reactors are used in the nuclear power plants of Balakovo
NPP, Kalinin NPP, Rostov NPP, Kola NPP, and Novovoronezh NPP. Most of these
plants are equipped with three or four WWER-1000 type reactors. The only
exceptions are Novovoronezh and Kola nuclear plants, where units of a smaller
installed capacity of 440 MW are in use.
Historical production schedules of the plants equipped with WWER-type reactors
indicate that planned maintenance outages of a number of nuclear units at these plants
may be conducted with similar periodicity. Figure 4.5 shows an example of the
superimposed operating schedules of five WWER-type nuclear units located at three
different nuclear power plants: units 3, 4, and 5 of Novovoronezh NPP, unit 2 of
Rostov NPP, and unit 1 of Kalinin NPP. For convenience of comparison of the
operating schedules of units with different installed capacity, the normalized values
are calculated by dividing a per hour power output of individual units by their rated
capacity. In order to match the operating cycles of different units, the appropriate time
lags are applied to the time series data.
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Figure 4.5: Superimposition of actual hourly production schedules of different units with a WWERtype reactor

Figure 4.5 demonstrates the close similarity of the output schedules of the examined
nuclear units. Similar time intervals between the lengthy unit outages may indicate
that at the beginning of 2014 some nuclear units continue to operate in a 12-month
fuel cycle.
Table 4.1 shows the parameters of the typical production profiles of the WWER-type
nuclear units obtained as a result of superimposition of actual unit production
schedules. The longer operating cycles of units 1–4 of Balakovo NPP, units 2–3 of
Kalinin NPP, and unit 1 of Rostov NPP may indicate that these units had already been
operated in the extended 18 month fuel cycles at the beginning of 2014.
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Table 4.1 Parameters of production profiles of the WWER-type nuclear units
NPP name
(unit number)

Installed
capacity,
MW

Estimated average
operating cycle,
days

Assumed
cycle,
months

Operating / installed
Capacity, p.u.
On-load
Outage

Time
utilization

Balakovo (1)

1000

490

18

1.023

0

0.914

Balakovo (2)

1000

540

18

1.023

0

0.914

Balakovo (3)

1000

510

18

1.023

0

0.914

Balakovo (4)

1000

510

18

1.023

0

0.914

Kalinin (1)

1000

365

12

0.996

0

0.864

Kalinin (2)

1000

490

18

1.023

0

0.914

Kalinin (3)

1000

570

18

0.953

0

0.907

Kalinin (4)

1000

365

12

0.996

0

0.864

Novovoroneg (3)

440

365

12

0.996

0

0.864

Novovoroneg (4)

440

365

12

0.996

0

0.864

Novovoroneg (5)

1000

365

12

0.996

0

0.864

Rostov (1)

1000

510

18

1.023

0

0.914

Rostov (2)

1000

330

12

0.996

0

0.864

Note: Time utilization is defined as a ratio of operating time under full-load conditions and total fuel
cycle duration

4.4.4 RBMK-type reactor plants
The information available on the electric output of the RBMK-type reactor power
plants in the market consists of aggregate time series data of hourly electricity
generation of several units located at the plants. This prevents the assessment of the
historical hourly capacity levels and the outage history of individual RBMK-type
units at power plants. For this reason, only the summarized hourly electricity
production of several units operating in pairs can be assessed. Figure 4.6 shows the
results of superimposition of historical aggregate operating schedules of units with
RBMK-type of nuclear reactors.
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Figure 4.6: Superimposed hourly production schedules of units with an RBMK-type of nuclear reactor

The comparison of production profiles (Fig. 4.6) indicates that all RBMK-type reactor
nuclear units operate with only one long-duration planned maintenance break per
year. The substantial decline in the operating capacity of Leningradskaya NPP seen in
Fig. 4.6 is explained by major maintenance activities conducted by Rosenergoatom
between 2012 and 2013 at the plant’s nuclear unit 1 for its lifetime extension. Table
4.2 reveals information about the total installed capacity of the units under study, the
estimated average time between planned outages, the average full-load and outage
operating capacity, and the time of full-load operation.
Table 4.2 Parameters of production profiles of the RBMK-type nuclear units
NPP name (unit
number)

Installed
capacity,
MW

Estimated
average
operating
cycle, days

Assumed
cycle,
months

Operating / installed
Capacity, p.u.
On-load

Outage

Time
utilization

Kursk (1,2)

2000

365

12

0.995

0.510

0.6493

Kursk (3,4)

2000

365

12

0.995

0.510

0.6493

Leningrad (1,2)

2000

365

12

0.995

0.510

0.6493

Leningrad (3,4)

2000

400

12

0.995

0.510

0.6493

Smolensk (1,2)

2000

365

12

0.995

0.510

0.6493

Smolensk (3)

1000

440

12

0.967

0

0.8235

Note: Production of unit 1 at Leningrad NPP nuclear plant is assumed to be not affected by the life
extension program of Rosenergoatom.
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4.4.5 Other nuclear plants
Some nuclear units, however, cannot be placed into any of the above-modelled
categories. Two nuclear plants with unusual monthly production patterns must be
distinguished: Kola NPP and Beloyarsk NPP. Kola NPP operates four WWER-type
reactor units of a total installed capacity of 1760 MW in the territory of Murmansky
region. The plant has excess capacity that cannot be utilized in times of demand
reduction in the region. This causes essential seasonal variations in the operating
capacity of the plant. The plant operates at the full capacity in the wintertime and uses
only half of its installed capacity in the summer seasons. Beloyarsk NPP is the only
nuclear plant in Russia that uses FBR-type reactor technology. Maintenance
operations at this plant can be organized in quite a distinctive manner. Therefore,
modelling of the production schedule of the Beloyarsk nuclear plant must be
distinguished from modelling of the production schedules of other nuclear plants.
Table 4.3 shows estimates of the average operating capacity of Kola and Beloyarsk
nuclear plants in each month between 2011 and 2014. Three-year mean monthly
production profiles are calculated to represent the power output of these plants in the
model.
Table 4.3 Parameters of the production profiles of the Kola and Beloyarsk nuclear plants
Kola NPP

Beloyarsk NPP

Monthly average operating /
installed capacity, p.u.

Installed
capacity,
MW

2011

2012

2013

January

1760

0.827

0.819

February

1760

0.893

0.854

March

1760

0.763

April

1760

0.621

May

1760

June

1760

Month

Monthly average operating /
installed capacity, p.u.

Mean

Installed
capacity,
MW

2011

2012

2013

Mean

0.847

0.831

600

1.013

1.008

0.779

0.933

0.812

0.853

600

0.934

1.017

0.819

0.923

0.772

0.748

0.761

600

1.014

1.021

0.818

0.951

0.696

0.518

0.612

600

0.410

0.685

0.721

0.605

0.606

0.574

0.530

0.570

600

0

0

0

0

0.515

0.488

0.395

0.466

600

0.695

0.457

0.623

0.592

July

1760

0.509

0.449

0.477

0.478

600

1.018

1.020

1.000

1.013

August

1760

0.534

0.388

0.516

0.480

600

1.023

1.026

1.005

1.018

September

1760

0.533

0.568

0.664

0.588

600

1.029

1.030

1.004

1.021

October

1760

0.725

0.547

0.789

0.687

600

0.703

0.470

0.792

0.655

November

1760

0.742

0.595

0.775

0.704

600

0.834

1.026

0.822

0.894

December

1760

0.858

0.874

0.865

0.866

600

1.027

0.984

1.028

1.013
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4.4.6 Validation of the results and conclusions
The estimated average output profiles of the nuclear units are intended to be used in
the bottom-up model of the short-term energy market of Russia to represent
production of these sources in the market in different sub-periods of time. However,
in order to ensure that the constructed profiles could be applied to model the actual
output schedules of nuclear plants in the first price sub-area of the market, the
determined profiles have to be validated.
The estimated profiles are validated by applying them to model the total production
output of the nuclear plants in the first sub-area between January 2011 and May 2014.
In order to allocate the modelled profiles so as to correctly represent the actual
starting times and durations of maintenance campaigns at the nuclear units, a fitting
procedure was applied. Specifically, each of the estimated average profiles was fit to
historical production schedules of actual nuclear units of corresponding types by using
the criteria of minimum total squared error between the modelled and observed
values. After that, the total nuclear power production in the sub-area was obtained by
summing the modelled production outputs of individual nuclear units. Figure 4.7
demonstrates the results of the fitting procedure for the nuclear profiles.

Figure 4.7: Comparison of actual and simulated total nuclear production in the Russian electricity
market between 2011 and 2013
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As can be seen in Fig. 4.7, in general, the modelled nuclear output curve can correctly
represent the behaviour of the actual total output of nuclear units in Russia. The form
of the modelled curve indicates that most of the planned maintenance operations at
nuclear plants of Russia are allocated by Rosenergoatom for periods of low demand in
the market, which usually take place in summer. Such operating policies for nuclear
power plants are typical also in the electricity markets elsewhere (EIA, 2011).
The difference between actual and modelled production observed in Fig. 4.7 can be
explained by the effects of random outages and lengthy repairs targeted to extend the
nuclear unit lifetimes, which were not considered in the analysis. Since the obtained
profiles do not take into account the impacts of non-planned outages on the operating
capacity of nuclear plants, the modelled aggregate production output of plants is
overestimated. One of the potential disadvantages of this is that the resulting
simulated market prices and revenues of other generation sources in the market may
be underestimated.
One of the main advantages of the obtained profiles is that they allow to take into
account the impacts of planned outages at individual nuclear plants on energy market
prices and production quantities at the regional level. Therefore, they seem more
pertinent to the modelling of the impacts of nuclear plant operation in the transmission
constraint electricity market of Russia than the conventional methods of nuclear
generation output modelling, most of which are based on the application of average
availability factors (Harvey and Hogan, 2002).
It is important to note that the obtained profiles strongly depend on the past history of
planned outages at the nuclear units. Realization of the modernization program of
Rosenenrgoatom, which prescribes an increase in the fuel cycle duration at the nuclear
power plants to 18 and 24 months, can limit the advantages of the application of the
obtained profiles in the model of the Russian wholesale electricity market. Since no
correct evaluations could be obtained for the most nuclear units before the completion
of the modernization program of Rosenergoatom, the bottom-up model of the Russian
short-term wholesale energy market has to rely on the actual historical production
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schedules of the nuclear plants available for the examined time period of market
simulations.

4.5 Modelling of hydro production
In the electricity markets with a significant proportion of hydropower, the output of
hydroelectric sources can have a major influence on the structure of generation and
electricity prices. In Russia, the production of hydroelectric plants accounts for about
16 % of the total annual electricity production of the country. However, most of the
hydroelectric capacities are located within the territory of the wholesale electricity
market, and they must offer their generation to the competitive market auctions. For
this reason, it is important to capture the output of these sources in the simulation
model of the wholesale energy market of Russia. The sub-sections below explain the
treatment of hydro generation in the study.
4.5.1 Hydro power basics
Hydroelectric plants use the energy of moving water to generate electricity. The force
of falling water rotates the turbines located on the plant site, and generators convert
the mechanical energy of the turbines into electric energy. Hydroelectric plants are
typically located on rivers, streams, and channels, and they may also have dams.
Dams are used to store water for later releases for instance for the purposes of
irrigation, industrial use, and power production (U.S. Bureau of Reclamation, 2005).
The flexibility and reservoir capacity of hydro power plants makes them efficient in
balancing seasonal, monthly, or intra-day fluctuations of electricity demand in power
systems. A distinctive feature of many hydro units is that they can quickly respond to
dispatch commands. The electric output of most hydro units can be reduced to zero or
increased to maximum within minutes. Therefore, they are excellent for providing
regulation and load following and maintaining of contingency reserves (Loose, 2011).
For these reasons, hydro plants are often considered the most efficient sources of
ancillary services in the competitive electricity markets (Perekhodtsev and Lester,
2006).
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Those hydro plants that do not have large reservoirs are usually called “run-of-river”
plants. The “run-of-river” plants mainly exploit the run of water in rivers and streams
to generate power. The amount of electricity produced at the plants of this type is,
therefore, completely determined by the water flow conditions. Some of these plants,
however, may have small reservoirs, and they can be used to balance weekly and
hourly demand fluctuations.
Typically, there are many factors, such as hydrological regimes of rivers and lakes,
constraints on water releases set by the regulating authorities, and market expectations
of the plant owners, which can significantly affect the output of hydroelectric sources
in different time periods. Natural phenomena such as melting of snow, atmospheric
precipitation, and changes in air temperature have an impact on water inflow rates and
reservoir levels, and thereby, on the amount of energy available at hydro plants. To
maintain a proper level of the reservoir, the total amount of water discharged at a
hydro plant over a certain time interval must usually stay within some pre-defined
limits. Therefore, the amount of electric energy that can be generated at a hydro plant
over a day, week, or month can be limited. In addition, external constraints on total
water releases may be imposed by the regulating authorities as a result of
environmental conditions. Finally, hydroelectric power plants can be located on the
same river in series and coupled hydraulically, which sets additional restrictions on
the water use. Owing to these peculiarities of hydroelectric production, in contrast to
thermal units, hydro units are typically energy constrained rather than capacity
constrained (Rangel, 2008).
In the electricity markets, the owners of hydroelectric power plants are often eligible
to make price offers along with other market participants. However, because of the
low direct costs of electricity production at hydroelectric plants, their market offers
typically reflect the opportunity costs of using energy at some later time (Borenstein
et al., 2002). Opportunity costs are not constant, and they can vary significantly with
expectations of the plant owners concerning future market prices and forecasts of
hydrological regimes. These costs may be very low in wet periods or very high in
periods of drought (Rangel, 2008).
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4.5.2 Overview of hydro production models
Development of hydroelectric production models is often considered a non-trivial
task. Usually, building of an accurate physical representation of any hydro system
may require considerable effort in collection and application of information about the
past and present water inflow levels, head measurements, and technical and
environmental constraints of plants. One of the most complicating aspects in the
hydropower production planning is that some parameters of hydro production are
stochastic by nature and they must be forecasted (Scott and Read, 1996).
Traditional economic models for optimizing hydro production often require
establishment of a nonlinear dependence between the active power output of the plant
and the water discharges and reservoir levels. The resulting dependences are called
water rate curves or characteristic curves, and they can be incorporated into the
hydro scheduling problem together with water balance equations and information
about the capacity and environmental constraints of the plant’s production (PerezDiaz et al., 2010). Some models use a simplified representation of hydroelectric
plants’ production in the market. For example, Borenstein and Bushnell (1999) used
data on actual historical hydro energy levels and applied a peak-shaving heuristic to
construct hourly hydro generation schedules in the California energy market. In this
approach, hydro power is used mainly during the high demand periods so as to
minimize production costs of thermal generation, an effect known as peak-shaving
(Kimball et al., 2002).
However, introduction of competition in electricity markets around the world gave
rise to a new class of hydro production models in which the focus is on allocation of
available hydro energy by solution of profit-maximization problems. There are a
variety of models in the literature that have been applied to capture complex
interdependences between different parameters of hydroelectric plant operation and
simulate optimal production schedules of hydro plants under competitive market
conditions. For example, Sioshansi (2015) formulated a stochastic optimization
problem that maximizes the expected profits for the cascaded hydro generation units
under a variety of demand and supply conditions in a centrally dispatched electricity
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market. Schlecht and Weigt (2014) modelled all forms of hydroelectricity in the Swiss
electricity market using full representation and data of the hydraulic system of
Switzerland. Vehviläinen and Pyykkönen (2005) estimated a simplified Marginal
Water Value curve from market data and used it together with the short-term marginal
costs of thermal producers to calculate the spot prices and quantities in the Nordic
power market.
4.5.3 Data
In order to represent the output of hydroelectric producers in the wholesale energy
market of Russia, data on 67 large hydro plants with the installed capacity greater than
25 MW operating in the first price sub-area of the market were collected from
publicly available data sources. The aggregate installed capacity of the plants
considered in the simulation analysis is 18.5 GW, which corresponds to about 97 % of
the total hydroelectric capacity in the first price sub-area. Most of the examined
conventional hydro plants are located on the main rivers of the country in cascades,
and they are capable to store significant amounts of water in their reservoirs.
Information on the location and installed capacity of hydro plants is taken from annual
accounts of the generation companies of Russia. Installed capacity is used to represent
the maximum generation capacity of the plants in the model. The minimum output
constraints are set to zero except for the cases when information about the actual
minimum regulating limits of plants is available from the relevant technical literature
or reports of generators. The non-zero minimum output constraints of some hydro
plants in the model are assumed to represent either the minimum flow constraints or
specific technical restrictions of these plants. A detailed list of hydroelectric plants
and their evaluated minimum and maximum output limits is presented in the
appendix.
The amounts of electric energy that are available for generation at hydroelectric plants
in each sub-period of simulation are determined based upon historical production
levels reported by the commercial operator ATS. Historical hydro generation amounts
are accessed from the day-ahead energy market reports. The reports are issued by the
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ATS on a daily basis, and they contain information about the hourly quantities of each
power plant’s day-ahead generation obligations in the wholesale energy market.
Unfortunately, owing to the unavailability or partial incompleteness of historical data
on inflows and water reservoir levels at hydro plants, establishing dependences
between the electric output and the amounts of water discharges at hydro plants and
simulating the operation of the water systems of the country is not possible.
Therefore, the operational constraints and parameters of the energy production output
of hydroelectric plants evaluated above are the only data available for modelling
hydro production amounts in the market. The sub-sections below describe the
approach used for construction of hourly production schedules of hydroelectric
sources in the model and explain the potential effects of limitations incorporated into
the hydro scheduling model.
4.5.4 Description of the modelling methodology
In this study, the time frame of a typical week is selected to represent the output of
hydroelectric plants in each month. Hourly generation data available from three years
prior to the beginning of the fourth week of March 2014 were used to estimate the
median week production of each hydroelectric plant for every month of the year.
After that, the amounts of hydro energy available for weekly allocation at plants were
obtained by taking the average of the median weekly energy produced in each of these
months over the three-year period under study.
The modelling results are distinguished for 13 model regions within the boundaries of
the first price sub-area of the market. The boundaries of the model regions coincide
with the boundaries of local capacity markets prevailing in the first price sub-area in
2013. Each region has from one to sixteen large and medium-sized hydroelectric
plants with an installed capacity above 25 MW. Four zones, namely the zones 8
Tyumen, 9 North Tyumen, 18 Caspian, and 26 Moscow, do not have significant
hydroelectric capacities, and therefore, they are excluded from the simulation
analysis.
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Table 4.4 provides information about the total minimum and maximum hydro
production output restrictions and the aggregate amounts of hydro energy available
for weekly generation in each model region for four months of the year, January,
April, July, and October. These months are chosen to illustrate variations in hydro
energy available in each season. The individual plant data were aggregated into model
regions, and the regional hydro capacity and weekly hydro energy output, the
parameters used in the model, were calculated for each month as the sum of regional
capacity and energy output by plants in this month.
Table 4.4 Estimated parameters of hydropower production

October

Min
capacity,
MW

Max
capacity,
MW

13.8

20

308.1

0

0

0

0

0

0

0

25.3

36.4

27.4

50

522

97.4

76.7

69.5

480

2390

237.4

192.1

208.6

199.4

840

3555

101.8

123.5

96.3

91.3

438

1360

Caucasus

19.1

32.2

90.6

32.4

0

773
2608

Zone

Name

Three-year median weekly energy, GWh
January

April

July

1

Ural

8.9

24.6

9.6

2

Tyumen

0

0

0

3

North Tyumen

0

0

4

Perm

29.7

5

Vyatka

74.9

6

Volga

7

Balakovo

8
9

Volgograd

234.3

186.2

186.8

176.9

242.1

10

Caspiy

0

0

0

0

0

0

11

Rostov

9.3

10.5

11.8

10.1

0

211.5

12

Kuban

2.9

8.6

5.6

5.5

0

76.9

13

Makhachkala

79.6

76.1

108.4

71.7

0

1745

14

Centre

97.6

108

84.6

73.8

0

2231.4

15

Moscow

0

0

0

0

0

30

16

Northwest

99.1

86.7

90.2

73.2

190

1132.9

17

Kola

115.9

132.3

137.7

116.3

0

1583.4

Total

1st price sub-area

1110.5

1103.5

1143.3

961.3

2266.1

18527.2

-

In the centrally dispatched electricity market of Russia, hydro producers have an
obligation to offer all available energy to the short-term market auctions at zero
prices. The SO of Russia calculates appropriate hourly output schedules of hydro
plants that ensure the most economical utilization of hydro power while respecting the
system security and balance between supply and demand in the market.
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In the bottom-up model of the Russian wholesale market, modelling of hydroelectric
production is performed under the assumption that the peak-shaving options of hydro
plants in Russia are fully utilized by the SO in the actual scheduling process. The
model determines the aggregate hourly operation schedules of hydro plants over a
one-week period (168 hours) through a peak-shaving heuristic. Thus, all available
hydro energy is allocated across hours in such a manner as to shave the peak off of
power consumption and smooth the remaining demand for coal- and gas-fired plants
in the market.
The peak-shaving is performed on a regional basis. The model estimates aggregate
hydro production schedules in each designated region independently based on
information about typical hourly electricity consumption, the total minimum and
maximum capacity constraints of the plants, and energy available for weekly
generation in that region. One of the potential disadvantages of regional optimization
is that the hydro plants located in one model region would have no possibilities to
respond to the demand fluctuations in other model regions. The unintended
consequence of such a simplification could be higher temporal separation of the
markets during peak hours and an increase in the modelled prices in a few model
regions to the levels that may not be observed in real life.
4.5.5 Results
Figure 4.8 demonstrates the estimated and actual total hydro production output curves
in the first price sub-area of the wholesale market over the selected months of 2013.
The modelled total hourly hydro production in the first price sub-area is a sum of the
obtained regional estimates.
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Figure 4.8: Actual and modelled average week total hourly hydro production in the first price sub-area
of the market in January, April, July and October 2013

Operation of the electric sector of Russia in 2013 was characterized by larger amounts
of hydropower production in the spring and summers seasons. Figure 4.8 illustrates
this phenomenon with an example of an hourly profile of one-week hydro production
in April. As shown in the figure, the actual production of hydro plants during off-peak
periods in April 2013 was roughly two times as high as the expected value in an
average year. The high hydro output during the above-mentioned period, however,
can be explained by severe spring flooding observed in many regions of the country.
Excess water inflows in the spring 2013 forced hydroelectric facilities of Russia to
allocate a significant proportion of their electricity production to off-peak periods
(Fig. 4.8). Unfortunately, the use of a three-year median does not enable to capture the
peculiarities of hydro plant operation during irregular periods of extreme water levels
in Russia. It is acknowledged that information on external factors affecting the
production of hydroelectric plants, such as data on the major drivers of storage levels
in hydro reservoirs is crucial for accurate representation of hydro power during
periods of spring flood (Tipping and Read, 2010). However, such an analysis is
problematic because of insufficiency of detailed information on the topic, and
therefore, it is beyond the scope of the present study.
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Nevertheless, the results of Fig. 4.8 show that a three-year median can be used to
achieve reasonably fair approximations of actual production schedules of hydro
generators in the wholesale energy market of Russia for most of the year. The findings
suggest that for the most part, actual production of hydroelectric facilities in Russia
tends to be allocated so as to reduce the intra-day demand fluctuations in the market.
The use of peak-shaving options of hydro resources in the short-term deregulated
energy market of Russia, however, may not necessarily have to be considered as a
market design flaw. An overview of the hydroelectric producer structure in Russia
suggests that approximately three-quarters of all hydro capacities in the first price
sub-area of the market belong to a state-owned monopoly company. In the hands of a
non-strategic firm, the operating flexibility of hydro plants may be at least partially
used to mitigate the differences between lower-priced off-peak and higher-priced peak
markets and to decrease geographical separation of the markets (Bushnell, 2000).

