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ABSTRACT

The main point of this thesis is to demonstrate the new deterministic concept with
dynamic approach to transmission expansion planning in a perfect competitive

electricity market based on technical and market economic regulation principals.

The main part is focused on methodology and approach elaboration to
transmission development planning in the long-term. During the past years, there has
been interest and investigation in the area of transmission planning. With the
establishment of new regulatory framework, the necessity of reviewing the transmission

planning functions has become relevant.

In power system development horizons and long-term planning tasks, decision
makers and planning engineers require proper instruments that would be able assess the
impacts of large-scale wind power installation. In addition, to secure optimal
development solutions, a comprehensive understanding of the System and possible
impacts on its operation is necessary. Moreover, understanding the electricity market, as
well as the ability to calculate in advance the generation and transmission capacity

requirements is needed.

The goal of the work is to introduce methodology that could be implemented for
transmission adequacy planning. In addition, the methodology should bring
identification of requirements for modifications of remaining technical infrastructure, of
E-market design as well as interventions by the regulation of the environment, by
classified actions that may be appropriate to be used during the various time horizons,
such as long-time, mid-time and operational with respect of efficiency in system

management.




ANOTACIJA

Promocijas darba ir izstradata jauna deterministiska koncepcija ar dinamisku pieeju
parvades tiklu attistibas planoSanai pilnigas konkurences liberalizétos elektroenergijas

tirgus apstaklos, pamatojoties uz tehniskiem un ekonomiskiem regul€Sanas principiem.

Promocijas darbs ir veltits parvades tiklu ilgtermina attistibas planoSanas
metodologijai. Ped&jo gadu laika ir pieaugusi pasa uzmaniba parvades tiklu planoSanai.
Izveidojot jaunu tiesisko regul&jumu, kluva aktuala nepiecieSamiba parskatit parvades
tiklu planosSanas kriterijus.

Energosisteémas attisttbas un ilgtermina planoSanas uzdevumos, l€mumu
pien€meéjiem un planosanas inZenieriem nepiecieSsams atbilstoss instruments, kas spetu
novertét liela méroga atjaunojamo energoresursu ietekmi. Papildus, lai nodro$inatu
optimalus attistibas risindjumus, ir nepiecieSama visaptverosa izpratne par Sisttmu un
iespgjamam ietekmém. Turklat, ir nepiecieS$ama izpratne par elektroenergijas tirgus
darbibu, ievérojot razo$anas un parvades jaudas mainigo raksturu.

Darba mérkis ir izstradat metodologiju, kuru var izmantot parvades pietieckamibas
planosanai. Ta dos iesp&ju noteikt un pamatot eso$o un planoto energosistémas tehnisko
infrastruktiiru, to iespgjamo modifikaciju nakotng, elektroenergijas tirgus struktiras
izveidi, ka arT izmainas vides regulésana, ar klasificétiem pasakumiem, kuri var bt
lietderigi izmantoti dazados laika horizontos: ilgtermina, vidg€ja termina un operativa

vadiba.




AHHOTALIUS

B nuccepramumu mpeicTaBieHa  HOBas  JIETEPMHHUCTHYECKAs — KOHIIETILIUS
IUIAaHUPOBAHUSI JMHAMHYECKOTO Pa3BUTHS CHCTEMOOOPA3yIOIUX CeTeH, B YCIIOBHAX
W/ICANTBHOTO KOHKYPEHTHOTO pBIHKA JJIEKTPO’HEPTHH, YYMTHIBAsS TEXHUUYECKUE H

OKOHOMHYCCKNUEC MPUHIUIIBI.

OcHOBHasT 4YacTh JHCCEPTAIlMM IIOCBSAIICHA METOJOJOTHHA JOJITOCPOYHOTO
TUTAHUPOBAHUS PAa3BUTHS CHCTEMOOOpa3yIOMHUX ceTeil. B TeueHwWe mocmemHuX JeT
BO3POC HMHTEPEC K HCCIICOBAaHUSIM B OOJIACTH IUIAHUPOBAHHS CHCTEMOOOPA3YIOIINX
cereil. B cBsA3m ¢ co3maHneM HOBOM HOpPMAaTHBHOW 0a3bl, BO3HHKJIA HEOOXOIUMOCTH

MIEPECMOTPETh KPUTEPHH TIAHUPOBAHHSI CHCTEMOOOPA3YIOIINX CETEH.

Jis pemieHust 3agad AOITOCPOYHOrO IIIAHMPOBAHUS, MHKEHEpAM HEOOXO0ANMO
pa3paboTaTh Ha/JIeXalMid HWHCTPYMEHT MU OIIEHKH BIUSHHAS BO300OHOBISIEMBIX
UCTOYHHMKOB dHepruu. Kpome Toro, mis obecneueHHss ONTHMAIBHBIX peIICHHN
Pa3BUTHA, HEOOXOIUMO BCECTOPOHHEE IIOHMMAaHHE CHCTEMBI C Yy4eToM (DaKTOpoOB,
BIMSIOMMX Ha €€ (QyHKIHMOHHWpOBaHME. Takke HEOOXOOMMO YYECTh BIMSHHE DPHIHKA

3JEKTPOIHEPTUU HA CTPYKTYpPYy F€HEpaIi U MEKCUCTEMHBIX CBSI3€il.

OCHOBHOH 1enbI0 paboThHl sBISETCS pa3paboTKa METOMOJIOTHH JUIS PEIICHUS
3aJad  JTUHAMHYECKOTO Pa3BHUTHsI CHCTEMOOOpasylommx cereil. MeTomonorus
IpelHa3HayeHa I CO3JaHMA W OOOCHOBaHMS  Pa3BUTHA  TEXHHYECKOM
UH(PACTPYKTYPBI, PHIHKA JIIEKTPOIHEPTHH, & TAKXKE MEp MO PEryJISIHH OKpYKaromen
Cpenbl, Ha OCHOBE CHCTEMaTHUECKHX NEHCTBHH, KOTOPBIE MOTYT OBITh I1€IeCO00pa3HbI
JUTSL UCTIOJIb30BaHMS Ha PA3JINYHBIX BPEMEHHBIX TOPU30HTAX, HAIIPUMEP OJITOCPOYHBIX,
CPeIHECPOYHBIX M ONEPAaTUBHBIX, B OTHOLIEHHH J(P(HEKTHBHOCTH YHpaBICHUS

CHCTEMOM.




Theses of Dissertation

Target of Dissertation: Transmission development planning methodology with a long-

term focus on technical regulation and market — economic regulation principles.

A coordinated approach including optimal power flow (OPF) implementation for
capacity calculation will show the best use of the electricity transmission lines to
interconnect Europe, which will open additional opportunities for development planning

with social welfare estimation.

Sub-tasks:

e Transmission planning methodology development according the needs for
new methods and tools for planning of the future European power system with
considerable integration of RES;

e Elaboration of the transmission network analysis model, including intermitted
generation and market conditions within AC model;

e Consideration of the complexity and dimension of development and
optimization tasks in long-term, with appropriate method elaboration for the
steepest calculation of OPF simplified by DC method;

e AC and DC OPF models compilation for development planning techniques

elaboration.

The research is carried out in framework of European Energy Research Alliance
(EERA), Joint research Programme on Smart Grids, Transmission planning with main
target focused on R&D of next generation of smart grid technologies and systems

development.
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Introduction

Actuality of the Subject, Background and Problem Statement

To foster 2020 climate targets and estimate the technical and economic impact of
renewable energy sources (RES) accommodation to transmission networks, several
theories based on the social impact of the investments in competitive markets and
marginal pricing are created. Electricity