4.6 Modelling of fossil fuel generation constraints
Fossil fuels represent the primary sources of electric energy in Russia. These power
plants burn natural gas, coal, or oil to generate electricity, and therefore, their variable
production costs are often much greater than those of nuclear and hydro power plants.
For these reasons, fossil fuel power plants are often likely to become marginal
producers in the wholesale energy market. This sub-section describes the methods and
approaches to model the operation of the thermal producers in the wholesale market
of Russia.
4.6.1

Background information

Modelling of the production of fossil fuel plants in the market is different from
modelling of the production of hydro and nuclear plants. The electric output of fossil
fuel power plants is often subject to a great number of constraints and limitations. For
example, in order to ensure safe operation of steam electric power plants and
guarantee reliable supply of electric and heat energy to the customers, the plants must
not operate beyond and above certain production output levels. Furthermore, most of
the fossil fuel plants face specific constraints regarding their minimum uptime and
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shutdown duration times and ramp-rate limitations that limit the physical ability of
generators to increase or decrease their output instantaneously in the case of rapid
load changes. In addition, the production output of plants could be limited over certain
time intervals, for example, as a result of shortages in fuel supply to the plants or
environmental restrictions. All of the above-mentioned limitations can affect the
ability of thermal producers to respond to the market prices. Modelling of these
parameters is important for accurate representation of the production of thermal power
sources in the market (Rajaraman and Alvarado, 2003).
As opposed to hydro power plants, which are capable of being rapidly started and run
up to full load, most of fossil fuel power plants are required to initiate and complete a
lengthy start-up procedure. Often, the longer a steam generator is down, the longer the
time and the greater the expenses to start its operation again (Lauer et al., 1982). High
start-up costs may also limit the economic incentives for plant owners to start their
generation units even in times of higher energy market prices.
Thermal power plants can be given a must-run status for certain time periods for
reasons such as power system reliability and safety. A must-run status can also be
granted to cogeneration plants (CHP) that operate in the heat extraction mode. In this
case, a certain amount of electric energy generated by these plants must be released
into the electric grid regardless of the economic effects on the competitive market in
order to meet the predefined steam production requirements. In the wholesale market,
producers might be prescribed to offer these quantities at very low or nearly zero
prices in order to ensure their selection in the competitive auctions. This can lead to
an increase in the proportion of the price-taking generation offers in the market and a
rightward shift in the aggregate marginal cost curve of suppliers. The equilibrium
market price, which occurs at the intersection of the market demand curve with the
marginal supply offer curve, would therefore be set at a relatively low level. The
model of the wholesale market has to take into account the potential effects that the
must-run generation amounts can have on the prices and production schedules of
generators.
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Yet another important factor that can affect the output of generators in the market is
scheduled and random outages. Full or partial outages at plants especially in times of
high electricity demand may lead to higher volatility of market prices and cause price
jumps in the market. The effects of capacity outages have to be taken into
consideration in the assessment of the production capacity of fossil fuel power plants.
4.6.2 Framework for parameter estimation and data
To model the production of thermal generation sources in the first price sub-area of
the wholesale electricity market, this study uses information about operational
characteristics of 44 large condensing power plants and 148 large cogeneration plants
operating in the Western part of Russia and the Ural region. Information about the
installed capacity of each steam electric power plant was collected from annual
accounts of the generation companies and technical regulations provided by the
manufacturers of generation equipment.
Limited access to information about some important characteristics of thermal power
plants, such as minimum output levels, must-run production obligations, and random
or planned outages of individual generation units, does not allow precise
representation of the amounts of competitive generation capacity of each thermal
power plant in the wholesale market in Russia. The available sources of information,
that is, reports of the market and system operators of Russia, provide this valuable
information mainly at the aggregate market level. Historical market aggregates are
used to approximate the operational conditions of the fossil fuel generators in Russia
in each typical month of year.
Modelling the impacts of start-up costs and fuel limitations of generators on optimal
prices and dispatch schedules is not performed in the present work. Data on actual
start-up costs and details of the fuel supply agreements of thermal generators are not
disclosed anywhere within the public documentation on the power system and
electricity market operations, and it could be difficult to correctly reproduce them in
the market simulation studies.
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Owing to the absence of outage statistics of individual thermal generating units in
Russia, the impact of both forced and planned outages on simulated production of
fossil fuel power sources is addressed in this work through the use of market-level
energy availability factors (EAF). Generally, the EAF is a well-known measure of
power plant reliability. The factor is defined as the quotient of the plant’s available
energy and nominal energy (VGB, 2008). It provides a measure of energy that a plant
is able to generate in view of its own technical and operation conditions. The factor
can be used to approximate the available production capacity of plants in the market.
For example, Musgens (2006) applied seasonal availability factors to take into
account the impact of changes in the production capacity of thermal power plants on
the electricity market prices in Germany from 2000 to 2003.
The remaining part of this section describes the approaches to the modelling of the
corresponding input parameters of the simulation model in a greater detail.
4.6.3 Availability of thermal sources
The effects of random outages at power plants are typically reproduced in electricity
market models by using probabilistic approaches, while those of scheduled ones are
evaluated deterministically (Volkanovski and Gjorgiev, 2015). In the former case,
based on the data given on individual generators’ forced outage factors, the amounts
of capacity unavailable as a result of unplanned outages can be simulated on an hourly
basis, using, for example, Monte Carlo simulation methods (Borenstein et al., 2002).
In the latter case, knowledge about the plant owners’ actual maintenance policies is
required. Such information, however, is seldom reported by generators.
In order to determine the average energy availability of the fossil fuel power plants
operating within the boundaries of the examined sub-area of the Russian energy
market, data from the official reports on the functioning of the UES of Russia are
used. The reports are generated by the SO of Russia on a monthly basis, and they
provide important information about the hourly average total quantities of generation
capacity that has been put out of service in the federal subjects of the country because
of planned and forced outages. Unfortunately, the reports do not distinguish between
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the types of power plants experiencing outages. Therefore, information on actual unitlevel outages in the nuclear and hydro plants reported by the generating companies of
Russia was used to separate outages in the fossil fuel power plants from those in the
hydro and nuclear plants. Corresponding adjustments were made for each of the
federal subjects of Russia located within the boundaries of the examined area of the
wholesale market. After that, monthly capacity outage aggregates were obtained by
summing the regional data. Figure 4.9 shows the result estimates of the monthly
average total outage capacities of fossil fuel power plants in the first price sub-area of
the wholesale market of Russia between October 2010 and January 2014.
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Figure 4.9: Hourly average total amounts of outage capacity at fossil fuel generation plants in the first
price sub-area of the wholesale energy market of Russia in each month between October 2010 and
January 2014

The total amount of electric energy available for monthly generation at the fossil fuel
power plants in the first price sub-area is determined as the difference between their
total nominal capacity and hourly average outage capacity multiplied by the number
of hours in a month. Following VGB (2008), the monthly energy availability factors
of fossil fuel generators were calculated as a quotient of their total available and
nominal energy. Table 4.5 shows the example of energy availability factors
calculation for 2011.
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Table 4.5 Monthly total energy amounts and energy availability factors of the fossil fuel power sources
in the first price sub-area of the Russian wholesale electricity market in 2011
Energy, TWh
Month

EAF, %

January
February
March
April
May
June
July
August
September
October
November
December

Nominal

Unavailable

Available

74.2
67.1
74.4
72.3
74.8
73.4
76.2
76.9
74.5
77.2
74.7
77.2

6.8
7.0
11.1
15.0
16.2
17.1
18.1
19.4
18.2
17.6
11.5
6.7

67.4
60.1
63.3
57.4
58.5
56.3
58.1
57.5
56.3
59.5
63.1
70.5

90.9
89.5
85.0
79.3
78.3
76.7
76.2
74.8
75.6
77.2
84.5
91.4

Historical energy availabilities of fossil fuel plants in the first price sub-area of the
wholesale market were measured for each month between October 2010 and January
2014. Figure 4.10 shows the estimated monthly energy availability factors of the
fossil fuel generation sources in the first price sub-area over a 40-month period
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Figure 4.10: Estimated monthly energy availability of the fossil fuel power plants in the first price subarea of the wholesale energy market of Russia between October 2010 and January 2014

The actual aggregate monthly availability factors shown in Fig. 4.10 are used to
calculate the three-year average monthly EAFs. The three-year factors are then
applied to approximate the available capacity of fossil fuel generators in the Russian
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wholesale energy market in different months. Table 4.6 presents the results of the
fossil fuels plant availability evaluation.
Table 4.6 Estimated monthly availability of fossil fuel power plants in the first price sub-area of the
wholesale market of Russia
Month
January
February
March
April
May
June
July
August
September
October
November
December

EAF, %
91.8
89.9
84.5
80.1
78.5
76.6
76.1
75.0
75.1
76.5
83.8
90.1

The winter time periods are characterized by the highest availability of fossil fuel
power plants in the Russian wholesale market. This is generally explained by the
willingness of the generation companies to reduce the number of planned outages
during the maximal loading conditions in the systems and allocate more capacity to
the periods of high electricity consumption.
4.6.4 Must-run CHP generation
A distinctive feature of many CHP plants in Russia is that under conditions of
inelastic demand for district heating, they are obliged to operate regardless of the
results of energy market auctions in order to ensure reliable supply of heat to
customers during the wintertime periods (Pittman, 2007). In accordance with the
current regulatory framework, all electric energy generated by these plants as a byproduct of heat production must be sold at a zero price in the short-term wholesale
energy market.
Since cogeneration constitutes a significant proportion of the total installed thermal
capacity in the first price sub-area of the market, the production amounts of these
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must-run plants can have considerable impacts on the electricity market prices in the
sub-area. Therefore, it is important to consider them in the model.
Insufficiency of information about the parameters of electricity and heat production in
cogeneration plants in Russia and the lack of details of their heat supply agreements,
however, make it impossible to directly evaluate the amounts of electric energy
generated at the plants under their heat supply must-run obligations. Therefore, in
order to represent the amounts of must-run electricity production of the CHP plants in
the wholesale energy market, the statistics available of the plants’ production output
for the period 2011–2013 are used. The corresponding statistics are collected from
daily reports of the commercial operator ATS. The reports indicate the minimum
hourly generation levels that must be met by the CHP power plants in the major
production areas of the wholesale energy market of Russia. These minimum quantities
are assumed to match the actual must-run production obligations of the CHP plants.
Figure 4.11 shows the total average hourly amounts of the minimum operational
electric capacity of the cogeneration plants in the first price sub-area of the wholesale
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Figure 4.11: Monthly average total minimum production limits of the CHP plants in the first price area
of the wholesale market between 2011 and 2013

Table 4.7 shows the average proportion of the total installed electric capacity of the
cogeneration plants in the first price sub-area of the wholesale market granted with a
must-run status in different months. The values were determined for each month as a
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ratio of the three-year average hourly total must-run capacity of the CHP plants to
their total install capacity in this month.
Table 4.7 Estimated average proportions of the must-run capacity in the total installed capacity of the
CHP plants in the first price sub-area of the wholesale electricity market of Russia
Month
January
February
March
April
May
June
July
August
September
October
November
December

Estimated must-run capacity as a decimal fraction of the total
installed capacity of CHP plants
0.703
0.709
0.648
0.515
0.375
0.352
0.353
0.349
0.377
0.481
0.575
0.648

Observations of the data of Table 4.7 suggest that more than half of the CHP capacity
can fall into the must-run category during the seven-month period of the official
heating season in Russia, which typically starts approximately in mid-October and
ends in late April. The larger amounts of must-run CHP capacity in the first price subarea of the market in these months are caused by switching of many cogeneration
plants to operate in the heat extraction mode in order to meet the high winter demand
for heat.
In this study, the total amount of must-run capacity of CHP is assumed to be allocated
evenly among all cogeneration plants operating in the first price sub-area of the
market in accordance with the estimates presented in Table 4.7. However, such
allocation may lead to over- or underestimation of the actual must-run electric
capacity of individual CHP power plants. Nevertheless, since the number of
generators considered in simulations tends to be large, it is assumed that the total
impact of the errors introduced by the above-mentioned model simplifications on the
evaluated aggregate financial outcomes of the market participants may be moderate.
The effects of various model assumptions on the simulated market outcomes will be
discussed at a greater length in the following chapters of this doctoral dissertation.
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4.6.5 Minimum uptime and downtime constraints
The minimum uptime and downtime constraints often represent one of the most
important inter-temporal constraints of thermal unit commitment. The minimum
uptime constraints determine the minimum number of hours a generator must operate
under load before it can be shut down. Similarly, the minimum downtime constraints
guarantee that once a generator is turned off, it will not operate for at least its
minimum downtime. These constraints are typically imposed in order to prevent
mechanical damages to the equipment of the conventional thermal power plants
(Naimo, 2013).
The minimum uptime and downtime constraints can have a major impact on the
optimal production schedules of the generators. For example, the minimum downtime
constraints can reduce the opportunities to de-commit a generator during periods of
low electricity prices because shutting it down would prevent it from getting higher
profits in the subsequent periods of high prices (Kirschen and Strbac, 2004).
Data about the actual minimum uptime and downtime constraints of thermal plants in
Russia are not disclosed to the public by the electric plant operators. Therefore, in the
simulation model proposed in this study, the minimum runtime and downtime
restrictions of plants were treated in an approximate manner using the approach
discussed in Habibollahzadeh and Bubenko (1986): for each sub-period of
simulations, that is, 24 hours, the values of minimum uptime and downtime
constraints were formulated in such a manner as to allow only one commitment or decommitment for each power plant. It is acknowledged that such a simplification could
generally lead to an error in estimates of the actual amounts of fossil fuel generation
capacity that is being committed in the power system in a given hour of the day.
However, taking into account the actual complexity and prolonged nature of secure
start-up and shutdown operations at thermal power plants observed in many power
systems worldwide, the risk should be low that the implied assumptions regarding the
maximal number of startups and shutdowns of conventional thermal generators in the
simulation model is an excessive oversimplification of reality (RUS, 2006).
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4.7 Reserves
Generally, provision of the operating reserves is explained by the need to maintain a
certain amount of generation capacity in the power system in order to keep an instant
balance between aggregate supply and demand in case of disturbances. Along with
voltage regulation, operating reserves of active power are often considered a part of
ancillary services that are needed to provide basic transmission service for the
customers and to maintain the integrity of the transmission system during power
transactions (FERC, 1996). These services can be traded in separate markets of
energy-related products. Sometimes they are considered capacity services, not energy
services (Kirby, 2007).
The SO of Russia distinguishes three types of active power reserves in the planning of
the short-term power system operations: the primary control reserves, the secondary
control reserves, and the tertiary control reserves. The purpose and general
methodology of each reserve type assessment are described in the SO manual
“Reserves of active power in the UES - Determination of active power reserves for
the purposes of short-term planning”, introduced in December 2015. The first two
types of operating reserves, that is, primary reserves and secondary reserves, are
allocated by the SO among the specific generation units equipped with systems of
automatic power and frequency control (SO, 2015c). Selection of the generation units
that provide system services is organized by the SO in the annual market of ancillary
services. The tertiary reserves of active power are to be allocated among the operating
generators in the control area and also among the fast-start generation units, which
can be activated within twenty-minute intervals. These reserves serve for the purposes
of restoration of primary and secondary control operating reserves in cases of their
depletion and also for the purposes of emergency corrections of production and
consumption schedules (SO, 2015b). It is important to note that in compliance with
the principles of planning of the short-term wholesale energy market operations in
Russia, only the amounts of tertiary reserves of active power should be taken into
account in the unit commitment process (Market Council, 2014a). The tertiary active
power reserves are, therefore, the principal reserve constraints considered in this
work.
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In accordance with the SO manual for determination of minimum operating active
power reserves, the total amounts of tertiary reserve obligations to be allocated among
the generators in the first price sub-area of the wholesale market are calculated as
follows:
imb
imb
PR  Pgen
 max( Pgen
, k  PDpeak )   LPE  PDpeak

(4.2)

where
imb
Pgen
: imbalance caused by a loss of the largest generator in the area,

MW

k : positive number, which is set equal to 6 during the hours at which
the load ramp rate of the system exceeds 3 % of the maximum load,
and 3 for the rest of hours
PDpeak : forecasted peak demand in the control area, MW

 LPE : statistical error of the consumption forecast, %
Generally, Equation (4.2) states that the level of tertiary reserves should be sufficient
to compensate for the power imbalances caused by disconnection of the largest
generator in the control area (primary control reserves), irregular fluctuations of active
power and dynamic errors of power balance regulation (secondary reserves), and
uncertainty of consumption forecasts (SO, 2015b).
In order to evaluate the operating reserve requirements of the Russian power system,
the following assumptions are made:
•

Peak demand is equal to the maximum value of the modelled aggregated
hourly day-ahead electricity demand in the first price sub-area of the market

•

imb
Pgen
is assumed to be equal to 1000 MW. The chosen value corresponds to the

capacity of the largest nuclear unit in the area.
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•

Statistical error of the consumption forecasts  LPE is assumed to be equal to
2.5 % of the total peak hourly demand in the model.

Table 4.8 shows the results of the tertiary reserves amounts calculation for each
representative day of 2012.
Table 4.8 Evaluated levels of tertiary active power reserves in the first price sub-area of the wholesale
market used in the model simulations for 2012
Month

Work day

Saturday

Sunday

Peak
load,
MW

Reserve,
MW

Margin,
%

Peak
load,
MW

Reserve,
MW

Margin,
%

Peak
load,
MW

Reserve,
MW

Margin,
%

Jan

104106.5

4911.6

4.72

101961.3

4785.0

4.69

99943.2

4698.2

4.70

Feb

111933.8

5125.2

4.58

108206.5

4914.4

4.54

108539.3

4923.1

4.54

Mar

98779.9

4765.9

4.82

96523.4

4608.6

4.77

96882.2

4618.0

4.77

Apr

89279.4

4505.2

5.05

83784.2

4300.7

5.13

85125.8

4309.5

5.06

May

81380.0

4261.9

5.24

78465.8

4158.4

5.30

76021.8

4092.9

5.38

Jun

81538.0

4291.6

5.26

75626.2

4082.3

5.40

73993.9

4038.5

5.46

Jul

82109.3

4307.6

5.25

76001.6

4115.5

5.41

73956.7

4059.7

5.49

Aug

82974.9

4357.6

5.25

76384.8

4125.9

5.40

76121.4

4095.6

5.38

Sep

84921.7

4385.2

5.16

81553.1

4266.6

5.23

81984.0

4278.3

5.22

Oct

92487.9

4593.4

4.97

88567.4

4457.0

5.03

88581.8

4428.8

5.00

Nov

100689.4

4818.2

4.79

96459.8

4606.9

4.78

96410.0

4605.6

4.78

Dec

109512.3

5059.2

4.62

104937.3

4864.04

4.64

104299.1

4847.1

4.65

By using the assumptions made above, the resulting reserve margin maintained during
typical working days of each month in the model constitutes about 4.6–5.3 per cent of
the peak load of the day. The calculated model reserve margins on Saturdays and
Sundays are between 4.5 and 5.4 per cent and between 4.5 and 5.5 per cent of the
peak load of the day, respectively. The increase in the model reserve margin in the
weekend days of non-winter seasons could be explained by the greater contribution of
imb
the fixed component of Pgen to the amounts of operating reserves in the system at

times of reduced electricity demand.
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It is important to note that although a 4.5–5.5 per cent reserve margin in the model is
expected to provide a reasonably close match to that of the actual operating reserve in
the wholesale energy market of Russia, it would still not be accurate enough. Since
average-day load profiles are used, the peak load values may be lower than those
observed in the actual market. This might lead to underestimation of the reserve levels
in the model. The anticipated effect of this simplification is the reduced number
generators that have to be selected in the unit commitment process and higher levels
of modelled energy market prices in the first sub-area.

4.8 Modelling of the transmission network
4.8.1 Role of transmission network modelling
Transmission networks play an important role in the operation of competitive
electricity markets. The electric grid not only transfers electric energy, but it also
ensures that competitive transactions between market parties are possible (Denny and
Dismukes, 2002). In the electricity systems with a sufficiently large transmission
capacity, the constraints on power flows in the network usually do not limit the
competition that suppliers face for their output. In the absence of transmission
network limitations, the market clearing price can be determined as the price at which
the aggregate supply intersects the aggregate market demand (Wolak, 2012).
However, when a transmission grid operating in the market suffers from major
constraints, the results of the clearing price auctions may no longer reflect the actual
costs of the power system operations. In the transmission-constrained electric
systems, network congestions can limit the movement of power and impose a higher
marginal cost in certain locations of the market (Hogan, 1995). This complicates
power transactions in the short-term wholesale electricity markets and often results in
introduction of transmission congestion charges.
One of the distinctive features of the Russian wholesale power industry is that it
applies a competitive market design, in which the effects of transmission constraints
are taken into consideration when determining the amount of contractual obligations
of the energy market participants. In accordance with the data provided by the NP
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Market Council for the period of 2011–2014, constraints in the national transmission
system of Russia had a greater impact on the formation of electricity prices in large
groups of electric nodes in the Russian wholesale energy market. Network
congestions occurred at both the local and system-wide levels and they resulted in
changes in the optimum dispatch of a considerable number of generators in the market
(Market Council, 2014b). The most influential binding constraints that appeared in the
national transmission grid have led to substantial differences in the nodal price
patterns within large constrained regions of the market, namely in the Southern and
Northwestern parts of Russia and also in some of the Ural districts (ATS, 2013). In
the capacity market of Russia, transmission network limitations also create local
markets in the specific sub-regions of the wholesale power market.
This section sets the objective of determining the structure and parameters of a
simplified model of the actual transmission system operating in the European part of
Russia and the Ural region. The proposed network model is used to represent
electricity flows across the main transmission paths within the first price sub-area of
the wholesale market. It is designed to take into account the effects of constraints on
the main transmission lines linking the major supply and demand regions of the
examined sub-area on the aggregate output of generators and the wholesale electricity
prices in these regions. The model is calibrated using actual data on transmission
flows and regional generation and demand quantities within the first price sub-area
that are available for the period of 2011–2013. The reliability of the obtained
aggregated network model is verified by replicating historical power flows patters on
main transmission paths within the market price sub-area in 2014. The resulting
network model is incorporated into the bottom-up simulation model of the energy
market of Russia to facilitate accurate simulation of short-term wholesale energy
market prices, production amounts, and revenues of generators.
The remainder of this section is divided into five main sub-sections. First, an
overview of commonly used approaches to modelling the operation of electricity
markets with transmission constraints is provided. After that, an aggregate network
model of the transmission grid operating within the European part of Russia and Ural
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region is presented and data available for the modelling parameters of the proposed
network model are reported. The approaches and methods used to calibrate the
parameters of the obtained network model in order to match the actual generation and
power flow patterns observed in the transmission system of Russia between 2011 and
2013 are described. In the final sub-section, the results of model validation are
presented. Finally, the section addresses the feasibility of the resulting network model
to predict power flows along the main routes of the transmission system within the
European part of Russia.
4.8.2 Overview of network models
Modelling of transmission flows usually requires application of traditional numerical
techniques for power-system load-flow calculations. Ventosa et al. (2005) identify
three main types of network flow models that can be applied in the studies of markets
with transmission constraints: non-linear Alternating Current (AC) power-flow
models, linear DC power-flow models, and transhipment models. These models differ
in terms of accuracy and computational complexity. The most accurate approximation
of the flows in the transmission system can often be achieved using Non-linear
Alternating Current (AC) power-flow models. These models take into account most of
the essential properties of actual electric networks, and they have a high calculation
precision (Zhu, 2009). However, considering the high computation complexity of
solving the full AC optimal power flow, linear Direct Current DC Load Flow network
models can usually be used to obtain a reasonably good approximate solution to the
realistically sized large-scale problems with many constraints (Overbye et al., 2004).
Because of their low computational requirements, the models of this type are most
commonly used in the market simulation studies. Generally, two distinctive
formulations of the DC Load Flow algorithms are recognized in the literature (Fu and
Li, 2006). The complete DC Load Flow formulation requires considering two
variables at each bus of the power system, that is, voltage angles and active power
injections (Wood and Wollenberg, 1996). In an alternative formulation of the DC
power flow problem, locational injections and withdrawals of power are considered
the only examined variables, and network flows are calculated using power transfer
distribution factors (PTDFs). By the PTDFs, also known as shift factors (SF), it is
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possible to determine changes in power flows on every line of the transmission grid
resulting from changes in injections and withdrawals of power at the grid locations
(Baldick, 2003). The factors can be defined with respect to a specific reference
location of the grid, and they remain constant until major changes in the network
structure take place (CAISO, 2005). The main advantage of the PTDFs is that they
can be readily obtained from data about a certain network configuration and line
reactances (Blumsack et al., 2006). An example of the market simulation studies in
which the network flows are modelled by applying shift factors can be found in Niu
(2005). The author modelled competitive outcomes of the Texas wholesale electricity
market using information available about the zonal generation-weighted average shift
factors determined by the ERCOT ISO. The last type of electric network models
found in the literature is transshipment models. These models, however, provide a
greatly simplified representation of the electric network in which the power flows are
assumed to obey only Kirchhoff’s first law.
Another major difference between network models is the level of details at which they
describe the actual power electric grid. Electric utilities often use models that are
capable of capturing most of the essentials of actual transmission sectors with
hundreds of power substations and overhead lines. These models provide an accurate
solution of the load-flow problem and give precise estimations of actual flows on the
lines of the transmission network taking into account data about the transformer tap
positions, technical parameters of high and low voltage lines, the number of shunt
reactors in the systems, and the amount of generation and consumption at certain
nodes of the power system. In many cases, however, much of the information required
for construction of a detailed network representation is confidential data of the TSOs,
which is difficult to access. Therefore, development of highly detailed network
models may represent an extremely challenging part of electricity market simulations
as it requires collection of a considerable amount of hard-to-acquire data about the
topology and assumptions about certain transmission line limits and other specific
parameters of actual networks. For these reasons, the number of studies considering a
detailed network representation is modest. One of the notable examples of using
highly detailed network models can be found in Leuthold et al. (2012). The authors
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developed a large-scale optimization model of the European electricity markets,
which comprises a highly-detailed DC power flow network model of the panEuropean high-voltage transmission system. For the purposes of modelling power
transfers on the high-voltage transmission grid, the authors examined the network
maps for information about the line lengths, voltage classes, and number of
substations, and used this information together with data on typical electrical
parameters of overhead lines and power transformers.
Often, the complexity of the power system simulations is decreased by using a
reduced network representation (Shawhan et al., 2014). In the reduced network
models, the actual grid with thousands of nodes is simplified to an aggregated
network with a few dozens of nodes. The transmission lines of this aggregated
network model can then be modelled as typical overhead lines. Most of the market
simulation studies commonly use these low-detail representations of the transmission
network. Despite a number of simplifications, in many cases, these models enable
capturing the impacts of the most essential limitations in the transmission grid on the
trade outcomes of the participants operating in different geographical regions of the
market. Seack et al. (2014) developed a representative network of the Central West
Europe (CWE), the IPS region and the UES of Russia using an aggregation technique
that maintains the essential electrical characteristics of the actual transmission grids.
The authors used the network model to model joint operation of the synchronous grids
in Europe. Green (2007) estimated the effects of changes in the regulation policy on
the market participants’ welfare in the UK electricity market using a thirteen-node DC
Load Flow model of the national transmission system of England and Wales.
4.8.3 Network model structure and data
In Russia, neither electric network companies nor the SO provide public information
about parameters of transmission and distribution networks operating under their
supervision. The absence of data on the electric network equipment parameters, such
as the number and actual operating limits of transmission lines and loading conditions
of the power transformers on one side, and the lack of information on electric loads at
the demand nodes of the system on the other, impede the ability to examine operation
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of the transmission system of Russia in detail. However, available sources of data,
that is, public reports of the SO and the commercial operator ATS on the functioning
of the energy and capacity markets and the long-term power system development
plans of the Ministry of Energy of Russia, provide information that could be used to
develop a simplified representation of the transmission network in Russia. In the
proposed simplified network model, electric loads, generation, and power flows are
aggregated on a regional basis. The aggregate network model cannot reflect the full
complexity of the actual transmission sector operations, but it may be used to examine
the behaviour of aggregate power flows along groups of transmission lines connecting
major electric sub-regions of the transmission system. This, again, would provide an
opportunity to address the potential impact of limitations that may occur on the main
transmission paths of the power system on market participants operating in different
geographical regions of the market. Therefore, the resulting model does not
incorporate the effects of local transmission constraints, but it allows consideration of
the most significant constraints that may exert greater influence on large groups of
wholesale market generators in Russia.
The main data sources examined for parameters of the simplified model are the annual
reports of the SO of Russia on the implementation of the annual competitive capacity
market auctions in 2008–2015 and daily reports of the commercial operator ATS
containing information on operation of the day-ahead energy market. In its reports for
the period of 2008–2015, the SO provides information about the number and
geographic boundaries of the ZFFs, nodes of the actual calculation model of the SO
contained within each ZFF, and the maximum amount of electric capacity that could
be transferred between each pair of zones. In the day-ahead energy market, the
commercial operator of the wholesale market ATS uses data about the bidding zones
of the capacity market and parameters of the transfer paths between the zones to
present information on the short-term energy market transactions on a regional scale.
Specifically, the data in the daily reports of the commercial operator contain
information about hourly zonal day-ahead market prices, total power production by
type of generation and demand in each ZFF, and hourly total electric flow
interchanges between the zones.
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Further, the bidding sub-areas of the capacity market and the parameters of the major
transmission routes established by the SO to take into account capacity interchanges
between the zones are used in the present work to develop a simplified zonal
representation of the electric transmission grid operating in the first price sub-area of
the wholesale market of Russia. The actual ZFFs of the capacity market are used as a
proxy for the nodes of the aggregate network model. The main grounds for using of
the ZFFs are that they correspond to specific parts of the electricity system within
which electric energy and capacity can be transmitted between various locations of
the grid without major limitations (The Russian Ministry of Energy, 2009). Figure
4.12 illustrates a graph of the simplified model of the transmission system in the
European part of Russia and Ural used in the present work.

Figure 4.12: Structure of the aggregated network model

Based on the description of the actual ZFFs available from the annual accounts of the
SO, the entire territory of the sub-area is conditionally divided into 17 zones, each of
which covers a territory of one or several adjacent federal subjects of Russia. Each
zone corresponds to a large geographical area of the wholesale market that has a
considerable amount of generation and load. The number and boundaries of these
zones are selected in such a manner that they generally coincide with the number and
boundaries of the ZFFs present in the capacity market between 2011 and 2013. Data
collected from the annual accounts of generators and daily reports of the ATS are

101
used to describe the parameters of aggregate production and consumption in the nodes
of the 17-node model. Table 4.9 shows information about the total installed
generation capacity and peak energy demand in the day-ahead market in each node in
the winter period of 2013–2014.
Table 4.9 Parameters of the nodes of the aggregated network model used in the present study
Zone

Name

ZFFs’ code

Installed capacity, GW

1

Ural

FZUROE07

27.2

2

Tyumen

FZURTU08

14.3

3

North Tyumen

FZURNT09

1.1

4

Perm

FZURPZ11

1.5

5

Vyatka

FZURKR12

5.9

6

Volga

FZVLOE13

13.7

7

Balakovo

FZVLBS15

7.0

8

Caucasus

FZYUOE16

2.3

9

Volgograd

FZYUVG17

4.4

10

Caspiy

FZYUAS18

0.7

11

Rostov

FZYURS19

4.9

12

Kuban

FZYUKU20

4.2

13

Makhachkala

FZYUDA23

1.7

14

Centre

FZZNOE24

37.8

15

Moscow

FZZMSK26

14.9

16

Northwest

FZSZOE27

14.1

17

Kola

FZSZKO28

3.7

The lines connecting the nodes of the aggregated network model are drawn to reflect
the dominant delivery paths between the ZFFs defined by the SO for the capacity
auctions in 2011–2013. Each transfer path is assumed to represent a complex of actual
high-voltage lines and transformers along which electric power can be transferred
between two adjacent zones of free power flow. Constraints that may limit the amount
of electric flows on paths are defined by using data on the maximum allowable limits
of capacity transfers between the zones, determined by the SO for the purposes of the
annual competitive auctions for electric capacity in 2011–2013. For this work, the
total thermal and stability-based reliability limits of all lines and transformers located
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in a particular path between two bidding zones are assumed to be equal to the
maximum limit of capacity interchange between these zones defined by the SO. Table
4.10 shows information about the transfer paths within the first price sub-area of the
market used in the model.
Table 4.10 Information about capacity transfer limitations on the main transmission paths in the first
price sub-area of the market in 2011
Path

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Name

Kola - Northwest
Northwest - Centre
Centre - Moscow
Centre - Vyatka
Centre - Volga
Ural - Perm
Volga -Vyatka
Ural-Vyatka
Centre - Volgograd
Ural - Volga
Ural - Tyumen
Tyumen-North Tyumen
Balakovo - Volga
Balakovo - Volgograd
Volgograd - Caspiy
Volgograd - Rostov
Rostov - Kuban
Kuban - Caucasus
Rostov - Caucasus
Caucasus - Makhachkala

From zone

17
16
14
14
14
1
6
1
14
1
1
2
7
7
9
9
11
12
11
8

To zone

16
14
15
5
6
4
5
5
9
6
2
3
6
9
10
11
12
8
8
13

Capacity transfer limits, MW
Min

Max

-355
-2579
-9999
-4337
-3965
-670
-4794
-1895
-3027
-3069
-2763
-440
-1643
-1558
-523
-2044
-2521
-1124
-976
-1019

596
2577
4194
3873
4433
780
3983
2556
2317
3161
2444
1200
2810
2001
476
1809
1962
2071
1532
729

The network shown in Fig. 4.12 is solved by using the DC power flow. The DC
power flow is a commonly used analysis technique in power systems and electricity
market applications (Kim and Overbye, 2011). The method can produce an
approximate but reasonably accurate solution of the network flow problem with a
relatively low computational effort and on the basis of comparatively little input data.
The sub-sections below provide a brief description of the DC power flow modelling
framework used in the present work.
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The DC power flow uses linearized approximations of the AC power flow equations
and constraints (O’Neill et al., 2012). In the DC power flow model, only active power
flows are considered. Voltage magnitudes at all nodes of the system are set equal to 1
p.u., the voltage angle differences are assumed to be small, and reactive powers are
excluded. In addition, resistances of all network elements are assumed to be negligible
in comparison with their reactances. Under these assumptions, in the network
comprising of L lines and N nodes, the expression describing the active power flow on
a line between two nodes i and k has the following form:

Pik 

i  k
X ik

(4.3)

where X ik is the reactance of line, and  i and  k are the voltage angles at nodes i
and k, respectively. Based on the assumptions described above, the equation for real
power at each node can be written as follows:
N

Pi   Bik ( i   k )

(4.4)

i 1

N

where the susceptances Bik   1 X and Bii   1 X for all k nodes connected to
ik
ik
k 1
i. The DC power flow equations for line flows (4.3) and the net injections of real
power at nodes (4.4) can be rewritten in the matrix form:
PL   diagT0 

(4.5)

  

(4.6)

where  diag is the L  L diagonal matrix of line susceptances,  0 is the N  L full
bus incidence matrix,  is the N  N matrix of susceptances, and  is the N  1
vector of angles. By applying the data on real power injections and withdrawals at the
system nodes, the power flows on the lines can be calculated using the power transfer
distribution factors (PTDFs) (Van den Bergh et al., 2014). The PTDFs provide
information on the sensitivity of line MW flows to net injections of power at all nodes
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except at the reference node. In the matrix form, the equation for PTDFs can be
written as follows:
PTDF   diag T ( diag T )

(4.7)

where  is the N 1  L reduced bus incidence matrix obtained by eliminating the
row in the matrix  0 associated with the reference node.
Having estimates of the PTDFs, the flows across the transmission lines can be
determined directly from data on power generation and consumption at nodes:
L  (PTDF ) 1 

(4.8)

Calculating power flows in the DC network shown in Fig. 4.10 would require
knowledge about the reactances of the lines linking the model zones. In order to
evaluate the reactances between the zones, a map of the high-voltage transmission
network operating in the European part of Russia and Ural is used. The maps of the
transmission system are accessible from “Scheme of program of development of the
UES of Russia for 2012–2020” issued by the Ministry of Energy. The maps show all
transmission lines designed for 220 kV and higher, the main power sub-stations, and
large generation plants. To determine the reactance between the nodes of the
aggregate network shown in Fig. 4.12, information about voltage classes and
approximate lengths of the actual transmission lines linking the ZFFs in the first price
sub-area is collected. The reactance of each individual overhead transmission line in
the path between the zones is then defined in accordance with the equation:

X line  xline  l 

2
Vbase
2
Vline

(4.9)

where xline is the typical reactance of the line in ohms per kilometre, l is the line
length in kilometres, Vline is the actual voltage level in kV, and Vbase is the base
voltage level, which is set equal to 500 kV. The use of the base quantities is required
because various zones can be connected through transformers and lines that have
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different voltage levels. The values of typical reactances of lines used in Equation
(4.9) are presented in Table 4.11.
Table 4.11. Typical reactances of the 220–750 kV overhead transmission lines (per 100 km)
Description

Typical reactance, ohm

220 kV line (Steel-aluminium wire, 1 × 240/32)

43.5

330 kV line (Steel-aluminium wire, 2 × 300/39)

32.8

500 kV line (Steel-aluminium wire, 3 × 300/68)

31.0

750 kV line (Steel-aluminium wire, 5 × 300/68)

28.8

The total reactance between two adjacent zones is calculated from all the individual
reactances in parallel. Table 4.12 shows information about the modelled reactances
between the zones.
Table 4.12 Estimated reactances between the zones
Path

Name

From zone

To zone

Reactance, ohm

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Kola - Northwest
Northwest - Centre
Centre - Moscow
Centre - Vyatka
Centre - Volga
Ural - Perm
Volga -Vyatka
Ural-Vyatka
Centre - Volgograd
Ural - Volga
Ural - Tyumen
Tyumen-North Tyumen
Balakovo - Volga
Balakovo - Volgograd
Volgograd - Caspiy
Volgograd - Rostov
Rostov - Kuban
Kuban - Caucasus
Rostov - Caucasus
Caucasus - Makhachkala

17
16
14
14
14
1
6
1
14
1
1
2
7
7
9
9
11
12
11
8

16
14
15
5
6
4
5
5
9
6
2
3
6
9
10
11
12
8
8
13

40.8
27.6
2.7
35.7
19.7
35.5
24.3
6.6
38.4
25.1
21.2
15.8
14.2
91.1
44.9
38.2
23.2
10.5
64.5
56.9
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4.8.4 Model calibration
The DC power flow model described above is intended to calculate the monthly
average patterns of inter-zonal flow distribution in the first price-sub-area of the
market in an approximate manner, taking into account the basic electrical properties
of the actual transmission system. The model, however, uses static estimates of the
PTDFs and, therefore, it cannot consider the impact of possible changes of the
reactance between the zones on changes of electric flows throughout the year. The
reactance between the zones may vary throughout the year, for example, as a result of
lengthy maintenance breaks or unplanned outages of certain transmission lines. In
order to take into account potential changes in the actual transmission system
topology, the model is calibrated using information available on actual power
injections in the ZFFs and aggregate power flows between the zones.
The proposed calibration approach is based on the application of methods of statistical
analysis. The methods of statistical analysis are applied to relate the observed data of
flows and the net injections of active power in the ZFFs to a simplified theoretical
model of the transmission network. The form of this theoretical model, again, is
completely determined by the form of the DC model presented in the sub-section
above. The known values of hourly flows along the examined transmission paths are
taken as dependent variables, and the power injections in the model zones as
independent variables. The relationships between generation and its active power
components on the transmission line are then derived by using the Least Square
Fitting technique (Dongping et al., 2009). The model fitted to the observed data has
the following form:
Minimize J (  line )   diag T (diag T ) 1 zone_ inj  line_ flow

(4.10)

where Z is total error, zone_ inj is the vector of the observed net injections of power in
the zones and line_ flow is the vector of the observed flows in the transmission paths.
By solving the equation (4.10) the values of the reactances that ensure the minimal
total square deviation between the modelled and the historical transmission flows on
the system paths is determined. To avoid negative values of X line in (4.10), additional
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constrains X line  0 are applied during optimization. For the model calibration, data
of hourly power flow interchanges between the ZFFs and zonal aggregate generation
and consumption data available from the daily reports of the commercial operator for
the period of 2011–2013 are used. The inverse power flow problem (4.10) is solved
for the optimal values of X line that provide the best fit to the observed data of net flow
interchanges between the examined zones and the aggregate net power production
output or consumption in the zones for the examined period of time. The calculation
algorithm solves the problem (4.10) in an iterative manner using the reactance values
from Table 4.12 as a starting point.
The calibration procedure is performed independently for the peak and off-peak hours
of each month of the examined three-year period. In order to simplify the
implementation of the method of Least Square Fitting, the system shown in Fig. 4.12
is divided into two large segments. The first segment comprises zones located in the
northwestern, central parts of Russia and Ural. The second segment comprises the
zones located in the South of Russia. Both network segments are linked by a single
transmission corridor, which allows transmitting power from cheap generation
sources located in the western part to electric loads in the southern part of Russia.
Separation of the examined network into two large independent network segments is
implemented by attributing the flow in the line 16 to additional generation and
consumption in the zones 11 and 9, respectively. Table 4.13 presents the reactance
values of modelled transmission paths for each of the ten months of 2011 estimated
from the peak hour flow data
.

20

19

18

17

16

15

14

13

12

11

10

9

8

7

6

5

4

3

2

1

Line

Kaukas - Mahachkala

Rostov - Kaukas

Kuban - Kaukas

Rostov - Kuban

Volgograd - Rostov

Volgograd - Kaspii

Balakovo - Volgograd

Balakovo - Volga

Tumen-North Tumen

Ural - Tumen

Ural - Volga

Centre - Volgograd

Ural-Vyatka

Volga -Vyatka

Ural - Perm

Centre - Volga

Centre - Vyatka

Centre - Moskva

Northwest - Centre

Kolskaya - Northwest

Name

8

11

12

11

9

9

7

7

2

1

13

8

8

12

11

10

9

6

3

2

6

9

14
1

5

5

4

6

5

15

14

16

To
zone

1

6

1

14

14

14

16

17

From
zone

Table 4.13 Network model calibration for 2011
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56.87

64.52

10.53

23.24

38.20

44.86

91.11

14.18

15.76

21.15

25.13

38.42

6.66

24.34

35.49

19.73

35.74

2.73

27.60

40.81

Reactance,
Ohm

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

1

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

2

66.50

64.40

-

14.90

53.90

-

55.10

-

85.50

7.500

-

-

31.40

15

19.30

43.30

-

32

39.80

-

-

-

32

-

66.60

0.807

-

-

45.90

32

20.50

64.50

-

33.20

61.30

-

-

-

-

64.30

23.20

49.90

-

42.50

3.280

-

-

34.20

37.20

13.50

46.70

-

25.60

38.50

-

-

-

-

64.50

64.90

28.30

-

55.30

3.190

-

-

32.20

47.50

12.60

40.60

-

36.50

45.50

-

-

-

-

65.50

36.80

34.30

-

56.90

0.724

-

-

22.20

97.90

7.730

29.90

-

30.80

40.80

-

-

-

-

64.40

43.50

42.90

-

98.40

3.450

-

-

40.20

74.60

19.10

60.10

-

55.10

65.90

-

-

-

-

64.50

57.30

29.40

-

42.30

7e-06

-

-

25

85.40

21.60

47.70

-

42.80

43.20

-

-

-

-

64.40

9.640

42.70

-

95.80

8e-07

-

-

43.30

64.60

18.10

57.20

-

50.30

61.90

-

-

-

Values of reactance calibrated for peak hours in each month, Ohm
3
4
5
7
8
9
10
6

-

83.90

29.20

57.70

-

99.70

1e-05

-

-

20

48.10

10.90

27.50

-

25.60

28.50

-

-

-

11

-

63.90

31.10

44.90

-

98.90

2.e-06

-

-

41.40

45.20

19.70

61.50

-

45.10

57

-

-

-

12
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4.8.5 Network model validation
In order to verify the results of parameter estimations, the obtained reactances are used
to replicate the results of the power flow distribution in the wholesale energy market of
Russia in the first quarter of 2014. The results are presented only for the peak hours of
February for the selected transmission paths.

Figure 4.13: Actual power flows and flows predicted by the model in the examined transmission paths in
February 2014 (Clockwise from upper left: Path 14-5, Path 14-6, Path 1-5, Path 6-5)

4.8.6 Results and implications
The results of verification of the network model for the first quarter of 2014 allow to
conclude about high appropriateness of the estimated reactances of the paths for
modelling of the aggregate transmission flows between the ZFFs. Table 4.14 shows the
values of the root mean square errors between actual and modelled flows on each path
normalized to the range of observed actual flows in the first quarter of 2014.
Table 4.14 Normalized root mean square errors between modelled and actual flows in the examined
transmission paths in February
Path

Centre (14) –
Vyatka (5)

Centre (14) –
Volga (6)

Ural (1) Vyatka (5)

Volga (6)Vyatka (5)

NRMSE, %

5.66

3.17

4.73

10.72
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Low values of NRMSE from the table 4.14 generally indicate that the estimated
reactances allow to replicate the actual flows in the examined paths acceptably well.
This is important addition to the model of the Russian wholesale market which needs to
be studied considering potential limitations in the national transmission grid. Since
limitations of the scheduled flow interchanges between the sub-regions of the wholesale
market can play an important role in the formation of electricity market prices and the
aggregate loading level of large groups of generators in Russia, ability to model these
types of constraints represents an important part of the simulation model development.

4.9 Formulation and solution method for Unit Commitment
The model is formulated as an integer linear program, which simulates operation of the
energy market by a solution of the total production cost minimization problem. The
model accepts the parameters of nuclear, hydro, CHP, and electricity–only conventional
power plants, and operating reserve data, and returns hourly energy market price
estimates, the commitment status and production amounts of generators, and
magnitudes of flows on the transmission lines. Optimal generation schedules of plants
are determined using optimization-based algorithms for unit commitment and economic
dispatch. The electric transmission system is represented by using a DC power flow
model. Thus, the modelled short-term energy market prices reflect the marginal costs of
electricity production in local markets specified by the network model structure.
A distinctive feature of the developed model is that it provides a detailed structure of
generation. The model calculates an optimal dispatch schedule for each thermal power
plant given the set of its unique operational characteristics and constraints. This ensures
proper re-dispatching of generation in the market in the case of transmission constraints.
Hence, the modelled prices would reflect the impacts of an individual plant’s
commitment and production constraints, and they can provide a powerful basis for
evaluation of the economical outcomes of the producers in the short-term wholesale
electricity market.
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4.9.1 Notation
The mathematical model of the energy market is formulated by using the following
notation:
T : total study time, in hours
N t : total number of thermal plants

N Z : total number of ZFF
N l : total number of transmission paths

D(t ) : total system load demand at hour t, in MW

D j (t ) : demand at zone j, at hour t, in MW
R(t ) : total spinning reserve requirement at hour t, in MW
I i (t ) : commitment state of thermal plant i at hour t
Pi (t ) : production output of thermal plant i at hour t, in MW

Pi : upper generation limit of thermal plant i, MW
Pi : lower generation limit of thermal plant i, MW
C i ( Pi (t )) : operating cost of thermal plant i when generating power is Pi (t )
MCi ( Pi (t )) : marginal cost of thermal plant i

X ion / off (t ) : time duration for which thermal plant i has been on/off at hour t
Ti on / off (t ) : minimum up/down time of thermal plant i
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PjH (t ) : total production output of hydroelectric plants in zone j at hour t, in
MW

E Hj : total energy stored at hydroelectric plants in zone j, in MWh
PjH : upper total generation limit of hydro plants in zone j, MW
PjH : lower total generation limit of hydroelectric plants in zone j, MW
Pl (t ) : power flow on transmission path l at hour t, in MW

Pl , Pl : upper and lower flow limits on transmission path l, in MW
PTDFlj : coefficient relating power output at zone j to power flow on path l
Pl (t ) : excess of flow on transmission path l over limit, in MW

G t : set of congested paths at hour t

4.9.2 Hydro model formulation
Modelling is performed using decomposition of the original problem into smaller hydro
and thermal generation dispatch sub-problems, which are solved successively. The
hydro scheduling sub-problem is solved using a peak shaving heuristic. The general
idea of the method is that hydroelectric generation is allocated to the higher part of the
system load curve, thus equalizing the amount of electricity demand that is left over
after subtracting the hydro generation (Sulek, 2012; Bushnell, 2000).
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The sub-problem of optimal hydroelectric plant scheduling in each zone of free flow is
defined as follows:
The objective function to be minimized:
T

W j ( PjH (t ))   ( D j (t )  PjH (t )) 2

(4.11)

t 1

The constraints are:
1) Inter-temporal hydro constraints:
T

P
t 1

H
j

j  1,, N Z

(4.12)

j  1,, N Z , t  1,, T

(4.13)

(t )  E Hj

2) Hydro power output limits in zone j:
PjH  PjH (t )  PjH

The model constructs an approximation of the optimal hourly hydro production
schedules in each zone of free flow using information about the amounts of electric
energy available for generation at all hydroelectric power plants of the zone during each
of the examined study periods. The total power output schedule of the hydroelectric
system in the first price sub-area is the sum of the obtained hydro generation schedules
of each zone.
4.9.3 Formulation of the thermal unit commitment model
After determining the output schedules of hydro plants, the model calculates the
minimum-cost commitment and production plans of thermal generators in the market by
solving the following mathematical problem:
The objective function to be minimized:
Nt

T

 C ( P (t ))
i 1 t 1

i

i

(4.14)
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The constraints for the optimization problem are:
System power balance:
Nt

NZ

 I (t ) P (t )  D(t )   P
i 1

i

i

j 1

H
j

t  1,, T

(4.15)

t  1,, T

(4.16)

i  1,  , N t , t  1,, T

(4.17)

(t )

Operating reserve requirements:
Nt

NZ

i 1

j 1

 I i (t ) Pi  D(t )  R(t )   PjH (t )
Generator production output limits:

I i (t ) Pi  Pi (t )  I i (t ) Pi

Minimum start-up and shutdown times of the thermal generators:

X
X



(4.18)



(4.19)

on
i

(t  1)  Ti on  ( I i (t  1)  I i (t ))  0

off
i

(t  1)  Ti off  ( I i (t )  I i (t  1))  0

Transmission flow limits on path l:
Pl  Pl (t )  Pl
NZ 


Pl (t )    PTDFlj   I i (t ) Pi (t )  PjH  D j (t )   , l  1,  , N l , t  1,, T ,


j 1 
 i j

j  1,, N Z

(4.20)

The problem represented by Equations (4.14)– (4.20) is a security-constrained unit
commitment (SCUC) problem. The solution of unit commitment often requires
application of special optimization techniques that are capable of coping with the
mixed-integer nature of the problem. A detailed description of the unit commitment
solution methods is provided, for example, by Naimo (2013).
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In the considered SCUC problem, the following assumptions and simplifications have
been applied:
1. Commitment states of nuclear generators are not optimized. It is assumed
that statuses of the nuclear plants are set before UC according to planned
statuses by nuclear plant operator.
2. Commitment states of some thermal power plants are fixed by heat
production schedule as reported by the plant owners or reliability constraints
as decided by SO. Specifically, all CHP plants in the model are granted with
a must-run status in all simulated periods either due to hot water and heat
demand during the official heating season in Russia or hot water demand in
the rest of time.
3. Ramp-rate constraints of generators are assumed to have small impacts on
the modelled prices and they are excluded from consideration.
4. Start-up and shut-down costs of generators are not considered
5. Commitment states and generation output level of hydro plants in each hour
in each zone are determined prior to the UC stage and they are considered
fixed during optimization. In addition, all hydro plants are excluded from
provision of tertiary operating reserve requirements in the first price sub-area
of the market.
4.9.4 Method for solving the short-term thermal unit commitment
The model calculates optimal commitment and production schedules of thermal plants
by using the Augmented Lagrangian Relaxation (ALR) method. In this method, a
quadratic penalty function is added to the Lagrangian function in order to “convexify”
the Lagrangian, and therefore, enhance the convergence characteristics of the solution
algorithm (Luenberger and Ye, 2008). The solution algorithm usually implies
scheduling of generation in two stages. At the first stage of the algorithm, also known as
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the Dual Optimization stage, satisfactory commitment plans of generators are derived
by using an iterative procedure of multiplier updating. After that, the Primal Solution to
the generation scheduling problem is obtained in the Economic Dispatch (ED)
procedure. The Primary Solution of the problem determines optimal allocation of the
system demand among the committed generation sources taking into account various
constraints of individual units and system-level constraints including those that were not
addressed in the dual optimization stage of the algorithm (Wang et al., 1995; Shaw,
1995).
For practical application in a real-sized power system, the Indirect method for the
SCUC is used. In this method, transmission network constraints can be omitted from the
Dual Optimization stage for the purpose of computational simplicity (Shaw, 1995).
In order to find the best possible commitment schedule of plants that satisfies the
system-level constraints (4.15) and (4.16), the model performs the iterative procedure of
the Lagrange multiplier adjustment. The values of the Lagrange multipliers are modified
by using the sub-gradient maximization approach. The method is selected due to its
simple implementation and low computational burden (Redondo and Conejo, 1999). In
accordance with this method, at each iteration, the system balance and reserve
multipliers are to be modified by using the following rule:

k 1 (t )  k (t ) 

 k 1 (t )   k (t ) 

c

   k
c

   k

NZ

Nt

j 1

i 1

 ( D(t )   PjH (t )   I i (t ) Pi (t ))
NZ

Nt

j 1

i 1

 ( R(t )  D(t )   PjH (t )   I i (t ) P i )

where
 ,  , c - constant parameters determined heuristically

k - iteration number

(4.21)

(4.22)
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A distinctive feature of the sub-gradient method is that the quality of the obtained
solution depends on the choice of parameters that determine the step length (Murai and
Kato, 2002). In order to reduce uncertainty caused by parameter tuning in the
subgradient-based method, and thereby increase the robustness of the simulations, shortterm unit commitment is performed using the simplified technique of the Lagrange
multiplier update. In effect, the initial solution of the considered UC problem is found,
assuming the total reserve requirements to be zero. After that, a reserve feasible
schedule is obtained by further stepping of the balance constraint multipliers (MurilloSanchez and Thomas, 1998).
In order to minimize the total cost of electricity production at the committed thermal
power plants, a procedure of economic dispatch is performed. At the ED stage, the
model optimizes the power output of the plants subject to balance constraints (4.15), the
plants’ production output limits (4.17), and the transmission network limitations (4.20).
The zones j are connected with the paths l which represent the total transmission line
capacity between the model regions. The network flows are modelled using a DC
approximation in which the relationships between total power injections at zones and
flows on transmission paths are established by a power transfer distribution matrix
(PTDF). The matrix consists of sensitivity factors PTDFlj , which quantify the changes
in the value of flow on path l in the case of additional MW of power injection at the
zone j (Leuthold et al., 2012).
In contrast to direct methods, which address all model constraints in both parts of the
optimization algorithm, the solution obtained by using the Indirect method may suffer
from feasibility problems. Therefore, additional shutdowns and start-ups of generators
may be required to maintain the feasibility of the final commitment schedule with
respect to all types of imposed constraints. Since network constraints were omitted from
the UC stage, the final production schedules may need to be repaired in accordance with
the information about the overloaded lines in the transmission system. In this work, a
congestion management scheme as proposed in Ongsakul and Petcharaks (2003) is used
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to prevent excessive power flows on the transmission lines. The above-mentioned
approach to the problem of optimal generators’ re-dispatch comprises the following
steps. First, the simulation model re-evaluates the results of the ED stage ignoring
network limitations such as they do not exist. The resulting unconstrained power flows
in the network paths are compared with the maximum transfer capacity of the
corresponding paths, and the difference Pl (t ) is used to determine the set of
overloaded transmission paths G t during hour t. After that, the congestion indices of the
uncommitted generators are calculated as follows:

G

  PTDFli Pi Pl (t ) 
 l 1


ACIi (t )  
MC ( Pi (t ))
t

(4.23)

The uncommitted generators with high congestion indices are considered to have the
most significant impact on the total congestion relief, and therefore, they should be
committed first. The model performs the re-dispatch procedure in an iterative manner
with power plants committed one by one in accordance with their congestion index until
all congestions on transmission paths are eliminated. Owing to the regional nature of the
model, coefficients PTDFli in the expression (4.23) that represent the impacts of a
single plant power output on flows in the transmission system are substituted with the
region-specific coefficients PTDFlj . Despite the simplifications, the algorithm is
expected to ensure the least-cost re-dispatch of generation by selecting the plants from
those model regions where an increase in the power output leads to a reduction in the
overload on the congested transmission paths.
The overall procedure of the generation dispatch applied in this doctoral dissertation is
summarized in the following steps:
1. Solve the hydro dispatch sub-problem by using the peak-shaving method.
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2. Obtain a preliminary solution of the thermal generation sub-problem. Initialize
the balance constraint multipliers by solving the Economic Dispatch problem
with the spinning reserves integrated into the total load requirements and the
lower production limits of generators set equal to zero.
3. Find the minimum cost commitment and production schedule for each generator
by solving N t separate single-unit optimization sub-problems.
4. Update the values of the Lagrange multipliers using the sub-gradient method.
5. If the reserve feasibility is reached, perform Economic Dispatch. Otherwise, go
to step 3.
6. Perform the transmission-constrained Economic Dispatch with the committed
generation sources.
7. If transmission limits are violated, perform the procedure of re-dispatch using
the calculated congestion indices of uncommitted generators.

4.10 Estimation of prices and generators’ revenues
This subsection presents the results of the model application for assessment of shortterm energy market prices and revenues of the generation sector in the first price subarea of the wholesale market of Russia. The model is applied to determine the prices
and production output of generators in the first sub-area in each month between March
2011 and March 2014. The modelled hourly zonal energy prices and generation
amounts obtained for typical workday, Saturday and Sunday of each month are used to
determine the hourly volume weighted average energy prices in the first price sub-area
in each of these days. Using information about the number of working days, Saturdays
and Sundays in each of the modelled months the appropriate day-weighting factors are
then calculated (Musgens, 2006). This information was applied to calculation of the
monthly average model prices estimates which, together with the values of hourly
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volume weighted model prices in each representative day, are one of the key model
performance indicators.
First, to evaluate the general performance of the model, the obtained monthly average
price estimates are compared with the actual monthly average energy prices in the first
price sub-area of the wholesale market. Conclusions about the general ability of model
to produce the price estimates consistent with the actual price in the first price sub-area
of the wholesale market are drawn by observing the value of the Pearson correlation
coefficient and the mismatch between the modelled and actual monthly average price
levels. After that, the accuracy of the hourly model estimates is evaluated by calculating
the value of the root mean square error (RMSE) between the model and actual hourly
prices across all days included in the analysis.
Figure 4.14 illustrates the values of the modelled and actual monthly average volume
weighted energy prices in the first price sub-area of the market between March 2011
and March 2014.

Figure 4.14: Actual and modelled volume-weighted average energy market prices in the first price subarea of the market

The results indicate that the model can capture the monthly average price behaviour in
the examined market sub-area reasonably well. The Pearson correlation coefficient of
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two observation values is 0.924, which indicates a strong correlation of the modelled
and actual monthly average energy prices. The absolute maximum error between the
modelled and actual prices is 117.57 RUB/MWh and it occurs in June 2011. Lower
absolute errors in the other months of the examined period 2011-2014 suggest that the
model may not produce significant over-and underestimations when applied to analysis
of the short-term monthly average wholesale energy market prices.
However, comparison of the modelled and actual hourly estimates suggests that the
model prices may not provide a completely adequate description of the actual price
movements in the market. For illustrative purposes, Fig. 4.15 shows the modelled and
actual hourly energy prices in the typical workday, Saturday and Sunday of September
2013.

Figure 4.15: Modelled and actual energy prices in the first price sub-area of the wholesale market in
workday, Saturday and Sunday of September 2013.

Although, the shapes of the actual and modelled hourly electricity prices are similar, the
modelled prices are lower and usually less volatile than the actual prices. One possible
reason of this is the use of a simplified approach to modelling production offers of
generators in the market. The actual offers of the fossil-fuel generators can include three
price-quantities pairs each of which can reflect different efficiency level and different
costs of fuel used to generate electricity at the same plant. The cost offers of generators
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in the model, however, have only one price-quantity pair with the price reflecting the
average fuel costs and generator’ efficiency. This results in a ‘flatter’ shape of the
modelled marginal supply curve of producers than this of the actual. Therefore, changes
in the model demand generally produce less significant changes in the set of committed
generators that have to meet this demand which, in turn, can lead to lower price
variation across the hours of the day in the model. The value of the root mean square
error (RMSE) between the modelled and actual prices, calculated over all representative
hourly samples is 115.16 RUB/MWh. Such error value can be considerable when the
model is applied to analysis of the hourly electricity prices in the market. The potential
factors which could contribute to the discrepancy between the modelled and actual
market price are discussed in more detail in the Chapter 5 of this doctoral dissertation.

Figure 4.16: Modelled total day-ahead energy market revenues, costs and net revenues of generators in
the first price sub-area of the market

The total model generation costs and revenue estimates in the first price sub-area are
presented in Fig. 4.16. Although the modelled total costs and revenues of the generation
sources vary significantly between months, the modelled total net revenues most often
stay close to the average level 20.92 billion rubles (297.0 million euros based on the
exchange rate on 9 August 2017). The most significant decline in the net revenues of the
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generators in the market typically occurs during the spring seasons which is explained
by the higher output of cheap hydro generation.
Table 4.15 presents the results of estimations of the annual revenues, production costs
and net revenues of the generators in the first prices sub-area of the wholesale market
between March 2011 and March 2014.
Table 4.15 Modelled annual revenues, production costs and net revenues of power generators in the shortterm energy market in the first price sub-area of the wholesale market
Period

Modelled total
generation revenue,
bill. RUB

Modelled total
generation cost, bill.
RUB

Modelled total
generation net revenue,
bill. RUB

March-December 2011
2012
2013
January-March 2014

524.5
688.6
765.4
211.5

331.7
440.2
496.3
147.9

192.8
248.5
269.1
63.5

Unfortunately, information about the actual total revenues, costs and net revenues of the
generators in the first price sub-area of the market is not disclosed anywhere. Therefore,
direct comparison of the modelled aggregate costs and revenues with the actual costs
and revenues is problematic. However, the commercial operator of Russia provides with
information about the total annual costs of purchased and sold electricity in the dayahead market in the first price sub-area. This information is available from the annual
reports of the ATS and it could be used for assessment of the accuracy of the produced
annual costs and revenue estimates.
According to the annual reports of the ATS, the total annual costs of purchased and sold
electricity in the day-ahead market in the first price sub-area in 2012 and 2013 was
614.1 bill. RUB and 659.7 bill. RUB. correspondingly. These costs, however, do not
include the costs of electricity transactions under the regulated contracts for supply to
population which usually accounts for 10-20% of the total electricity costs in the
market. The developed model of the Russian short-term electricity market does not treat
the amounts under regulated contracts of generators separately. Instead, it assumes that
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these amounts are sold and purchased in the day-ahead energy market. Therefore, to
obtain the comparable estimates of the total annual generator’s revenues in day-ahead
market the first price sub-area, the modelled revenues should be decreased by 10-20%
to take into account the anticipated revenues of generators under their regulated
contracts.
The estimated range of the modeled total annual generators’ revenues in the day-ahead
energy market in the first sub-area is between 550.9 and 619.8 bill. RUB. for 2012 and
between 612.3 and 688.8 bill. RUB. for 2013. Comparison of the modelled and actual
total annual day-ahead energy market revenues of the electricity producers in the first
price sub-area reported by the ATS indicates that the model is generally capable to
produce consistent estimates of the annual producers’ revenues in the day-ahead energy
market of Russia.
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5 Analysis of the developed model
The mathematical model of the Russian short-term wholesale energy market developed
in the previous chapters incorporates a number of assumptions and simplifications into
the market price and production amount evaluation process. These assumptions and
simplifications are applied either to substitute missing information about unknown
parameters of the power sector or to reduce computational complexity of simulations.
To quantify the impacts that these assumptions have on the simulated energy market
outcomes, a procedure of sensitivity analysis is performed.

5.1 Introduction
5.1.1 Background
Most real-world problems are very complex by nature. They may include a large
number of potential alternative solutions and different interested parties with multiple
conflicting objectives (Byer, 1976). The interdependences between these parties can
have an increasingly dynamic and non-linear nature. This means that even small
changes to the system might lead to sudden and large changes in the overall system
behaviour. At the same time, large changes in certain system characteristics can have
only a moderate or small effect on the major system properties. Complex systems could
evolve over time, meaning that the history of a system is important for the analysis of its
current and future states (Chesters, 2004).
The complexity of the operations of real systems cannot be fully replicated in idealized
simulation models. Factors such as input data imperfections, model structure
assumptions, imprecision of the solution algorithms, parameter value uncertainties, and
errors always contribute to the uncertainty in the model output (Loucks and Van Beek,
2005). Uncertainty and sensitivity analyses are two common practices to address the
impact of the uncertainties coming from various sources on the uncertainty associated
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with the model output. Both uncertainty and sensitivity analyses often play a crucial role
in the critical assessment of the quality and reliability of the performed simulations.
5.1.2 Purposes of uncertainty and sensitivity analyses
Although uncertainty analysis and sensitivity analyses represent two related fields of
study, they pursue different objectives. Uncertainty analysis focuses on the uncertainty
quantification. It is used to describe the set of potential outcomes that can be produced
by a simulation model under certain conditions. Uncertainty can usually be expressed in
the form of probability distribution (Uusitalo et al., 2014). Having a range of possible
model outputs calculated under various input parameter realizations, the associated
probability of their occurrence can be evaluated (Loucks and Van Beek, 2005).
Sensitivity analysis provides an opportunity to investigate the impact that alternative
assumptions and errors in the input parameters and structure of the model may have on
conclusions to be drawn from the simulations (Pannel, 1997). The main idea of
sensitivity analysis is to initiate changes in the model characteristics and study the
effects of these changes on the outcomes produced by the model. The varied model
characteristics can be, for example, the number of input parameters and constraints in
the model, assumed forms of dependences between variables, or modelling objectives.
By re-evaluating the optimal solution under alternative model assumptions, it is possible
to determine the way in which the model outcomes respond to different sources and
kinds of variations in the model inputs and in the model itself (Marshall and Galea,
2014; Buzby et al., 2008).
Sensitivity analysis represents an important and integral part of any simulation model
development (Saltelli et al., 2000). By conducting a sensitivity analysis, modellers can
enhance understanding about the behaviour of an examined system under different
circumstances. Sensitivity analysis can also be used to improve the accuracy and
increase the significance of the estimates and forecasts produced by the model. Other
examples of the sensitivity analysis uses include decision making and communication
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(Pannel, 1997). In this work, the methods of sensitivity analysis are used to assess the
reliability and validity of the developed model of the Russian wholesale energy market.
5.1.3 Sources of model uncertainty
The electric power systems represent an example of complex real-world systems. The
modern large electric systems evolve under the complex dynamics among load increase,
random failures, and upgraded practices to meet their requirements for reliability and
economic benefits (Ren and Watts, 2015). The output of electric generators, flows on
the transmission lines, and market prices always depend on a large number of technical,
economic, and environmental factors, many of which are impossible to examine in a
sufficient detail in the simulation study. Even in cases when all required information is
available, its collection may be considered too expensive or time-consuming for the
advantages gained in a conducted simulation study. The energy market simulation
models must typically use various idealized assumptions about the structure and various
parameters of the actual power systems under study. These assumptions and
simplifications usually represent an undesirable but inevitable part of the model
development.
The mathematical model presented in this dissertation is intended to capture the key
distinctive features of the wholesale energy market design in Russia while taking into
account the actual aspects of the power industry operations. The model, however,
incorporates a number of assumptions and simplifications regarding the number of
competing generators in the market, their production parameters, the power sector
operational constraints, and methods used by the commercial and system operators to
determine the costs of electricity market transactions. Although all types of the abovementioned assumptions can contribute to the overall model output uncertainty, it may be
too costly or impractical to examine all of them in detail. For instance, imprecisions in
the model structure and solution algorithms may be the reasons why the calculated
volume-weighted average market prices can deviate from the actual observed prices.
Imprecisions of this kind could arise from the impossibility of collecting data about
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some important interactions taking place in the actual power system or from the use of a
simplified aggregated modelling framework. However, evaluation of these types of
uncertainty could be a computationally intensive task, which requires substantial
modifications in the simulation model formulation. In the present work, no formal
ascertainment of the uncertainty associated with the structure of the developed model is
performed, but the possible effects of variations in the specification of the model
processes and internal relations are discussed at a greater length in the conclusion of this
chapter.
In the next sub-sections, the model uncertainty and sensitivity analysis is limited to
conducting an assessment of the impacts of the uncertainty of some critical model
parameters on the resulting market prices, costs, and electric generators’ net revenue
estimates. The examined model parameters comprise the monthly average energy
availability of GRES power plants, the monthly average must-run production of the
CHP, the amounts of operating reserves, and the levels of hydro production. The
subsection below describes the approach to the parameter uncertainty and sensitivity
analyses applied in this doctoral dissertation.
5.1.4 Approach to uncertainty and sensitivity analyses
To study the effects of uncertainties in the model inputs on the simulated market
outcomes, twelve representative sub-period time samples were chosen for analysis. The
selected sub-periods correspond to the months of January, April, July, and October.
Since the model time period begins in March 2011, the first sub-period considered in
the analysis is April 2011 and the last sub-period considered in the analysis is January
2014. For each month, the upper and lower boundaries of the parameter values of
interest are estimated from actual market data. Thus, the ranges of possible variation of
the model input parameters are realistically represented in the sensitivity analysis.
In order to evaluate the range of outcomes produced by the model, five distinctive
values of each parameter in each study period are selected. These five points represent
the arithmetic mean, the minimum and maximum from the range, the midpoint between
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the lowest and the arithmetic mean, and the midpoint between the highest and the
arithmetic mean. Calculations are performed using a one-at-time analysis framework.
Under the one-at-time analysis framework, the model is solved for each parameter
change separately while keeping all the other parameters of the model fixed at their base
values.
The values of the volume-weighted average model prices obtained under alternative
input parameter realizations are used to characterize the model output uncertainty. In
each examined sub-period, sensitivity coefficients are calculated to inform about
changes in the model output when the values of certain decision variables in the model
have been changed. The sensitivity indices are obtained in accordance with Hoffman
and Gardner (1983). The indices are calculated as follows:
SI 

 y max

 y min 

y max

(5.1)

where SI is the sensitivity index, y max is the maximal model output value obtained in the
sensitivity test, and y min is the minimum model output value obtained in the sensitivity
test.
The overall procedure of the uncertainty and sensitivity analyses is presented as follows:
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Identify the list of examined sub-periods
j and model input parameters x

For every sub-period j  [ j1 ,  , jm ]

For each parameter

xi , i  1 N
Characterize parameter uncertainty
0
max
x j ,i  [ x min
j ,i  x j ,i  x j ,i ]

Run the simulation model for all
possible values of x j ,i
Calculate

y j ,i  f x j ,i 

Characterize output uncertainty
0
max
y j ,i  [ f ( x min
j ,i )  f ( x j ,i )  f ( x j ,i )]

Calculate sensitivity of the model output with
respect to parameter x i in the sub-period j

No

All parameters
examined
Yes

No

All sub-periods
examined
Yes
Analysis of model validity and accuracy
Analysis of model validity and accuracy

Figure 5.1: Flow chart of the uncertainty and sensitivity analyses
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5.2 Evaluation of parameter uncertainty and sensitivity
5.2.1 Must–run CHP production
The first sensitivity case considered in this work is the amount of must-run CHP output.
For each modelled month, these quantities of non-optimized electric capacity are set to
be equal to the average of the actual hourly minimum production levels of the CHP
plants in this month over the period of 2011–2013. The three-year monthly averages,
however, can overstate or understate the actual levels of must-run production in the
wholesale market in different months. This, in turn, could cause an over- and
underestimation of prices and generators’ output levels in the market and lead to a
reduced accuracy of net revenue estimations. To determine the extent to which the
model outcomes can be influenced by changes in the assumptions regarding the priceunresponsive quantities of CHP production, model simulations are performed for a set
of alternative levels of must-run CHP outputs in each of the representative months, and
the results are compared with the base case simulations. These alternatives are defined
for the months of January, April, July, and October as follows:
•

historical maximum level of the must-run CHP capacity in the first price subarea in each of these months over the period of 2011–2013

•

historical minimum level of the must-run CHP capacity in the first price subarea in each of these months over the period of 2011–2013

•

must-run capacity level that is exactly halfway between the three-year maximum
and the three-year average must-run CHP capacity levels

•

must-run capacity level that is exactly halfway between the three-year minimum
and the three-year average must-run CHP capacity levels

Table 5.1 provides information for the model parameter values that correspond to each
of the above alternatives. The values in the table represent the quantities of must-run
capacity expressed as a decimal fraction of the average total installed capacity of the
CHP plants operating in the first price sub-area of the market between 2011 and 2013.
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The number in parentheses on the right-hand side of each fraction of the must-run CHP
capacity indicates the percentage change in the parameter from its base case value.
Table 5.1 Considered must-run CHP production alternatives
Month

January
April
July
October

Must-run CHP output and percentage changes with respect to base values
Minimum value

Middle value

Base value

Middle value

Maximum value

0.669 (-4.84%)
0.494 (-4.08%)
0.337 (-4.53%)
0.470 (-2.29%)

0.688 (-2.42%)
0.505 (-2.04%)
0.345 (-2.26%)
0.475 (-1.14%)

0.703
0.515
0.353
0.481

0.730 (+3.34%)
0.534 (+3.69%)
0.359 (+1.56%)
0.485 (+0.83%)

0.756 (+6.69%)
0.553 (+7.38%)
0.364 (+3.12%)
0.489 (+1.66%)

Note: The values are given as a decimal fraction of the total installed CHP capacity in the first price subarea of the wholesale market

The following sub-section presents information about the levels of the must-run CHP
output considered in the sensitivity test. The examined set of must-run CHP outputs in
each representative month are shown in Table 5.2. Owing to the great number of
modelled scenarios, data are described only for 2012.
Table 5.2 Examined must-run CHP output levels in January, April, July, and October 2012
Month

January
April
July
October

Must-run CHP output level, GW
Minimum

Middle

Base

Middle

Maximum

33.17
24.60
16.89
23.72

34.02
25.12
17.29
24.03

34.86
25.64
17.69
24.28

36.17
26.59
17.97
24.48

37.19
27.53
18.24
24.68

The largest spreads between the value of the non-optimized CHP electric capacity in the
base case and the value of the non-optimized CHP electric capacity in each alternative
case are observed in the months of January and April. The average January quantity of
the must-run CHP capacity in the base case simulation is 34.9 GW. Moving the value of
the parameter of the must-run CHP output from the standard level to the highest and
lowest levels could result in injection and withdrawal from the price-taking part of the
modelled marginal supply curve of the producers of about 2.4 and 1.7 GW of capacity,
respectively. In April, the level of the must-run output in the base case simulation is
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25.6 GW. Moving the value of the parameter of the must-run CHP output from the
standard level to the highest and lowest levels could result in injection and withdrawal
from the price-taking part of the supply curve of 1.9 and 1 GW of capacity, respectively.
This is a significant change that may lead to notable changes in the commitment and
production schedules of a number of thermal generators in the model. The higher
uncertainty of the parameter of the must-run CHP capacity in each of these two months
is associated with significant year-to-year variations in the district heat demand
requirements within the territories covered by the first price sub-area of the wholesale
market during the months of the official heating season in Russia.
Although during the month of July the percentage increase and decrease in the
parameter of the must-run CHP capacity seems to be significant, the actual changes in
the level of must-run output of the cogeneration plants in this month are lower than
those during the months of January and April. A 4.5 percent decrease in the parameter
of interest from its base value 17.7 GW to the lowest extreme value results in a
reduction of about 800 MW of the average baseload output of the cogeneration plants in
the first price sub-area of the market in July 2012. At the same time, a 3.1 percent
increase in the parameter causes an increase of about 550 MW in the total must-run
CHP capacity. Although such a capacity change could be significant in regional
electricity markets, on a wholesale market scale, this change may not be considered
extremely large.
The least variation in the parameter of the must-run CHP capacity from its mean value
can be observed during the month of October. The average October quantity of the
must-run CHP capacity in the base case simulation is 24.3 GW. The reduction in the
parameter from its base case value to the lowest extreme value would decrease the
amount of the must-run capacity of the CHP plants in the first price sub-area by 550
MW. On the other hand, increasing the parameter from the base case value to its highest
extreme value would result in a 400 MW addition of the baseload capacity in the first
price sub-area. The relatively low uncertainty of the parameter of the must-run CHP
capacity can be explained by low year-to-year variations in the average October
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temperatures and related heat demand requirements in most parts of the European
Russia between 2011 and 2013.
Figure 5.2 demonstrates the impacts of changes in the modelled quantities of the mustrun CHP capacity on the simulated volume-weighted average energy prices in the first
price sub-area of the wholesale market.

Figure 5.2: Simulated prices under alternative assumptions about the must-run CHP capacity in January,
July, April, and October 2012

A comparison between the sensitivity test outcomes suggests that large variations in the
January and April must-run CHP outputs could produce notable impacts on the
simulated energy market prices, whereas reduced variations in the July and October
must-run CHP outputs may have lower effects on prices. Figure 5.2 (upper left)
demonstrates that a step increase in the parameter of the must-run capacity over its
realistic range from the smallest to the largest value by a predefined percentage leads to
a substantial change in the modelled average January energy prices. The resulting
modelled prices range from 777.5 RUB/MWh to 838.7 RUB/MWh. This is the highest
price difference observed among all representative months of 2012.
The impact of changes in the level of the must-run CHP output on the calculated
volume-weighted energy prices in April are shown in Fig. 5.2 (upper right). The
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estimated model prices range from 786 RUB/MWh to 826.4 RUB/MWh. Lower price
differences indicate a less strong impact of the parameter uncertainty on the results
produced by the model during the month of April than this during the month of January.
In July, the calculated model prices range from 1022.1 RUB/MWh to 1042.3
RUB/MWh (Fig. 5.2 lower left) whereas in October, the model prices range from
1039.2 RUB/MWh to 1046.6 RUB/MWh (Fig. 5.2 lower right). These are the lowest
price differences observed in the sensitivity test among all the examined months of
2012.
A non-linear character of the price curves depicted in Fig. 5.2 is explained by a
necessity to commit and de-commit a number of condensing power plants in the model
in order to compensate the excess or lack of supply resulted from changes in the
minimum load output levels of the CHP plants. Although the number of the
commitment states changes of the condensing generators in the model is generally lower
in July and October, the impacts of these changes in each of these months are most
clearly seen as a sharp increase in the modelled prices with increasing capacity and a
sharp decrease in the modelled prices with decreasing capacity. Such a non-smooth
behaviour of the modelled prices, however, can not be recognized during the sensitivity
tests for January and April because of larger changes in the amounts of the condensing
power plants capacity in each of these months.
The outcomes of the sensitivity tests for each representative month of the period 20112014 are shown in Table 5.3.
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Table 5.3 Model prices in the base and extreme case simulations, absolute and per cent relative price
ranges and the price sensitivity index in each representative month of the period 2011-2014
Model price, Rub/MWh

Month

April 2011
July 2011
October 2011
January 2012
April 2012
July 2012
October 2012
January 2013
April 2013
July 2013
October 2013
January 2014

Price range,

Base-case

Minimum

Maximum

Rub/MWh

%

891.51
897.66
877.90
812.35
808.10
1022.11
1043.96
926.84
997.737
1127.75
1155.09
1069.48

891.51
882.68
857.13
777.46
786.00
1022.11
1039.24
888.24
979.47
1099.41
1135.06
967.86

911.55
903.86
877.90
838.70
826.39
1042.34
1046.59
951.47
1009.41
1136.95
1156.40
1088.46

20.04
21.18
20.77
61.24
40.39
20.23
7.35
63.23
29.94
37.54
21.34
120.60

2.25
2.36
2.37
7.54
5.00
1.98
0.70
6.82
3.00
3.33
1.85
11.28

Sensitivity
index

0.022
0.023
0.024
0.073
0.049
0.019
0.007
0.066
0.030
0.033
0.018
0.111

The results of the sensitivity tests indicate that the most significant changes in the
modelled equilibrium market prices can be observed during the months of the official
heating season in Russia when the demand requirements for district heat increase in
many regions of the country and variation in the must-run CHP capacity becomes
larger. At the same time, during the mid-summer and mid-autumn periods, the degree of
variation in the parameter of the must-run CHP production is low, and the effects of this
variation on the simulated prices is lower.
Although using the proposed sensitivity measures, there would not be possible to
provide a comprehensive description of the behaviour of the actual short-term energy
market prices and revenues of the power producers in each representative sub-period, on
the basis of the obtained estimates, there would be possible to get an important insight
into the higher importance of the assumptions regarding the levels of the must-run CHP
output in the market during the winter months.
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5.2.2 Availability of condensing power plants
The second potential source of the model output uncertainty is the assumptions
regarding the availability of GRES power plants. For each month in the sample period,
the available electric capacity of each GRES-type plant in the first sub-area is
determined by multiplying its installed capacity by the system-wide three-year average
energy availability factor calculated (for this month) from the aggregate monthly
capacity outage statistics reports of the SO.
To analyze the sensitivity of the model outcomes to changes in the assumed levels of
GRES plant capacity, the model is solved for different values of the energy availability
factor in four representative months: January, April, July, and October. The alternatives
evaluated here are:
•

the maximum value of the historical system-wide average EAF estimated in
each of these months over the period of October 2010 to January 2014

•

the minimum value of the historical system-wide average EAF estimated in each
of these months over the period of October 2010 to January 2014

•

the value of EAF that is exactly halfway between the evaluated maximum
historical EAF and the corresponding base-case value in each of these months

•

the value of EAF that is exactly halfway between the evaluated minimum
historical EAF and the corresponding base-case value in each of these months

Table 5.4 lists information about the values of the EAF used for the sensitivity test. The
values in the brackets indicate the percentage change of the parameter from the original
values.
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Table 5.4. Alternative values of EAFs and the percentage change with respect to base values in each
representative month
Month

January
April
July
October

EAF and percentage changes with respect to base values
Minimum value

Middle value

Base value

Middle value

Maximum value

0.909 (-0.98%)
0.793 (-0.99%)
0.741 (-2.63%)
0.756 (-1.18%)

0.914 (-0.49%)
0.797(-0.49%)
0.751(-1.31%)
0.761(-0.52%)

0.918
0.801
0.761
0.765

0.922 (+0.44%)
0.806 (+0.62%)
0.770 (+1.18%)
0.769 (+0.52%)

0.926 (+0.87%)
0.811 (+1.25%)
0.779 (+2.37%)
0.772 (+0.92%)

The quantities of generation capacity corresponding to each value of EAF are shown in
Table 5.5. These quantities are obtained by multiplying the actual total installed
capacity of the plants in the first price sub-area in each month by the corresponding
value of the EAF from Table 5.4.
Table 5.5 Levels of the available total GRES generation capacity in January, April, July, and October
2012 considered in the sensitivity test
Month

January
April
July
October

The total amounts of available generation capacity of GRES, MW
Minimum

Middle

Base

Middle

Maximum

Range

49649.22
43927.92
41047.40
41878.32

49895.00
44149.50
41601.34
42155.29

50140.79
44371.07
42155.29
42376.87

50359.27
44648.05
42653.84
42598.45

50577.75
44925.02
43152.39
42764.63

928.53
997.10
2104.99
886.31

The ranges in Tables 5.4 and 5.5 give insight into the potential uncertainty associated
with the estimated three-year average EAFs. During the months of January, April, and
October, the variation around the estimated three-year average factors remains relatively
constant. In most of these months, the values of the EAF fall within the range of 99–101
% of their base case values (Table 5.4). This corresponds to a capacity volume
fluctuation of about 450–500 MW around its base value, which is remarkably low
compared with the total capacity of the GRES plants in the first price sub-area. One
possible explanation for the low levels of variation in the parameter of the EAF in each
of these months is the reduced planned maintenance activities at the plants during the
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cold-weather period, which often begins in October and lasts until May in most parts of
the country.
In July, the level of uncertainty associated with the parameter of the GRES plants’
availability, however, becomes larger. The estimated value of an average July
availability factor varies from 97.4 % to 102.4 % of its base case value. For July 2012,
this allows a capacity range between 41.05 GW to 43.15 GW, which is about twice as
high as in the other months. The increase in the capacity variation approximately
coincides with the peak of the maintenance campaign at the power plants and network
facilities in Russia, which typically occurs during the summer seasons. The substantial
July availability factor variation is generally caused by larger differences in the number
and durations of scheduled summer maintenance operations on generators in various
years.
Figure 5.3 illustrates the results of the sensitivity test for January, April, July, and
October of 2012.

Figure 5.3: Modelled prices under alternative assumptions about the available capacity of the GRES
plants in four representative sub-periods of 2012

Each of the subfigures in Fig. 5.3 demonstrates how the modelled volume-weighted
average price changes when moving from the minimum to the maximum value of the
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average EAF in the corresponding month. Generally, the increase in the available
generation capacity of the GRES plants in the first price sub-area is expected to cause a
shift of the aggregate supply curve of producers to the right. Since the demand is
considered inelastic, this should result in setting of a new market equilibrium at a lower
price. However, as could be seen in Fig. 5.3, the model prices behave in a somewhat
different manner. In the months of January and October, a reduction in the available
capacity of the plants from the original to the minimum values results in a set of
modelled prices that are lower than those obtained in the base case. On the other hand,
moving from the base-case to the maximum values in the months of April and July
sometimes results in a higher price than the value observed in the base-case. This highly
non-linear character of the model price behaviour in all sub-periods can generally be
attributed to the effects of start-ups and shutdowns of the modelled GRES power plants
during the optimization. Since different parameter values of the plants’ capacity are
used during each model run, the set of committed generators used to meet the same
demand and reserve requirements may not be the same. In certain cases, where
reductions in the available capacity of the GRES plants start to influence the imposed
system security limits, the Unit Commitment algorithm may prescribe to commit
additional thermal plants’ capacity to maintain the operating reserves. This often leads
to a rightward shift of the supply curve because the minimum load production amounts
of newly committed generators must always be built in to a price-taking part of this
curve. Similar effects may also take place in the actual market, where the larger number
of generators brought online due to the power system security reasons leads to
suppression of the short-term wholesale energy market prices.
Table 5.6 shows the results of the price sensitivity test for each representative month of
the period 2011–2014.
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Table 5.6 Values of model prices in the base and extreme cases, absolute and per cent relative price
ranges, and the price sensitivity index in each representative month of the period 2011-2014
Model price, RUB/MWh

Month

Price range,

Sensitivity
index

Base-case

Minimum

Maximum

RUB/MWh

%

April 2011

891.51

887.64

904.26

16.62

1.86

0.0184

July 2011

897.66

891.62

897.66

6.04

0.67

0.0067

October 2011

877.90

846.34

883.26

36.93

4.21

0.0418

January 2012

812.35

794.43

812.67

18.24

2.25

0.0224

April 2012

808.10

803.06

814.41

11.36

1.41

0.0139

July 2012

1022.11

1022.11

1041.74

19.62

1.92

0.0188

October 2012

1043.96

1030.50

1043.96

13.46

1.29

0.0129

January 2013

926.84

921.48

936.07

14.59

1.57

0.0156

April 2013

997.737

994.27

1003.40

9.12

0.91

0.0091

July 2013

1127.75

1117.06

1138.04

20.98

1.86

0.0184

October 2013

1155.09

1134.48

1157.75

23.27

2.02

0.0201

January 2014

1069.48

1052.48

1069.48

17.00

1.59

0.0159

Generally, the price range given by the difference between the maximum and minimum
prices derived in the sensitivity test stays relatively low over time. Observations of the
results of the sensitivity test in Table 5.6 suggest that in most sub-periods, the difference
between the highest and lowest model price estimates in the sensitivity test generally
does not exceed 20–24 RUB/MWh. A notable exception, however, can be observed in
the sensitivity test for October 2011. The model price range for this month is 37
RUB/MWh, which is much higher than the price range in the other periods. The lowest
price range 6.04 RUB/MWh also takes place in 2011, during the month of July.
Low values of the sensitivity indexes in the Table 5.6 suggest that altering of the
parameter of the EAF of the condensing power plants in the model within its reasonable
range generally has small effects on the output energy price estimates.
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5.2.3 Operating reserves
The third parameter examined in the sensitivity test is the level of operating reserves in
the first price sub-area of the market. The total amounts of the required reserve capacity
in the sub-area may strongly depend on the level of the load forecast accuracy
established by the SO. According to the statistical estimates of the SO, there is an actual
load prediction error of 1.5–3 % of the maximum load Pload . Generally, the SO is
expected to accept a 1.5 % error in the load forecast in the reserve capacity calculations
for the purpose of daily planning of the power system operation and a 2.5–3 % error in
the reserve capacity calculations for the purpose of unit commitment solution (SO,
2015b). The actual levels of the forecast accuracy are, however, subject to internal
decisions of the SO of Russia.
In the proposed energy market model, a 2.5 % error value was assumed to estimate the
value of the tertiary reserve capacity in the first price sub-area. To assess the degree to
which modelled market prices are sensitive to alternative assumptions about the reserve
capacity levels, the model is solved for the following additional cases:
•

the value of the tertiary reserve is calculated based on a 1.5 % load prediction
error

•

the value of the tertiary reserve is calculated based on a 2.0 % load prediction
error

•

the value of the tertiary reserve is calculated based on a 3.0 % load prediction
error

•

the value of the tertiary reserve is calculated based on a 3.5 % load prediction
error

The values used in the sensitivity test generally intend to represent a realistic range of
possible values of the parameter of the load forecast error. However, an additional 3.5
% increased error case was added to the analysis with the objective to demonstrate the
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model price behaviour in situations when too much reserve capacity is required in the
market.
The values of the operating reserve capacity used in the sensitivity test for January,
April, July, and October 2012 are shown in Table 5.7.
Table 5.7 Values of the modelled tertiary reserve capacity corresponding to different levels of load
forecast accuracy in each representative month of 2012
Month

Hourly average reserve capacity levels, MW
Minimum

Middle

Base

Middle

Maximum

Range

 LPE 

 LPE 

 LPE 

 LPE 

 LPE 

1.5% Pload

2.0% Pload

2.5% Pload

3.0% Pload

3.5% Pload

January

3829.29

4345.08

4860.88

5376.67

5892.46

2063.16

April

3566.76

4006.03

4445.30

4884.57

5323.85

1757.09

July

3441.27

3840.95

4240.63

4640.31

5039.99

1598.72

October

3639.77

4097.16

4554.55

5011.94

5469.33

1829.56

The results of the sensitivity test for 2012 will be discussed at a greater length below.
Figure 5.4 demonstrates the impacts of an alternative assumption about reserve
quantities on the volume-weighted energy prices in the modelled market sub-area in
January, April, July, and October 2012.
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Figure 5.4: Model prices under alternative reserve assumptions in four representative months of 2012

Generally, an increase in the reserve requirements in the model from their minimum to
maximum levels causes a monotonic decrease in the modelled energy prices in all
representative months of 2012. The largest reserve capacity variation takes place during
the month of January, and it is explained by higher peak electricity demand levels in the
first price sub-area. The increase in the amount of the operating reserve to 121.2 % of its
base-case value results in about a 1.96 % decrease in the modelled January 2012 price
(from 812.35 to 796.4 RUB/MWh), and the decrease in the amount of the operating
reserve to about 78.8 % of its base-case value results in about a 1.86 % increase in the
modelled January 2012 price (from 812.35 to 827.2 RUB/MWh) at the extreme ends.
The results of the April 2012 sensitivity case are generally similar to those observed
during the month of January. The level of the average operating reserve capacity in the
sensitivity test for April 2012 varies within a range of 80.2–119.8 % of its base case
value. This causes model prices to range from 797.5 RUB/MWh (98.7 % of the basecase price) at the extreme right to 828.6 RUB/MWh (102.53 % of the base-case price) at
the extreme left (Fig. 5.4 upper right). This indicates that although the peak demand
levels generally become lower during the mid-spring periods and the amounts of the
operating reserve obligations decrease, they may still have pronounced effects on the
modelled energy prices.
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Despite the large absolute difference between the highest and lowest price cases during
the month of July, the overall price sensitivity to changes in the assumptions about the
amounts of the operating reserve requirements generally tends to be lower than in the
other months. This could be attributed to the reduced level of reserve capacity variation
in July, that is, between 81.15 and 118.5 % of the original base-case value. Moving the
parameter of the reserve capacity from its initial value to its right extreme end value
results only in a 1.06 % decrease in the July 2012 model price. At the same time,
undervaluing of the parameter of

 LPE in July simulations may produce more

significant effects on the modelled prices. The outcomes of the sensitivity test suggest
that an 18.8 % decrease in the operating reserve levels from the base-case value could
lead to about a 2.31 % increase in the July model price at the left extreme end, which is
twice as high as the percentage change in the case of the reserve level increase.
In October, aggregate reserve requirements in the market begin to increase with an
increase in the electricity demand. This also leads to larger variations in the reserve
capacity during the sensitivity teat. The October levels of operating reserve are assumed
to vary between 79.9 and 120.1 % of the original value in the sensitivity test. Although
the level of reserve capacity variation during this month is not the highest among all
representative months, changes in the parameter of the reserve capacity within its
reasonable range cause a wider range of model price variation than in the other months.
The resulting October price range constitutes 97.9 - 102.1 % of the base-case price. The
wider price range in October might potentially be linked to some delay in increasing the
availability of the GRES and CHP power plants in the model during this month. Lower
values of EAF from Table 4.6 for October indicate that the levels of the outage fossil
fuel capacity in the first price sub-area can still usually remain high before the
beginning of real winter in November. This means than a lower proportion of the
installed capacity is submitted by the model plants for selection in unit commitment.
Therefore, each time the new reserve capacity level is applied in simulations more
condensing power plants have to start-up or shutdown, which leads to larger differences
in the modelled prices.
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Table 5.8 shows the results of the price sensitivity test for each representative month of
the period of 2011–2014.
Table 5.8 Values of model prices in the base and extreme cases, absolute and per cent relative price
ranges, and the price sensitivity index in each representative month in the study period
Model price, RUB/MWh

Month

Price range,

Sensitivity
index

Base-case

Minimum

Maximum

RUB/MWh

%

April 2011

891.51

882.63

903.80

21.16

2.37

0.023

July 2011

897.66

884.01

905.93

21.91

2.44

0.024

October 2011

877.90

865.43

888.57

23.14

2.64

0.026

January 2012

812.35

796.42

827.18

30.77

3.79

0.037

April 2012

808.10

797.54

828.59

31.04

3.84

0.037

July 2012

1022.11

1011.28

1045.70

34.43

3.37

0.033

October 2012

1043.96

1021.81

1065.85

44.04

4.22

0.041

January 2013

926.84

922.38

952.61

30.22

3.26

0.032

April 2013

997.737

977.06

1011.26

34.20

3.43

0.034

July 2013

1127.75

1117.50

1145.18

27.68

2.45

0.024

October 2013

1155.09

1117.57

1180.65

63.08

5.46

0.053

January 2014

1069.48

1047.90

1074.40

26.49

2.48

0.025

Although the evaluated per cent relative range of the model prices seems to indicate a
low sensitivity of the model prices to changes in the reserve levels, such model price
ranges may induce relatively large variations in the estimated net revenue of generation
companies in the market. For example, the wider price range in October 2013 may
cause the total net revenue estimated by the generators to vary between 24.3 and 28.6
billion rubles (0.55 and 0.65 billion euros, respectively, based on the exchange rate of
October 2013). This is an essential difference, which calls for a need for special
attention to the parameter of the reserve requirements in the model of the short-term
wholesale electricity market of Russia.
Generally, the results of the sensitivity analysis suggest that the most significant impacts
of the assumptions about the reserve requirements on the short-term energy market price
and the producers’ profit estimates could be expected to occur in October. The value of
the October sensitivity indexes is markedly larger than the values observed in the rest of
the examined sub-periods (Table 5.8). This may indicate a higher risk associated with
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the use of the obtained model prices in the assessment of profits of the generation
companies of Russia obtained from the short-term wholesale energy market in the midautumn periods. The risk of substantial under- and over-estimation of energy prices,
however, decreases notably during the months of July when a degree of uncertainty in
the parameter of the reserve capacity typically becomes lower. Low or moderate levels
of risk can also be assigned to the model price estimates obtained during the months of
January and April. These considerations have to be taken into account when using the
developed bottom-up model for the evaluation of the revenues of the electric companies
in Russia.
5.2.4 Hydro power
The last model parameter examined in the sensitivity analysis is the amounts of energy
available for allocation across the hours of a week at the hydroelectric plants in each
month. To represent production of these sources in the market in different months, the
model uses the average of plants’ median week energy output in each of these months
during the period of 2011–2013. The three-year average, however, may serve as a rough
approximation of the actual amounts of hydroelectric power available for generation in
the first price sub-area of the wholesale market of Russia in different months because of
the significant seasonal and yearly variation in hydro energy available.
In order to assess the degree of potential variation in the parameter of hydro energy
output in the model in January, April, July, and October, historical maximum and
minimum levels of actual weekly hydro energy output in each of these months during
the period from January 2011 to December 2013 are estimated from market data. Table
5.9 shows the estimated range of possible energy output levels of the hydroelectric
plants in the first price sub-area in January, April, July, and October.

148

5 Analysis of the developed model

Table 5.9. Parameters of aggregate hydro output in the first price sub-area of the market between 2011
and 2013
Month

Average weekly energy

Range

output, GWh

GWh

%

January

1110.5

787.8–1204.6

70.9–108.5

April

1103.4

821.2–1616.5

74.4–146.5

July

1143.2

1040.6–1257.2

91.0–109.9

October

961.3

877.4–1048.3

91.3–109.1

As can be seen in Table 5.9, even though the values of the average weekly energy
output in January, April, and July remain very close to each other, the levels of output
variation in each of these months are different. The highest levels of variation typically
occur in April. This can be explained by greater variation in water levels at hydro plants
during the flood seasons, which typically occur from April to July in most regions of
Russia. The decrease in variation in hydro production in July coincides with the end of
the flood season when the water levels in lakes and rivers return to their normal states.
Even though the ranges of hydro production levels in October and July are
exceptionally similar to each other, the overall level of hydro generation usually
decreases during the month of October. This can be explained by the fact that most of
the hydro plants in Russia have to run at a smaller fraction of their capacity during the
periods of low water levels, which typically occur between July and October.
To examine the sensitivity of the modelled energy prices to changes in hydro production
in the market, four alternative assumptions about the amounts of weekly hydro energy
generation in each representative month are made. These assumptions are:
•

weekly hydro energy output is at the minimum of its lowest historical levels in
each of these months in the period of 2011–2013

•

weekly hydro energy output is halfway between the minimum and three-year
average levels in each of these months in the period of 2011–2013
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•

weekly hydro energy output is halfway between the maximum and three-year
average levels in each of these months in the period of 2011–2013

•

weekly hydro energy output is at the maximum of its highest historical levels in
each of these months in the period of 2011–2013

Table 5.10 provides information about the values of energy corresponding to each of the
above hydro production alternatives and percentage change with respect to base-case
values.
Table 5.10 Examined hydro production alternatives
Month

Weekly hydro energy output and percentage changes with respect to base values
Minimum value

Middle value

Base value

Middle value

Maximum value

January

788.5 (-29%)

949.5 (-14.5%)

1110.5

1160.5 (+4.5%)

1210.5 (+9%)

April

827.6 (-25%)

965.5 (-12.5%)

1103.4

1357.2 (+23%)

1611.0 (+46%)

July

1040.3 (-9%)

1091.7 (-4.5%)

1143.2

1200.3 (+5%)

1257.5 (+10%)

October

877.6 (-8.7%)

919.5 (-4.4%)

961.3

1004.5 (+4.5%)

1047.8 (+9%)

To reach the specified levels of hydro production in the first price sub-area, the
percentage increases and decreases from Table 5.10 are applied to the base-case values
of energy output of each hydroelectric plant in the model. It is acknowledged that in the
result of these adjustments, the amount of hydro energy at certain power plants might
become over- and underestimated. This, however, should not bring the production from
individual plants to a very unrealistic level because of the plant’s minimum and
maximum capacity constraints. Figure 5.5 shows the results of the sensitivity test for
each representative month of 2012.
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Figure 5.5: Simulated prices under alternative assumptions about weekly hydro energy amounts in
January, July, April, and October 2012

As can be seen in Fig. 5.5 (upper right), the price range in April is more than two times
as wide as the price ranges observed in the other representative periods of 2012. This
price range occurred as a result of variation in the parameter of available weekly hydro
energy in April from its minimum value 827.6 GWh to its maximum value 1611.0
GWh. The resulting model prices for April 2012 range from 800.9 RUB/MWh to 854.8
RUB/MWh. Another significant but smaller price range can be observed during the
month of January. In this month, the model prices range from 810.7 RUB/MWh to
829.9 RUB/MWh. Lower price range has resulted from lower range of the parameter of
hydro output in this month (from 788.5 GWh to 1210.5 GWh). The lowest model price
ranges occur in July and October – the months when variation in the hydro output in the
first price sub-area of the market usually falls to its minimum levels. The July model
price ranged from 1016 RUB/MWh to 1033.3 RUB/MWh and the October model price
ranged from 1034.2 RUB/MWh to 1043.9 RUB/MWh.
Table 5.11 presents the results of the sensitivity test for each representative month of
years 2011–2014.
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Table 5.11 Values of model prices in the base and extreme cases, absolute and per cent relative price
ranges, and the price sensitivity index in each representative month in the study period
Model price, RUB/MWh

Month

Price range,

Sensitivity
index

Base-case

Minimum

Maximum

RUB/MWh

%

April 2011

891.51

882.55

934.11

51.56

5.78

0.055

July 2011

897.66

885.58

909.97

24.38

2.72

0.027

October 2011

877.90

842.27

877.90

35.63

4.06

0.041

January 2012

812.35

810.68

829.86

19.18

2.36

0.023

April 2012

808.10

800.91

854.78

53.87

6.67

0.063

July 2012

1022.11

1016.00

1033.33

17.32

1.69

0.017

October 2012

1043.96

1034.21

1043.96

9.75

0.93

0.009

January 2013

926.84

920.31

966.34

46.03

4.97

0.048

April 2013

997.737

959.87

1016.36

56.49

5.66

0.056

July 2013

1127.75

1089.27

1147.29

58.02

5.14

0.051

October 2013

1155.09

1155.09

1163.37

8.28

0.72

0.007

January 2014

1069.48

1017.50

1092.95

75.46

7.06

0.069

Data from the table 5.11 suggests that the model price ranges are typically higher in
April than the model price ranges in other months. The percent relative price range in
April 2011, April 2012, and April 2013 is 5.6-6.7% (Table 5.11). The broader price
ranges in every April is explained by high variation in available hydro energy levels in
the first sub-area of the market in the spring of 2011, 2012 and 2013. Higher model
price ranges in April indicate about the essential role that the applied hydro production
assumptions could play in estimation of market prices during this month.
A decrease of the model price ranges usually takes place in July and October when
variation in hydro energy becomes lower. The estimated percent relative price range in
July is 1.7-5.2% and the estimated percent relative price range in October is 0.7-4.1%.
The results of the sensitivity test also indicate about a notable difference between the
price ranges in January 2012, January 2013 and January 2014. The January model price
range has increased by more than two times over the examined three-year period (from
2.72% in 2012 to 7.06% in 2014). This might suggest about the higher importance of
the parameter of available hydro energy in simulation analysis of the Russian energy
market operation also during the winter seasons.
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5.3 Summary of sensitivity analysis results
The present sub-section summarizes the outcomes of the parameter uncertainty and
sensitivity tests. To characterise the degree of influence each parameter has on the
model outcomes in different months the measure of average sensitivity index is applied.
The level of impact of individual parameters on model prices is determined based upon
sensitivity ranking. The sub-section concludes with an analysis of importance of each
parameter for modelling the operation of the Russian short-term wholesale energy
market.
5.3.1 Sensitivity ranking
To facilitate interpretation of the outcomes of the sensitivity analysis, the results from
all simulated cases performed for the same month are grouped into a single spider plot.
Generally, spider plots are a convenient way to demonstrate the impact of uncertainty in
each parameter on the variable in question (Loucks and Van Beek, 2005). In this work,
spider diagrams are used to provide an illustration how percent changes in different
input parameter affect the modelled energy prices. Figure 5.6 shows the spider diagrams
constructed for January 2012, January 2013 and January 2014.

Figure 5.6: Results of the parameter sensitivity tests for January 2012, 2013 and 2014
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As it could be seen in Fig. 5.6, different parameters uncertainties generally contribute
differently to the model output variation. In January, percent variations in the parameter
of hydro output and operating reserve is significantly higher than percent variation in
the parameter of must-run CHP capacity and available GRES capacity. However, the
price sensitivities to changes in these parameters are generally lower than the price
sensitivity to changes in the levels of must run CHP output in the first price sub-area.
Obviously, small changes in the levels of must run CHP capacity cause the largest
possible increase and decrease of the modelled prices in January (Fig.5.6). On the other
hand, the model prices may have little sensitivity to potential under- and overestimations of the amounts of outage capacity of the condensing power plants (GRES)
in the market during the month of January.
In April, assumptions about the amounts of hydro energy available may have a
particularly strong impact on the modelled prices. Since uncertainty about hydrological
conditions increases during the mid-spring periods, the percentage changes in the
parameter of hydroelectric plants output also tend to be high. Although small changes
in the levels of hydro output may have little impacts on the model prices, larger changes
of this parameter can lead to larger difference in the model prices (Fig 5.7). The amount
of the price-taking capacity of the CHP plants is another influential parameter in the
sensitivity test for April. Small changes in this parameter can produce notable changes
in the modelled market prices. However, these changes are often less significant than
the price changes caused by variation in the parameter of hydro output (Fig.5.7).
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Figure 5.7: Results of the parameter sensitivity tests for April 2011, 2012 and 2013

Percent variations in the parameter of operating reserve capacity in April are larger than
percent variation in the parameter of must-run CHP capacity. Nevertheless, these
changes have slightly lower influence on the model prices in April than changes in the
quantities of must-run CHP capacity. The price-volume dependencies presented in Fig.
5.7 also suggest that changes in the assumed levels of GRES plant capacity would still
have minor impacts on the model prices in April.
The results of the parameter sensitivity analysis for July 2011, 2012 and 2013 are
illustrated in Fig. 5.8. Despite the percent variation in the output of hydroelectric plants
during the month of July is lower than this during the month of April, the impacts of the
parameter of hydro production on the model prices generally continue to prevail over
the impacts of other parameters. Exceptions concern only July 2012, where the impacts
of operating reserves on the modelled price are the highest (Fig.5.8).
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Figure 5.8: Results of the parameter sensitivity tests for July 2011, 2012 and 2013

An observation of model price behaviour in July indicates that uncertainty in the
parameters of operating reserves and must-run CHP capacity can notably contribute to
uncertainty in the obtained energy price estimates. The least influential parameter in the
sensitivity test for July is the amounts of the available capacity of the condensing power
plants. Although, uncertainty associated with the parameter of available capacity of
GRES plants is at its maximum during the month of July, this parameter still has the
lowest impact on the modelled prices.

Figure 5.9: Results of sensitivity analysis for October 2011, 2012 and 2013
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In October, changes in the amounts of operating reserve requirements have the strongest
impacts on the modelled prices (Fig. 5.9). The next influential model parameter is the
amounts of the available capacity of GRES power plants. Larger influence of this
parameter on the model prices in October can generally be explained by a significant
reduction of the impacts of uncertainty associated with the parameters of hydro
production and must-run CHP capacity.
In order to get a better view on the obtained dependencies between the model
parameters and the modelled price in different months, the results from all sensitivity
cases are presented on the same radar chart. The radar chart, showing the impacts of
changes in examined model parameter on the modelled prices in each representative
month of the period 2011-2014 is shown in Fig. 5.10.
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Figure 5.10: Values of the parameter sensitivity indices in each representative months of the period 20112014.
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In order to characterize the impacts of different parameters uncertainty on model output
an average price sensitivity index for each parameter in January, April, July and
October is calculated. The average sensitivity index is obtained for each parameter in
question by taking the mean of the sensitivity indexes of this parameter in the each of
the above months over the from March 2011 to March 2014. Table 5.12 presents the
values of average sensitivity indexes for the examined model input parameters.
Table 5.12 Average sensitivity indexes of parameters in the representative months of January, April, July
and October
Average sensitivity indexes over 2011-2014
Month
Must run CHP

GRES availability

Reserve

Hydro

0.083
0.034
0.025
0.016

0.018
0.014
0.015
0.025

0.031
0.032
0.027
0.040

0.047
0.058
0.031
0.019

January
April
July
October

Significance of the parameters in each representative month is assessed by sorting of the
parameters in decreasing order of the price sensitivity. A ranking scale of 1 to 4 is used
to characterize the impacts of the parameters on the model prices, where 1 means
“parameter with significant impact on model outcomes” and 4 means “parameter with
low impact on modelled price”. The results of the parameter sensitivity ranking are
shown in the table 5.13.
Table 5.13 Parameter sensitivity ranking
Impact level

January

April

July

October

1

Must run CHP

Hydro

Hydro

Reserves

2

Hydro

Must run CHP

Reserves

GRES availability

3

Reserves

Reserves

Must run CHP

Hydro

4

GRES availability

GRES availability

GRES availability

Must run CHP

The general conclusions drawn from the results of the parameter sensitivity analysis are
presented in the sub-section below.

158

5 Analysis of the developed model

5.3.2 Assessment of the parameter importance
Based on the results of the uncertainty and sensitivity analyses, an inference about the
importance of the examined parameters for modelling the outcomes of the Russian
short-term wholesale energy market can be made. In the Table 5.14, the input
parameters are listed according to the level of uncertainty and overall impact on the
simulated prices. The impacts of parameter uncertainty and sensitivity are classified as
“Low” (L), “Medium-low” (ML), “Medium-high” (MH) and “High” (H). “Low”
uncertainty means that the parameter value does not significantly vary from the base
value in the course of modelling, whereas “high” uncertainty means that the model
parameter can deviate significantly from its base value. Similarly, “Low” impact means
that the modelled market prices are little affected by changes of the model parameter. In
contrast, “high” impact denotes that changes in the parameter in question may cause
notable change of the modelled prices.
Table 5.14 Assessment of the model input parameters importance
Parameter

Uncertainty level

Impact on prices

Overall
parameter

Jan

Apr

July

Oct

Jan

Apr

July

Oct

importance

GRES capacity

L

L

ML

L

L

L

L

MH

Low

Operating reserves

H

H

H

H

ML

ML

MH

H

Medium

Must-run CHP

MH

MH

ML

L

H

MH

ML

L

High

Hydro production

MH

H

ML

L

MH

H

H

ML

High

The findings suggest that the most critical model parameters that can strongly influence
the model energy market price estimates are the must-run production of the CHP plants
and the amounts of hydro generation. The overall impacts of these parameters are
marked as “high” due to their large impacts on the model prices in most of the
representative months. The results also suggest that the reserve capacity requirements
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may also significantly contribute to the overall model uncertainty, especially during the
mid-autumn periods. At the same time, the overall importance of the parameter of the
availability of condensing power plants is defined as “low” due to particularly low
impacts of the assumptions about parameter value on the model prices.
In addition to the above, the results of the uncertainty and sensitivity analysis of the
model of the Russian wholesale energy market allow the following important
implications on potential model improvements to be made:
•

Modelling of the minimum electric output constraints of CHP on per plant of per
region basis can increase the accuracy of the market simulations, especially for
the winter and spring time periods.

•

Operation of the water system in the first price sub-area of the market must be
performed on a per plant or per region basis taking into account the forecasts of
water inflows and reservoir levels. The impacts of spring flooding during AprilJuly need to be considered in a more sophisticated manner.

•

The amounts of tertiary operating reserves in the first price sub-area can play an
essential role in modelling of the wholesale market price levels, especially
during the summer and autumn seasons. Careful evaluation of the amounts of
primary, secondary and tertiary reserves can contribute to reduction of
uncertainty of the obtained energy price estimates.
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6 Case study: application of the model to analysis of
changes in the regulatory environment of the Russian
wholesale energy market
This chapter focuses on practical application of the developed mathematical model of
the Russian short-term electricity market. The use of the model is demonstrated through
its application to analysis of changes in the regulatory environment of the short-term
electricity market of Russia. The validity of the model for examining the impacts of
regulation on the wholesale energy market outcomes in Russia is explored using an
example of regulatory modifications of the design of the unit commitment procedure
temporary adopted in the Russian wholesale electricity market at the end of 2015.

6.1 Background and chapter objectives
Validation of a simulation model is an important process, which helps to ensure that the
model has a satisfactory level of accuracy within the required area of application.
Ideally, the model validation should be performed each time a model is applied for the
examination of a specific question of interest and if the model is designed for several
purposes, the validity of the model should be determined with respect to each purpose
(Sargent, 2009). By performing the model validation, a confidence that the produced
model estimates are correct and the model can operate reasonably well within its
intended area of application is acquired.
The present chapter pursuit two main objectives. First, the usefulness of the developed
mathematical model of the Russian short-term electricity market is demonstrated by an
example of modelling the impacts of one of the recent modifications of the rules of the
unit commitment procedure in the actual market on the day-ahead energy market prices
and revenues of power producers. Second, using information about the anticipated
effects of the proposed regulatory changes on the behavior of the actual short-term
energy market outcomes, a conclusion about the validity of the developed model is
made by comparing the directions of these changes with those produced by the model.
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Following the description of the actual modifications to the UC procedure applied in the
market, changes in the formulation of the thermal unit commitment problem in the
model are introduced. The model price and revenue estimates obtained under the
alternative UC problem formulation are compared with those obtained in the base case
simulations and the difference between the original and modified model outcomes is
used to evaluate the degree of impacts that the proposed regulatory changes could have
on the actual market prices and profits of the electric producers in Russia. The
directions of the resulting changes in the model price and producers’ revenues are
compared with that expected in the actual market in result of the new regulations
adoption and the validity of the developed model for studying the impacts of changes in
the regulatory environment on functioning of the Russian wholesale electricity market is
assessed.
This chapter is organized are follows. First, a description of the actual UC procedure
modifications introduced by the Market Council at the end of 2015 is given and the
reasons for these modifications are explained. After that, changes in the mathematical
formulation of the thermal UC problem in the model required to reflect the alternative
conditions of generators participation the actual UC procedure in the market are
described. The results of the price and producers’ revenue simulations under alternative
framework of the generators’ commitment procedure are then presented and the impacts
of the examined UC rules modifications on the modelled market outcomes are analysed.
The chapter closes with conclusions about the validity of the model for analysing the
impacts of changes in the actual procedure of the centralized generators’ commitment
on the price outcomes of short-term energy market in Russia.

6.2 Description of the examined regulatory changes
Although it is generally agreed that the mechanism of generators’ selection in the UC
procedure applied in the wholesale electricity market of Russia works reasonably well
under specific conditions of the Russian wholesale electricity market, there are several
widely acclaimed obstacles that hamper its efficient application. One of the major
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impediments to effective operation of the UC in Russia is the problem of so-called selfcommitted generators. Most of these plants are CHP those electric output strongly
depends on the amount of the district heating demand and hot water usage. In
accordance with the rules of the wholesale electricity market of Russia, these plants can
disregard the competitive UC stage by notifying the SO about the necessity to commit
their units for the purpose of heat supply to customers. Since the SO has no means to
verify the actual necessity and rational of the commitments of these units, it always
accepts the notified commitment schedule of the self-committed plants. The selfcommitted thermal generators are permitted to participate in the day-ahead market
auctions along with the other generation sources whose commitment status was
determined through the centralized competitive UC procedure and they can set the
market prices through the quantities they produce above their minimum load levels. It
has been acknowledged by the Market Council that because of the larger number of the
fossil fuel generators granted with a must-run status, many effective power plants have
reduced abilities to compete for online status in UC and the output in the day-ahead
energy market (Market Council, 2015).
The issue of excess must-run thermal generation in the market was particularly
exacerbated since August 2014 when removing of the transmission constraints between
two market price sub-areas, which artificially prevented the power flow from the
Siberian part of Russia to Urals by setting the minimum positive power flow from Urals
to Siberia, led to a notable increase in the energy market price in the regions of Western
Siberia. The Federal Antimonopoly Service of Russia prescribed the Market Council to
reconsider certain provisions of the wholesale electricity market regulations and
eliminate the appearance of non-competitive conditions in the energy market. One of
the factors contributing to the higher energy market prices was the unit commitment
algorithm applied in the wholesale market (FAS, 2015).
In summer 2015, the market authorities approved changes to the formulation of the unit
commitment problem in the wholesale energy market of Russia to mitigate the negative
consequences of the presence of excessive number of self-committed thermal generators
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in the market. The regulations prescribed changes in the conditions of participation of
the thermal generators in the UC procedure. Specifically, the new regulations instructed
the SO to increase the amount of tertiary operating reserve by an additional amount of
extra capacity, which has to be determined based on the parameters of the price and
volume offers of the most expensive self-committed thermal power generators. The
anticipated effects of the proposed regulatory changes were an increase in the
committed capacity of the competitive fossil-fuel generation sources and energy market
price reduction. The changes were approved in July 2015, and they came into effect for
the period of two months beginning in October 2015. After that, the impacts of the
proposed modifications on the market participants were to be analysed by the market
authorities. However, no information concerning the extent to which these changes
could impact prices and producers’ economic outcomes in the energy market was
disclosed by regulators either during the period of rule modification or afterwards.

6.3 The model adjustments
The mathematical description of the modifications to the regulations of the UC
procedure approved by the Market Council in the wholesale market is available from
the Appendix № 3.1 to the treaty of accession to the trade system of the wholesale
market “Regulation on conducting computational procedure of the selection of structure
of generation equipment” released on 23 July 2015. The modified regulations prescribe
to assign all self-committed fossil fuel generators into a separate sub-group and identify
those producers whose average weighted offer prices are more than twice as high than
the average weighted offer price across all generators in the sub-group. The sum of the
maximal power output limits in the offers of the selected producers must not exceed the
square root of the sum of the maximal power output limits of these producers from the
previous day multiplied by six. The selected generators’ offer prices must be the highest
among all generators in the sub-group.
Unfortunately, it is not possible to assess the price and volume parameters of the actual
supply offers of the generation units in the first price sub-area of the market and identify
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the most expensive producers in the market. In addition, there is no information on the
list of thermal generators that are defined as self-committed generators by the SO.
Therefore, to model the corresponding changes in the unit commitment constraints, a
simplified approach to evaluate the amounts of extra reserve capacity is used. In the
simplified approach, only the volume quantities of the most expensive model CHP
plants are considered. The modified formulation of the tertiary reserve constraints in the
model for each hour is:
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where

MR : set of must-run CHP plants with the most expensive cost offers
CHP : set of must-run CHP plants
Constraints (6.1) and (6.2) set the restrictions regarding the total quantity of the most
expensive modelled CHP production capacity that is to be added to the total tertiary
reserve requirements in the first price sub-are in each month.
To better understand the impacts of the proposed regulatory changes on the model
prices and revenues of generators, the model is solved under the hypothesis of
permanent adoption of the new regulations in the market. The modelled wholesale subarea market prices and the total annual energy output of different generator technologies
in Russia before and after the changes are the main indicators to be considered.
The operational validity of the developed computerized model of the Russian electricity
market is determined by comparing the results under the modified regulatory framework
with this expected by the regulators in the real wholesale market. The method of
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qualitative analysis is used to confirm the model validity. In the qualitative analysis, the
directions of the model output behaviour and the possibility that the magnitudes of the
output are reasonable are examined (Sargent, 2009).

6.4 Application results
The subsection presents the results of evaluation of the impact of the proposed changes
in the UC regulations on prices, production amounts, and total revenues generated by
different generation technologies from the short-term energy market of Russia. Figure
6.1 illustrates the modelled energy market prices in the first price sub-area of the
wholesale market between March 2011 and March 2014 in the base case scenario and in
the alternative UC rules scenario.

Figure 6.1: Modelled monthly volume weighted average day-ahead energy market prices in the first price
sub-area of the wholesale market before and after changes in the market regulations

The quantitative results of comparison of the modelled prices in the base and regulation
cases are shown in Table 6.1. The table suggests that under the alternative unit
commitment regulation framework, the modelled volume-weighted monthly average
prices tend to be lower than those in the base case simulations.
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Table 6.1 Comparison of the base case and regulation case spot-market price simulations
Model monthly volume weighted energy price, RUB/MWh
Month

Mar-11
Apr-11
May-11
Jun-11
Jul-11
Aug-11
Sep-11
Oct-11
Nov-11
Dec-11
Jan-12
Feb-12
Mar-12
Apr-12
May-12
Jun-12
Jul-12
Aug-12
Sep-12
Oct-12
Nov-12
Dec-12
Jan-13
Feb-13
Mar-13
Apr-13
May-13
Jun-13
Jul-13
Aug-13
Sep-13
Oct-13
Nov-13
Dec-13
Jan-14
Feb-14
Mar-14
Average
Min
Max

Base case

Regulation case

864.91
891.51
849.21
892.30
897.66
881.89
916.07
877.90
867.48
796.39
812.35
869.83
827.55
808.10
777.57
819.59
1022.11
1043.58
1041.21
1043.96
1005.30
1001.12
926.84
914.96
979.69
997.74
919.27
972.05
1127.75
1168.26
1126.30
1155.09
1072.79
1035.49
1069.48
1037.94
1025.97
955.06
777.57
1168.26

864.90
882.63
847.84
870.61
886.04
873.27
904.66
866.90
866.05
791.48
811.09
869.83
827.55
801.28
770.19
801.26
1019.96
1034.21
1038.97
1043.95
988.82
996.80
926.84
898.98
978.04
986.65
901.79
969.56
1085.72
1149.58
1122.83
1139.28
1060.43
1034.88
1059.57
1032.31
1013.32
946.44
770.19
1149.58

Percentage
change
0.00
-1.00
-0.16
-2.43
-1.29
-0.98
-1.25
-1.25
-0.16
-0.62
-0.15
0.00
0.00
-0.84
-0.95
-2.24
-0.21
-0.90
-0.21
0.00
-1.64
-0.43
0.00
-1.75
-0.17
-1.11
-1.90
-0.26
-3.73
-1.60
-0.31
-1.37
-1.15
-0.06
-0.93
-0.54
-1.23
-0.89
-3.73
0.00

The average price reduction over the 36 months of the examined sub-period of
simulations is 0.89 %. The maximum price reduction of 3.73 % can be observed in July
2013. Considerable price differences of 2.43 % and 2.24 % occur also during other
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midsummer periods in June 2011 and in June 2012. The lowest impacts of the new
regulation scheme on prices typically take place during the wintertime sub-periods.
The lower model prices in all the examined sub-periods are explained by commitment
of additional capacity of the condensing power plants in the model that substitute the
expensive capacity of the must-run CHP plants excluded from price setting process.
Higher reduction of price in some months in Table 6.1 can be explained by a necessity
to commit more capacity of the condensing plants to compensate the artificial deficit of
the CHP capacity. The long-run effects of the proposed regulatory changes on the
output of various generation technologies are shown in Table 6.2.
Table 6.2: Modelled annual energy production by sources in 2012 in the base and regulation cases
Technology

GRES
CHP
Hydro
Nuclear

Annual energy production, TWh
Base case

Regulation case

245.70
261.20
58.84
177.12

246.52
260.41
58.82
177.12

Per cent change
relative to base case

+0.33
-0.30
-0.04
0

Introduction of new constraints leads to a reduction in the modelled annual CHP output
in the first price sub-area of the market by 0.3%. At the same time, the modelled annual
output of the condensing power plants increases by 0.33% to compensate for the gap in
the CHP production. The results generally support the statement already reported by the
regulators that the new changes are expected to bring additional effective condensing
capacities online in the market and mitigate the impact of expensive offers of the mustrun CHP plants on the market prices.
The model estimates can also give an important insight into the long-run impacts of the
proposed changes on costs and revenues of generators obtained from the day-ahead
energy market. Table 6.3 shows the evaluated potential impacts of regulatory changes
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on the modelled costs and revenues of generation sources in the first price sub-area of
the wholesale market.
Table 6.3 Comparison of the base case and regulation case spot-market revenue simulations
Period

Parameter

Base

Regulation

Percentage
change
relative to
base case

March-December

Total revenue of generators, bill. RUB

524.54

519.97

-0.87%

2011

Total operational costs, bill. RUB

331.73

332.20

0.14%

Total net revenue, bill. RUB

192.81

187.77

-2.61%

2012

Total revenue of generators, bill. RUB

688.64

684.70

-0.57%

Total operational costs, bill. RUB

440.18

440.51

0.07%

Total net revenue, bill. RUB

248.46

244.18

-1.72%

Total revenue of generators, bill. RUB

765.36

757.44

-1.04%

Total operational costs, bill. RUB

496.28

496.91

0.13%

Total net revenue, bill. RUB

269.09

260.53

-3.18%

January –March

Total revenue of generators, bill. RUB

211.48

209.64

-0.87%

2014

Total operational costs, bill. RUB

147.98

148.12

0.10%

Total net revenue, bill. RUB

63.50

61.52

-3.12%

2013

The total reduction in the spot market net revenues of the generation sources in the first
price sub-area for the last 10 months of 2011 is 5.04 billion rubles (122.13 million
euros, based on the exchange rate of 28 December 2011). In 2012 and 2013, the total
net revenue reduction was 4.27 billion rubles (106.2 million euros, based on the
exchange rate of 28 December 2012) and 8.55 billion rubles (189.85 million euros,
based on the exchange rate of 31 December 2013), respectively. For the three months of
2014, the total net revenue reduction in the first price sub-area was 1.98 billion rubles
(41.03 million euros, based on the exchange rate of 1 April 2014).

6.5 Implications
The results obtained from simulations suggest that in general, the model correctly
captures the impacts of the proposed regulatory scheme on the market outcomes. Under
the new regulation framework, the model produces lower price estimates in comparison
with those in the base case simulation. In addition, the changes lead to a reduction in the
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energy output from the modelled must-run CHP plants and cause a comparable increase
in the output of the condensing plants in the first price sub-area of the market. However,
if adopted, the new UC regulations may cause a substantial decline in the revenues in
the power generation sector of Russia and increase the risks faced by the power
generation companies in the wholesale market. The negative impacts of the regulatory
changes on the financial viability of power plants in the market were, perhaps, the
primary reason why the proposed changes were not put into force by the regulators.
Although the market design changes are often supposed to increase the effectiveness of
the electricity market operations, they can create regulatory uncertainty and increase
risks (Singh, 2008). The presence of a simulation tool that can adequately capture the
specific features of the examined electricity industry and is capable to capture the
potential impacts of changes in the regulatory framework of the competitive electricity
market outcomes allows the market parties to predict the risks associated with such
changes and adjust their operation strategy in the market accordingly to minimize the
negative consequences of regulatory interventions on their financial outcomes. The
findings enable a conclusion to be drawn about the validity of the developed simulation
model for the analysis of changes in the design and regulatory framework of the unit
commitment-based wholesale energy market of Russia on the electricity prices and
revenues of the power generators obtained from the day-ahead market. The model can
be used to analyse the risks of regulation changes and provide the means to support the
competitive positions of market participants in the market.
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7 Conclusions
Among the world’s largest electricity markets, the Russian electricity market has
paradoxically received little attention in academic studies. To date, only a small number
of authors and research institutions attempted to devise the models that would allow to
analyse the operation of the wholesale market of electric energy in Russia. Most of
these studies, however, are highly abstract and theoretical and they often do not
consider explicit modelling of the parameters affecting the outcomes of the wholesale
electricity market of Russia. The main impediment for development of a realistic model
of the wholesale electricity market in Russia is lack of available data and complexity of
the actual market design.
In this doctoral dissertation, a mathematical model for comprehensive analysis of the
short-term energy market operation in Russia is proposed. The model simulates hourly
electricity prices and production costs in the market taking into account the most
essential properties and peculiarities of the actual design of the Russian electricity
market.
An overview of various modelling approaches has showed that the bottom-up
optimization models for electricity markets could suit specific operational and
regulatory environment of the Russian wholesale electricity market better than the
models of other types. Optimization modelling framework was therefore considered as a
suitable basis for the development of a large-scale model of the wholesale market of
electric energy in Russia.
The proposed optimization model has been parameterized using information about basic
technical-economical characteristics of the actual power plants in Russia and major
operational constraints of the power sector available from the generation companies of
Russia and the organizations of commercial infrastructure of the market in one hand and
using historical market data on the other. Specifically, time series of historical market
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data were applied to determine such model parameters as the duration and periodicity of
planned outages at the nuclear plants of Russia, typical monthly availability of the fossil
fuel power plants and changes in the reactance of the main transmission paths between
the major supply and demand areas of the electric system, information on which usually
cannot be accessed from open market data. Corresponding model parameter values were
obtained using the methods of inverse engineering.
The model was solved against historical demand in the day-ahead electricity market in
the first price sub-area of the wholesale market between March 2011 and March 2014
using the method of Lagrange relaxation for unit commitment and the obtained hourly
electricity price estimates were compared to the actual market prices. The findings
suggest that the model correctly captures the movements of the actual monthly
electricity prices in the short-term wholesale energy market of Russia over a year.
Therefore, the inverse engineering approach can be suggested for derivation of the
important but missing input parameters of the bottom-up optimization market model of
the Russian electricity market. The findings also indicate that peak-shaving can be a
pertinent approach for allocation of the available energy at the hydro plants of the first
price sub-area of the market. In most of the modelled time periods, the method produces
the aggregate hourly hydro generation schedules extremely close to those observed in
the real market. Exceptions, however, concern the periods of high water which typically
occur from mid-spring to mid-summer in the European part of Russia and Ural. In these
periods, the model can produce substantial under-and overestimates of the actual hourly
hydro generation levels in the market.
Application of the model for assessment of hourly energy market outcomes also shows
that it could have limited capability to reproduce the actual levels of variation in the
short-term wholesale energy market hourly prices observed in the first price sub-area. In
most modelled month sub-periods, the modelled typical work and weekend days hourly
energy prices are typically lower during the peak hours and higher during the off-peak
hours than the actual ones. The mismatch between the modelled and actual prices can be
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explained by simplified modelling of producers’ marginal costs offers and uncertainty
in the model constraints parameter values.
To address the impacts of the uncertainty in the model parameters, the procedure of
sensitivity analysis has been performed. Specifically, sensitivity of model prices to
changes in the four most uncertain model inputs was examined: must-run amounts of
CHP production, available hydro energy, operating reserves and availability of the
condensing power plants. The results of analysis suggest that the model price estimates
may exhibit large sensitivity to the assumptions about the levels of must-run CHP
production during the winter months and the amounts of stored hydro energy at the
hydro plants during the spring and summer seasons.
While high influence of hydro generation on energy prices is typical in many electricity
markets around the world, the strong influence of the amounts of power produced by the
CHP on their technological minimum on electricity market prices is not a usual feature
of the electricity markets. To understand more details of this distinctive phenomena of
the electricity market in Russia and also demonstrate practical application of the
developed model, it has been applied to study the impacts of temporary amendments to
the rules of the self-committed must-run thermal generators participation in the unit
commitment procedure adopted by regulators in the wholesale market of Russia at the
end of 2015. Using the description of the actual regulatory changes, changes in the
constraints formulation in the model were made and the alternative set of market price
and revenue estimates were obtained for each month of the study period 2011-2014. The
qualitative analysis of model results indicates that if adopted, the new regulations would
generally result in reduction of the equilibrium market prices, cause commitment of
additional condensing generation capacity and lead to reallocation of production
between the must-run CHP and condensing power plants in the market. Particularly, the
new order of the unit commitment procedure leads to reduction in the output of the
modelled must-run CHP plants and causes comparable increase in the output of the
modelled condensing plants in the first price sub-area of the market. However, the
potential negative impacts of the proposed regulatory changes on the financial viability
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of power plants in the market were, perhaps, the main reason why they were not put into
force by regulators.
This doctoral dissertation contributes in the field of electricity market modelling by
developing a large-scale bottom-up optimization model of the short-term electricity
market of Russia that still largely remains closed to Western observers. It presents the
estimates of the important operational parameters of the Russian power industry used
for construction of the proposed market model, many of which cannot be found in the
available literature on the Russian electricity market. Some of the presented parameter
estimates are made public for the first time and they can serve as useful contributions
into other studies of the Russian wholesale electricity market operation.
In addition, the work contributes with sensitivity analysis of the model outcomes to
changes in some fundamental system parameters and market constraints. It sets
boundary conditions for the parameters variation in question and explores their impacts
on the modelled wholesale market outcomes in Russia. The results of analysis can help
better understand the role and significance of the corresponding binding constraints in
the real market.
Although the model is designed to analyse the operation of electricity market under
specific operational and regulatory environment of the Russian electricity sector, it can
also be adopted for analysis of various aspects of other electricity markets operation.
The list of potential model applications can include, but is not limited to, analysis of the
impacts of changes in the technology on the electricity market prices, effects of crossborder transmission flow limitations on the results of competitive electricity market
auctions, and assessment of profitability of investments in construction of new
capacities. In addition to that, the issues related to ongoing penetration of intermediate
power generations such as wind and solar in many electricity markets can be addressed
within the developed modelling framework. Nevertheless, it is important to note that the
developed model is limited to perfect competitive benchmark outcomes and for many
real electricity markets where perfect competition is rarely seen, additional
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considerations regarding strategic behaviour of the market participants should be taken
into account. Further development of the model implies the increased attention to these
important and challenging aspect of the modern electricity systems operation.
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Appendix A: Parameters of modelled hydro plants
Table A.1. Parameters of hydroelectric power plants in the model
Name

Owner

Shirokovskaya HPP
Pavlovskaya HPP
Yumaguzinskaya HPP
Iriklinskaia HPP
Kama HPP
Votkinskaya HPP

JSC TGK-9 (PJSC T-plus)
LLC BGK (PJSC InterRAO)
LLC BGK (PJSC InterRAO)
PJSC InterRAO
PJSC RusHydro
PJSC RusHydro

Cheboksary HPP
Zhigulovskaya HPP
Nizhnekamsk HPP
Saratov HPP

PJSC RusHydro
PJSC RusHydro
JSC Tatenergo
PJSC RusHydro

Zelenchukskaya HPP
Kuban HPP-1
Kuban HPP-2
Kuban HPP-3
Kuban HPP-4
Egorlykskaya HPP
Baksan HPP
Ezminskaya HPP
Aushiger HPP
Kashhatau HPP
Volga HPP
Tsymlyans'ka HPP
Belorechenskaya HPP
Krasnopolyanskaya HPP
Irganayskaya HPP
Chirkei HPP
Miatlinskaya HPP
Chiryurt Cascade HPP
Gelbakhskaya HPP

PJSC RusHydro
PJSC RusHydro
PJSC RusHydro
PJSC RusHydro
PJSC RusHydro
PJSC RusHydro
PJSC RusHydro
PJSC RusHydro
PJSC RusHydro
PJSC RusHydro
PJSC RusHydro
LLC Lukoil-Ecoenergo
LLC Lukoil-Ecoenergo
LLC Lukoil-Ecoenergo
PJSC RusHydro
PJSC RusHydro
PJSC RusHydro
PJSC RusHydro
PJSC RusHydro

Zagorskaya Pump
Rybinsk HPP
Uglich HPP
Nizhniy Novgorod GES
Sheksninskaya HPP
Ivan'kovskaya HPP

PJSC RusHydro
PJSC RusHydro
PJSC RusHydro
PJSC RusHydro
JSC Vologdaenergosbyt
JSC Mosenergosbyt

Ondsk HPP-4
Belomorskaya HPP-6
Vygostrobskaya HPP-5
Matkozhenenskaya HPP -3
Palokorgskaya HPP (HPP -7)
Putkinskaya HPP-9
Krivoporozhskaya HPP- 14

PJSC TGK-1
PJSC TGK-1
PJSC TGK-1
PJSC TGK-1
PJSC TGK-1
PJSC TGK-1
PJSC TGK-1

Model
node

Minimum
output limit,
MW

Maximum
output limit,
MW

1
1
1
1
4
5

0
20
0
0
50
0

31.5
201.6
45
30
522
1020

5
6
6
7

480
600
240
438

1370
2350
1205
1360

8
8
8
8
8
8
8
8
8
8
9
11
12
12
13
13
13
13
13

0
0
0
0
0
0
0
0
0
0
242.1
0
0
0
0
0
0
0
0

160
37
184
87
78
30
27
45
60
65
2608
211.5
48
28.9
400
1000
220
81
44

14
14
14
14
14
15

-1320
0
0
0
6
0

1200
346.4
120
520
45
30

16
16
16
16
16
16
16

30
0
0
30
10
12
20

80
27
40
63
30
84
180

UES Ural

UES Middle Volga

UES South

UES Centre

UES Northwest
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Poduzhemskaya river HPP-10
Kondopozhskaya HPP -1
Palieozersky HPP -2
Verhne-Svir HPP (HPP -12)
Nigne-Svir HPP (HPP -9)
Volkhov HPP (HPP- 6)
Lesogorskaya HPP (HPP -10)
Narva HPP (HPP-13)
Svetogorskaya HPP (HPP -11)
Yovskaya HPP 10 Kola
Knyazhegubskaya HPP 11
Kuma HPP 9
Niva HPP 1
Niva HPP 2
Niva HPP 3
Serebryanska HPP 15
Borisoglebskaya HPP 8
Verhne-Tulomskaya HPP 12
Verhne Teriberskaya HPP 18
Nigne- Teriberskaya HPP 19
Nigne Tulomskaya HPP 13
Serebryanska HPP 16
Rayakoski HPP 6
Hevaskoski HPP 7
Yaniskoski HPP 5
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PJSC TGK-1
PJSC TGK-1
PJSC TGK-1
PJSC TGK-1
PJSC TGK-1
PJSC TGK-1
PJSC TGK-1
PJSC TGK-1
PJSC TGK-1
PJSC TGK-1
PJSC TGK-1
PJSC TGK-1
PJSC TGK-1
PJSC TGK-1
PJSC TGK-1
PJSC TGK-1
PJSC TGK-1
PJSC TGK-1
PJSC TGK-1
PJSC TGK-1
PJSC TGK-1
PJSC TGK-1
PJSC TGK-1
PJSC TGK-1
PJSC TGK-1

16
16
16
16
16
16
16
16
16
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17

8
0
0
0
20
20
10
20
10
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

48
25.6
25
140
99
86
50
124.8
30.5
96
152
80
26
60
155.5
201
56
268
130
26.5
56
156
43.2
47
30.2

Owner

LLC BGK (PJSC InterRAO)
JSC TGK-9 (PJSC T-plus)
PJSC InterRAO
PJSC InterRAO
PJSC InterRAO
PJSC InterRAO
PJSC Enel Russia
PJSC Enel Russia
PJSC Enel Russia
PJSC OGK-2
PJSC OGK-2
PJSC Unipro
PJSC Unipro
JSC Permenergosbyt
PJSC Fortum
CJSC Nizhnevartovskaya GRES
PJSC OGK-2
PJSC Unipro
PJSC Unipro
PJSC Fortum
PJSC Fortum
PJSC InterRAO
PJSC InterRAO

Name

Karmanovskaia GRES
Nizhnetouriskaya GRES
Verkhnetagil'skaia GRES
South Ural GRES
Perm GRES
Iriklinskaia GRES
Reftinskaya GRES
Sredneuralskaya GRES
Sredneuralskaya GRES (BL12)
Serov GRES
Troitsk GRES
Yayvinskaya GRES
Yayvinskaya GRES PGU-400
Kizelovskaya GRES
Chelyabinsk GRES
Nizhnevartovsk GRES
Surgut GRES-1
Surgut GRES-2
Surgut GRES-2 2PGU-400
Nyaganskaya GRES PGU-420 bl1
Nyaganskaya GRES PGU-420 bl2
Urengoyskaya GRES Promplochadka
Urengoyskaya GRES PGU 450

Table B.1. Parameters of condensing power plants in the model
Main
fuel

UES Ural
1
Gas
1
Gas
1
Gas
1
Coal
1
Gas
1
Gas
1
Coal
1
Gas
1
Gas
1
Coal
1
Coal
1
Gas
1
Gas
1
Gas
1
Gas
2
Gas
2
Gas
2
Gas
2
Gas
2
Gas
2
Gas
3
Gas
3
Gas

Model
node

324.8
420.0
393.5
395.9
305.4
331.1
320.0
393.5
231.0
463.5
458.3
361.3
189.0
351.0
362.8
311.0
334.0
306.0
225.0
231.0
231.0
427.9
306.9

BSFC,
g/(KWh)

3906.1
3111.0
3111.0
1033.9
3035.5
3106.0
1800.0
3111.0
3111.0
1040.0
1040.0
3035.5
3035.5
3035.5
3174.0
2394.0
2394.0
2394.0
2394.0
2394.0
2394.0
2030.5
2030.5

Fuel cost,
RUB/ton
(Rub/1000m3)

Appendix B: Parameters of modelled condensing power plants

8010.0
7972.0
7978.0
3750.0
8079.0
7978.0
6550.0
8000.0
8000.0
3933.0
3933.0
8000.0
8000.0
7942.0
8000.0
8172.3
8000.0
8000.0
8000.0
8100.0
8100.0
7971.0
7971.0

Fuel calorific
value,
Ccal/kg
(Ccal/m3)

1108.7
1147.3
1074.1
764.1
803.1
902.3
615.6
1071.2
628.8
857.9
848.3
959.6
502.0
939.1
1007.6
637.7
699.6
641.0
471.3
477.9
477.9
763.0
547.2

Electricity
cost,
Rub/MWh

1806.4
291.0
1497.0
882.0
2400.0
2400.0
3800.0
1180.0
419.0
538.0
1804.0
600.0
424.6
55.6
82.0
1600.0
3268.0
4800.0
800.0
420.0
420.0
24.0
450.0

Installed
capacity,
MW
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Zainskaya GRES
Urussinskaya GRES
Samara GRES
Saratov GRES
Nizhny Novgorod GRES

Kostroma GRES
Kashira GRES2
Cherepetskaya GRES
Konakovskaya GRES
GRES-24
Ryazan GRES Block 1-4
Ryazan GRES Block 5,6
Smolensk GRES
Novomoskovskaya GRES
Novomoskovskaya GRES PGU-190
Shekinskaya GRES
Cherepovets GRES
Kashira GRES1
GRES-3 Mosenergo (5 GTU, diesel)

Nevinnomysskaya GRES TG14-15 PGU
Nevinnomysskaya GRES 6x150+PGU170
Volgograd GRES
Astrakhan GRES
Novocherkassk GRES BL1
Novocherkassk GRES BL2
Novocherkassk GRES BL3
Novocherkassk GRES BL4
Novocherkassk GRES BL5
Novocherkassk GRES BL6
Novocherkassk GRES BL7
Stavropol GRES
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UES Middle Volga
JSC Tatenergo
6
Gas
CJSC TGK Urussinskaya GRES
6
Gas
PJSC T-plus
6
Gas
PJSC T-plus
7
Gas
JSC Volga
14
Gas
UES South
PJSC Enel Russia
8
Gas
PJSC Enel Russia
8
Gas
LLC Lukoil-Volgogradenergo
9
Gas
LLC Lukoil-Astrakhanenergo
10
Gas
PJSC OGK-2
11
Gas
PJSC OGK-2
11
Gas
PJSC OGK-2
11
Coal
PJSC OGK-2
11
Coal
PJSC OGK-2
11
Coal
PJSC OGK-2
11
Coal
PJSC OGK-2
11
Coal
PJSC OGK-2
12
Gas
UES Centre
PJSC InterRAO
14
Gas
PJSC InterRAO
14
Coal
PJSC InterRAO
14
Coal
PJSC Enel Russia
14
Gas
PJSC OGK-2
14
Gas
PJSC OGK-2
14
Coal
PJSC OGK-2
14
Gas
PJSC Unipro
14
Gas
PJSC Kvadra
14
Gas
PJSC Kvadra
14
Gas
PJSC Kvadra
14
Gas
PJSC OGK-2
14
Gas
PJSC InterRAO
15
Gas
PJSC Mosenergo
15
Oil
307.0
349.4
416.1
320.2
345.2
349.3
355.8
376.8
419.0
230.0
360.0
370.2
349.4
439.4

215.0
315.0
455.4
227.0
368.4
368.4
368.4
368.4
368.4
368.4
368.4
329.8

325.0
347.0
400.0
170.2
336.2

3528.0
2880.0
2800.0
3505.0
3629.0
2000.0
3629.0
3605.5
3704.5
3704.5
3704.5
3339.0
3624.3
39011.7

3789.5
3789.5
3602.5
3008.5
3784.0
3784.0
1854.8
1854.8
1854.8
1854.8
1854.8
3789.5

3278.0
3160.0
3334.0
3528.0
3423.0

8081.0
6032.0
5750.0
8000.0
8000.0
4000.0
8000.0
8000.0
8000.0
8000.0
8000.0
8000.0
8076.0
10300.0

8000.0
8000.0
8000.0
8151.8
8000.0
8000.0
6500.0
6500.0
6500.0
6500.0
6500.0
8000.0

8000.0
8000.0
8000.0
8000.0
8000.0

938.2
1167.9
1418.4
982.0
1096.1
1222.6
1129.8
1188.6
1358.2
745.5
1166.9
1081.6
1097.7
11649.7

712.9
1044.5
1435.5
586.4
1219.8
1219.8
735.9
735.9
735.9
735.9
735.9
1093.6

932.2
959.5
1166.9
525.4
1007.0

3600.0
930.0
1285.0
2500.0
420.0
1050.0
1600.0
630.0
261.0
190.0
400.0
630.0
980.0
500.0

400.0
1090.3
72.0
110.0
264.0
264.0
264.0
264.0
264.0
264.0
300.0
2400.0

2200.0
155.0
61.0
54.0
112.0
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PJSC OGK-2
PJSC OGK-2
PJSC OGK-2

Kirishskaya GRES
Kirishskaya GRES PGU-800
Pskov GRES

Note: Gas and coal prices as of July 2012

PJSC Unipro
PJSC Unipro

Shatura GRES 1-5,6
Shatura Block 7 PGU-400

15
Gas
15
Gas
UES Northwest
16
Gas
16
Gas
16
Gas
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343.0
233.0
333.0

361.3
227.0
3576.5
3576.5
3663.5

3274.0
3274.0
8000.0
8100.0
8100.0

8100.0
8100.0
1073.4
720.2
1054.3

1022.3
642.3

1500.0
775.0
430.0

1100.0
393.7
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LLC BGK (PJSC Inter RAO)
LLC BGK (PJSC Inter RAO)
LLC BGK (PJSC Inter RAO)
LLC BGK (PJSC Inter RAO)
LLC BGK (PJSC Inter RAO)
LLC BGK (PJSC Inter RAO)
LLC BGK (PJSC Inter RAO)
LLC BGK (PJSC Inter RAO)
LLC BGK (PJSC Inter RAO)
JSC TGK-9 (PJSC T-plus)
JSC TGK-9 (PJSC T-plus)
JSC TGK-9 (PJSC T-plus)
JSC TGK-9 (PJSC T-plus)
JSC TGK-9 (PJSC T-plus)
JSC TGK-9 (PJSC T-plus)
JSC TGK-9 (PJSC T-plus)
JSC TGK-9 (PJSC T-plus)
PJSC Kurganskaya generation
company
JSC Mezhregionenergosbyt
PJSC Orenburgskaya heat and
generation company
PJSC Orenburgskaya heat and
generation company

Ufa CHP-1
Ufa CHP-2
Ufa CHP-3
Ufa CHP-4
Priufimskaya CHP
Sterlitamak CHP
NovoSterlitamakskaya CHP
Salavatskaya CHP
Kumertausskaya CHP
Bogoslovskaya CHP
Krasnogorskaja CHP
Novosverdlovskaya CHP
Sverdlovsk CHP
Pervouralskaya CHP
Bereznikovskaya CHP-2
Bereznikovskaya CHP-4
Bereznikovskaya CHP-10
Kurgan CHP

Sakmarskaya CHP

NovoSalavatskaya CHP
Orsk CHP-1

Owner

Name

Table C.1. Parameters of cogeneration power plants in the model
Main
fuel

1

1
1

Gas

Gas
Gas

UES Ural
1
Gas
1
Gas
1
Gas
1
Gas
1
Gas
1
Gas
1
Gas
1
Gas
1
Gas
1
Gas
1
Gas
1
Gas
1
Gas
1
Gas
1
Gas
1
Gas
1
Gas
1
Gas

Model
node

307.8

325.6
326.1

286.8
284.3
368.1
342.1
352.3
328.7
323.5
367.1
408.6
570.0
595.0
286.1
194.0
152.0
433.0
210.0
191.0
365.7

BSFC,
g/(KWh)

3082.6

3226.5
3270.4

3906.1
3906.1
3906.1
3906.1
3906.1
3906.1
3906.1
3906.1
3906.1
3111.0
3111.0
3111.0
3111.0
3111.0
3035.5
3035.5
3035.5
2950.5

Fuel cost,
RUB/ton
(Rub/1000m3)

8000.0

8000.0
8000.0

8010.0
8010.0
8010.0
8010.0
8010.0
8010.0
8010.0
8010.0
8010.0
7800.0
7600.0
7972.0
7972.0
7972.0
8000.0
8000.0
8000.0
8000.0

Fuel calorific
value, Ccal/kg
(Ccal/m3)
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830.2

919.2
933.2

979.0
970.5
1256.5
1167.8
1202.6
1122.1
1104.3
1253.1
1394.8
1591.4
1704.9
781.5
529.9
415.2
1150.2
557.8
507.3
944.1

Electricity
cost,
Rub/MWh

460.0

530.0
245.0

77.4
501.0
85.0
330.0
210.0
345.0
255.0
185.0
120.0
136.0
121.0
550.0
36.0
36.0
98.0
29.0
29.0
450.0

Installed
capacity,
MW
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JSC Tatenergo
LLC NkTES
JSC TGK-6 (PJSC T-plus)
JSC TGK-6 (PJSC T-plus)
JSC TGK-16
PJSC T-plus
PJSC T-plus

Chelyabinsk CHP-1
Chelyabinsk CHP-2
Chelyabinsk CHP-3
Chelyabinsk CHP-3 BL3 PGU160+50
Argayashskaya CHP
Noyabrskaya PGE
Tyumen CHP-1
Tyumen CHP-1 GT60+T130
Tyumen CHP-2
Tobolsk CHP
Tobolsk CHP (TG-3,5)
Kazymskaya_GTES
Perm CHP-9
Perm CHP-13 GTU-16
Perm CHP-14
Perm CHP-6
Perm CHP-6 PGU-124
Zakamskaya CHP-5
Chaikovsky CHP-18
Kirov CHP-3
Kirov CHP-4
Kirov CHP-5
Izhevsk CHP-1
Izhevsk CHP-2

Naberezhnye Chelny CHP
Nizhnekamsk CHP-2
Saransk CHP-2
Penza CHP-1
Nizhnekamsk CHP-1
Novokuibyshev CHP-2
Tolyatti CHP

Kargalin CHP

PJSC Orenburgskaya heat and
generation company
PJSC Fortum
PJSC Fortum
PJSC Fortum
PJSC Fortum
PJSC Fortum
LLC Noyabrskaya PGE
PJSC Fortum
PJSC Fortum
PJSC Fortum
PJSC Fortum
PJSC Fortum
PJSC Peredvizhnaya
energetika
JSC
TGK-9 (PJSC T-plus)
JSC TGK-9 (PJSC T-plus)
JSC TGK-9 (PJSC T-plus)
JSC TGK-9 (PJSC T-plus)
JSC TGK-9 (PJSC T-plus)
JSC TGK-9 (PJSC T-plus)
JSC TGK-9 (PJSC T-plus)
JSC TGK-5 (PJSC T-plus)
JSC TGK-5 (PJSC T-plus)
JSC TGK-5 (PJSC T-plus)
JSC TGK-5 (PJSC T-plus)
JSC TGK-5 (PJSC T-plus)
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Gas

1
Gas
1
Gas
1
Gas
1
Gas
1
Coal
2
Gas
2
Gas
2
Gas
2
Gas
2
Gas
2
Gas
3
Gas
4
Gas
4
Gas
4
Gas
4
Gas
4
Gas
4
Gas
5
Gas
5
Gas
5
Gas
5
Gas
5
Gas
5
Gas
UES Middle Volga
6
Gas
6
Gas
6
Gas
6
Gas
6
Gas
6
Gas
6
Gas

1

330.0
299.3
285.0
263.0
285.5
473.2
244.7

380.8
320.6
291.6
230.0
377.7
268.5
282.0
212.0
301.0
329.2
299.0
340.0
203.0
374.0
371.7
170.0
315.0
315.0
312.0
317.0
275.0
246.0
235.0

305.2

3278.0
3278.0
3408.5
3451.5
3278.0
3451.1
3451.1

3174.0
3174.0
3100.0
3100.0
1040.0
2030.5
2702.5
2702.5
2702.5
2702.5
2702.5
3200.0
3035.5
3035.5
3035.5
3035.5
3035.5
3035.5
3252.0
3297.5
3297.5
3135.5
3135.5

2830.9

8000.0
8000.0
8062.0
8048.0
8500.0
8000.0
8000.0

8000.0
8000.0
8100.0
8100.0
3750.0
8300.0
7900.0
7900.0
7900.0
7900.0
7900.0
7900.0
8000.0
8000.0
8000.0
8000.0
8000.0
8000.0
8000.0
8000.0
8000.0
8037.0
7977.0

8000.0

946.5
858.4
843.5
789.5
770.7
1428.9
738.9

1057.6
890.4
781.2
616.2
733.2
459.8
675.3
507.7
720.8
788.3
716.0
1181.7
964.1
539.2
993.4
987.3
451.5
836.7
836.7
887.8
914.6
793.5
671.8
646.6

756.0

1180.0
380.0
340.0
385.0
880.0
295.0
620.0

149.0
320.0
360.0
216.3
195.0
130.0
472.0
190.0
755.0
451.7
213.3
72.0
410.0
34.0
330.0
57.0
124.0
69.0
200.0
149.0
280.0
450.0
69.0
390.0

320.0
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PJSC T-plus
PJSC T-plus
PJSC T-plus
PJSC T-plus
PJSC T-plus
PJSC T-plus
PJSC T-plus
PJSC T-plus
PJSC T-plus
JSC Tatenergo
JSC Tatenergo
JSC TGK-5 (PJSC T-plus)
JSC TGK-5 (PJSC T-plus)
JSC TGK-5 (PJSC T-plus)
JSC TGK-16
PJSC T-plus
PJSC T-plus
PJSC T-plus
PJSC T-plus
LLC Avtozavodskaya TES
LLC Avtozavodskaya TES
CJSC Sarovskaya Generation
Company
JSC
TGK-6 (PJSC T-plus)
JSC TGK-6 (PJSC T-plus)
JSC TGK-6 (PJSC T-plus)
JSC TGK-6 (PJSC T-plus)
LLC Lukoil-Volgogradenergo
LLC Lukoil-Volgogradenergo
LLC Lukoil-Volgogradenergo
LLC Lukoil-Volgogradenergo
PJSC Volgogradenergosbyt
LLC Lukoil-Astrakhanenergo
LLC Lukoil-Astrakhanenergo

CHP VAZ TEZ
Syzranskaya CHP
Syzranskaya CHP PGU-230
Samara CHP
Novokuibyshev CHP-1
Novokuibyshev CHP-1 3xGTU-80
Bezimyanskaya CHP
Ulyanovsk CHP-1
Ulyanovsk CHP-2
Kazan CHP-2
Kazan CHP-1
Yoshkar-Ola CHP-2
Novocheboksarsk CHP-3
Cheboksary CHP-2
Kazan CHP-3
Saratov CHP-2
Balakovo CHP-4
Engels CHP-3
Saratov CHP-5
Avtozavodskaya CHP
Avtozavodskaya CHP TG3.5.6
Sarov CHP
Novogorkovskaya CHP
Dzerzhinsk CHP
Dzerzhinsk CHP PGU-195
Sormovskaya CHP

Volga CHP
Volga CHP-2
Volgograd CHP-2
Kamyshinskaya CHP
Volgograd CHP-3
Astrakhan CHP-2
Central boiler Astrakhan PGU-235 1
(115)

6
Gas
6
Gas
6
Gas
6
Gas
6
Gas
6
Gas
6
Gas
6
Gas
6
Gas
5
Gas
5
Gas
5
Gas
5
Gas
5
Gas
5
Gas
7
Gas
7
Gas
7
Gas
7
Gas
14
Gas
14
Gas
14
Gas
14
Gas
14
Gas
14
Gas
14
Gas
UES South
9
Gas
9
Gas
9
Gas
9
Gas
9
Gas
10
Gas
10
Gas
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349.8
311.0
333.6
336.4
382.3
348.9
212.0

264.1
271.0
212.0
268.0
338.6
230.0
370.0
229.3
262.6
327.0
320.0
249.0
293.0
260.0
309.1
352.1
334.0
357.9
291.0
334.1
334.1
228.5
358.9
333.2
230.0
359.1
3524.7
3524.7
3524.7
3602.5
3602.5
3008.5
3008.5

3451.1
3451.1
3434.7
3451.1
3334.0
3334.0
3334.0
4000.0
4000.0
3379.1
3278.0
3334.0
3334.0
3334.0
3278.0
3528.0
3528.0
3528.0
3528.0
3423.0
3423.0
3423.0
3583.5
3423.0
3423.0
3423.0
8000.0
8000.0
8000.0
8000.0
8000.0
8151.8
8151.8

8000.0
8000.0
8000.0
8000.0
8000.0
8000.0
8000.0
7800.0
7800.0
8000.0
8000.0
8000.0
8000.0
8000.0
8000.0
8000.0
8000.0
8000.0
8000.0
8009.0
8009.0
7938.0
8000.0
8009.0
8009.0
8010.0
1078.8
959.2
1028.9
1060.4
1205.1
901.5
547.7

797.5
818.3
637.1
809.3
987.8
671.0
1079.4
823.1
942.7
966.8
917.8
726.4
854.8
758.5
886.6
1086.9
1031.1
1104.8
898.3
999.4
999.4
689.7
1125.4
996.8
688.1
1074.2
541.0
240.0
300.0
72.0
296.0
380.0
115.0

1172.0
182.0
235.0
440.0
122.0
240.0
172.0
435.0
417.0
190.0
220.0
195.0
350.0
460.0
420.0
232.0
366.0
181.0
441.0
500.0
80.0
72.0
205.0
385.0
195.0
350.0
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LLC Lukoil-Astrakhanenergo
JSC Experimentalnaya TES
LLC Lukoil-Rostovenergo
LLC Lukoil-Rostovenergo
LLC Shahtinskaya GTES
LLC Lukoil-Kubanenergo
LLC Lukoil-Kubanenergo
PJSC Inter RAO
PJSC OGK-2
PJSC OGK-2
JSC GT-Energo
PJSC Inter RAO
PJSC Inter RAO
LLC Novo-Ryazanskaya TES
PJSC Kvadra
PJSC Kvadra
PJSC Kvadra
PJSC Kvadra
PJSC Kvadra
PJSC Kvadra
PJSC Kvadra
PJSC Kvadra
PJSC Kvadra
PJSC Kvadra
PJSC Kvadra
PJSC Kvadra
PJSC Kvadra
PJSC Kvadra
PJSC Kvadra
PJSC Kvadra
PJSC Kvadra
PJSC Kvadra
PJSC Kvadra

Central boiler Astrakhan PGU-235 2
(115)
Experimental TES
Volgodonskaya CHP-2
Rostov CHP-2
Shakhtynsk CHP GTES 2PGU-50
Krasnodar CHP PGU
Krasnodar CHP
Sochi TES
Adlerskaya TES PGU-1-180
Adlerskaya TES PGU-2-180

GT TES Michurinskaya
Ivanovo PGU1
Ivanovo PGU2
Novo-Ryazan CHP
Belgorod TES
GT CHP Luch
Gubkin CHP
Voronezh CHP-1
Voronezh CHP-2
Kaluga CHP-1 PGU
Boiler SZR Kursk PGU
Kursk CHP-1
Orel CHP
Eletskaya CHP
Lipetsk CHP-2
Livenskaya CHP
Livenskaya CHP GTU-30
Diaghilev CHP
Dorogobuzhskaya CHP
Smolensk CHP -2
Kotovskaya CHP-2
Tambov CHP
Aleksinskaya CHP
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10
Gas
11
Gas
11
Gas
11
Gas
11
Gas
12
Gas
12
Gas
12
Gas
12
Gas
12
Gas
UES Centre
14
Gas
14
Gas
14
Gas
14
Gas
14
Gas
14
Gas
14
Gas
14
Gas
14
Gas
14
Gas
14
Gas
14
Gas
14
Gas
14
Gas
14
Gas
14
Gas
14
Gas
14
Gas
14
Gas
14
Gas
14
Gas
14
Gas
14
Gas
300.0
285.3
257.6
304.2
375.4
240.0
390.0
414.6
205.7
210.7
218.0
339.0
305.0
225.0
316.0
561.4
230.0
326.0
395.0
294.0
399.0
352.0
430.0

212.0
400.0
315.0
299.6
215.0
203.0
382.5
269.2
230.0
230.0
3751.5
3530.0
3492.0
3629.0
3751.5
3751.5
3751.5
3705.5
3705.5
3751.5
3713.0
3713.0
3751.5
3664.5
3664.5
3751.5
3751.5
3629.0
3605.5
3605.5
3569.0
3569.0
3704.5

3008.5
3784.0
3784.0
3784.0
3784.0
3789.5
3789.5
3789.5
3780.0
3780.0
7900.0
8000.0
8000.0
7800.0
8000.0
8000.0
8000.0
8000.0
8000.0
8000.0
8000.0
8000.0
8000.0
8000.0
8000.0
8000.0
8000.0
8000.0
8000.0
8000.0
8000.0
8000.0
8000.0

8151.8
8000.0
8000.0
8000.0
8000.0
8000.0
8000.0
8000.0
8000.0
8000.0
997.2
881.2
787.1
990.7
1232.3
787.8
1280.2
1344.3
666.9
691.6
708.3
1101.4
1001.2
721.4
1013.2
1842.8
755.0
1035.2
1246.2
927.5
1246.0
1099.3
1393.8

547.7
1324.4
1043.0
992.0
711.9
673.1
1268.3
892.5
760.7
760.7
36.0
158.0
325.0
460.0
60.0
60.0
29.0
168.0
127.0
41.8
116.9
201.0
330.0
70.0
515.0
12.0
30.0
110.0
128.0
275.0
80.0
235.0
102.0

115.0
40.0
426.0
160.0
100.0
440.0
650.0
156.0
180.0
180.0
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PJSC Kvadra
JSC TGK-6 (PJSC T-plus)
JSC TGK-6 (PJSC T-plus)
JSC TGK-6 (PJSC T-plus)
PJSC TGK-2
PJSC TGK-2
PJSC TGK-2
PJSC TGK-2
PJSC TGK-2
PJSC TGK-2
PJSC TGK-2
State energy enterprise
Vologdaoblkommunenergo
PJSC Mosenergo
PJSC Mosenergo
PJSC Mosenergo
PJSC Mosenergo
PJSC Mosenergo
PJSC Mosenergo
PJSC Mosenergo
PJSC Mosenergo
PJSC Mosenergo
PJSC Mosenergo
PJSC Mosenergo
PJSC Mosenergo
PJSC Mosenergo
PJSC Mosenergo
PJSC Mosenergo
PJSC Inter RAO
PJSC OGK-2
PJSC TGK-1
PJSC TGK-1
PJSC TGK-1

Efremovskaya CHP
Vladimir CHP-2
Ivanovo CHP-2
Ivanovo CHP-3
Kostroma CHP-2
Tverskaya CHP-3
Tverskaya CHP -4
Yaroslavl CHP-1
Yaroslavl CHP-2
Yaroslavl CHP-3
Vologodskaya CHP
Krasavinsky GT CHP

CHP-11 Mosenergo
CHP-12 Mosenergo
CHP-16 Mosenergo
CHP-17 Mosenergo
CHP-20 Mosenergo
CHP-21 Mosenergo
CHP-22 Mosenergo
CHP-23 Mosenergo
CHP-25 Mosenergo
CHP-26 Mosenergo
TES-26 Mosenergo Block 8 PGU-420
CHP-27 Mosenergo
CHP-28 Mosenergo
CHP -8 Mosenergo
CHP-9 Mosenergo

North-West CHP
Kirishskaya CHP (TG 1-6) 300 MW
Petrozavodsk CHP -13
Pravoberezhnaya CHP (CHP -5 ) BL1
Pravoberezhnaya CHP (CHP -5 ) BL2

Gas
Gas
Gas
Gas
Gas
Gas
Gas
Gas
Gas
Gas
Gas
Gas

15
Gas
15
Gas
15
Gas
15
Gas
15
Gas
15
Gas
15
Gas
15
Gas
15
Gas
15
Gas
15
Gas
15
Gas
15
Gas
15
Gas
15
Gas
UES Northwest
16
Gas
16
Gas
16
Gas
16
Gas
16
Gas

14
14
14
14
14
14
14
14
14
14
14
14
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237.3
265.0
281.2
314.7
280.6

311.6
302.7
300.0
435.8
308.6
270.1
302.2
264.0
290.5
272.9
189.0
220.0
300.0
340.4
315.0

379.0
310.4
408.3
308.5
306.0
313.7
360.5
395.8
351.1
343.6
406.3
268.0

3576.5
3576.5
3609.0
3576.5
3576.5

3709.5
3709.5
3400.0
3709.5
3709.5
3709.5
3709.5
3709.5
3709.5
3709.5
3709.5
3709.5
3709.5
3709.5
3709.5

3704.5
3549.0
3530.0
3625.3
3528.0
3505.0
3505.0
3415.5
3415.5
3415.5
3339.0
3339.0

8100.0
8100.0
8100.0
8100.0
8100.0

8100.0
8100.0
8150.0
8100.0
8100.0
8100.0
8100.0
8100.0
8100.0
8100.0
8100.0
8100.0
8100.0
8100.0
8100.0

8000.0
8055.0
8057.0
7800.0
8000.0
8000.0
8000.0
8000.0
8000.0
8000.0
8000.0
8000.0

733.4
819.1
877.0
972.7
867.3

998.9
970.4
876.1
1397.1
989.3
865.9
968.8
846.3
931.1
874.8
605.9
705.3
961.7
1091.2
1009.8

1228.5
957.3
1252.2
1003.7
944.6
962.1
1105.6
1182.9
1049.3
1026.9
1187.1
783.0

900.0
300.0
280.0
180.0
450.0

330.0
412.0
360.0
192.0
730.0
1800.0
1310.0
1420.0
1370.0
1420.0
420.0
1060.0
85.0
615.0
210.0

160.0
400.5
200.0
330.0
170.0
160.0
85.0
81.0
275.0
260.0
34.0
64.0
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Note: Gas and coal prices as of July 2012

Severnaya CHP (CHP- 21)
Yugnaya CHP (CHP- 22)
Yugnaya CHP (CHP- 22) BL4
PGU450 CHP (CHP 15)
Avtovskaya
Vyborg CHP (CHP -17)
Dubrovskaja CHP (CHP - 8)
Pervomaiskaya CHP (CHP - 14)
Pervomaiskaya CHP (CHP - 14) GTU
Pervomaiskaya CHP (CHP - 14) GTU
ES -2 Central CHP
Vasilyeostrovskaya CHP (CHP - 7)
Novgorod CHP-20 TG 2,3 (T60+PT80)
Novgorod CHP-20 (TG 1,4)
PGU:GTE160+PT50
South-West TES (BL-1)
Apatity CHP
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PJSC TGK-1
PJSC TGK-1
PJSC TGK-1
PJSC TGK-1
PJSC TGK-1
PJSC TGK-1
PJSC TGK-1
PJSC TGK-1
PJSC TGK-1
PJSC TGK-1
PJSC TGK-1
PJSC TGK-2
PJSC TGK-2
PJSC Inter RAO
PJSC TGK-1

16
16
16
16
16
16
16
16
16
16
16
16
16
16
17

Gas
Gas
Gas
Gas
Gas
Gas
Gas
Gas
Gas
Gas
Gas
Gas
Gas
Gas
Coal

286.4
287.2
265.4
340.5
310.2
478.6
380.1
212.0
212.0
400.8
300.8
410.7
230.0
250.0
320.6

3576.5
3576.5
3576.5
3576.5
3576.5
3576.5
3576.5
3576.5
3576.5
3576.5
3576.5
3576.5
3576.5
3576.5
1813.0

8100.0
8100.0
8100.0
8100.0
8100.0
8100.0
8100.0
8100.0
8100.0
8100.0
8100.0
8100.0
8100.0
8100.0
5400.0

885.2
887.7
820.3
1052.4
958.8
1479.3
1174.9
655.3
655.3
1238.8
929.7
1269.4
710.9
772.7
753.5

500.0
750.0
450.0
321.0
278.0
142.0
166.0
180.0
180.0
75.5
135.0
140.0
204.0
185.0
323.0
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Appendix D: Overview of electricity market auction
design
The fundamental building block of most electricity markets is an electricity auction.
Electricity auctions can be organized to trade both short-term and long-term contracts
for electricity and energy-related products, and they usually play an increasingly
important role in the scheduling and operation of electricity markets (Newbery and
McDaniel, 2002). In auctions, generators can post their offers to sell quantities of
electric energy at a specific time in the future and customers can post offers to buy. The
bid prices of customers reflect their marginal willingness to pay for each unit of
electricity. At the same time, the ask prices of generators indicate the minimum prices at
which their electricity can be sold at the auction. The auctions then determine the price
and trading quantity of electric energy in the market from matching of the supply and
demand offers. The price determined from the auction is considered to be the lowest
price at which the supply is equal to the demand. After the auction closes, all winning
purchase orders of customers are executed at the specified limit price in their offers or
lower. In contrast, all sale orders of selected generators can only be executed at the
specified limit price in their offers or higher. The auctions are typically introduced to
enhance competition, reduce energy costs for customers, increase transparency of the
electricity procurement process, and make it less likely to be challenged as the political
and institutional settings change (World Bank, 2011).
The auction types, their organization, and the applied pricing rule can, however, vary
considerably from market to market. Some common types of auctions used in the
electricity industry to allocate energy and energy-related products are the Sealed-bid
auction, Descending clock (Dynamic) auction, Hybrid auction, and Two-sided auction
(World Bank, 2011). In the sealed-bid auction, the price and volume schedule offers are
accepted only from one market side, normally from sellers of electricity,
simultaneously, after which they cannot be changed. The auctioneer then builds the
aggregate supply curve and determines the highest price-volume pair at which the total
supply equalizes the demand. Two key principles for determining the prices at which
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the electricity market transactions are closed can be distinguished: “pay-as-bid” and
uniform pricing. In a “pay-as-bid” or discriminatory market auction, the winning
suppliers are paid in accordance with their offer prices. This often compels the power
producers to guess at the future marginal price level and bid into the auction the prices
that do not reflect their true marginal costs. In contrast, under the uniform-price auction
design, a single market-clearing price is determined for all generators based on the offer
price of the most expensive production unit selected to meet load requirements.
Although there is no general agreement about the advantages of one pricing rule over
another, in practice, the prosperity for strategic bidding behaviour and the resulting
inefficiencies in plant dispatch and capacity investments under the “pay-as-bid” auction
design frequently cause major concerns (Tierney et al., 2008). The uniform auction
design, one the other hand, is often considered a fair auction design because it
stimulates power plants to reveal their true marginal cost of production and, therefore,
mitigates the uncertainty associated with inappropriately estimated price in the supply
offers of generators. For example, it could give an important guarantee for the owners of
generation that their cheap power plants with low offer prices will be run in the market
regardless of the value of auction price (Morey, 2001). The uniform-price auction
design is prevalent in electricity markets of most countries in the world.
In a descending clock auction, the auctioneer starts auction by offering a high price for
electricity or electricity-related products. This leads to an excess of supply in the
market, and in the subsequent rounds the auctioneer reduces the auction price until the
surplus is eliminated. The minimum price for which there is sufficient supply to meet
the market demand determines the market price at which all winning suppliers in the
auction are paid. The advantage of the descending clock auction is that it allows
participants to observe the changing balance of supply and demand and to revise their
offers in light of this information (Harbord and Pagnozzi, 2014). However,
determination of the prices offered to bidders in each round often presents a challenge in
the descending clock auction (Nguyen and Sandholm, 2014).

To overcome the

disadvantages of the sealed-bid and descending clock price auctions, a hybrid electricity
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auction model is sometimes applied. This auction attempts to combine the best elements
of the seal-bid and the descending clock auctions designs. An example of the hybrid
auction design application can be found in the Brazil electricity market, where the
descending clock auction rounds are followed by a pay-as-bid round (IRENA and CEM,
2015).
Another type of auction design frequently used in electricity markets is a two-sided
auction. In the two-sided auction, the price and volume offers from both generators and
customers are allowed. Similar to the one-side auction, the two-sided auction can apply
uniform or pay-as-bid pricing to award and charge the winning generators and
customers. The key advantage of the two-sided auction is that it enhances the demand
participation in the market price setting process. However, in many actual electricity
markets, this option remains not fully utilized owing to the presence of a large number
of price-insensitive customers. Demand inflexibility can come, for example, from the
impossibility of industrial end-users to shift a major part of their consumption to offpeak price periods or from high transaction costs associated with metering and price
monitoring systems (Poletti, 2013).
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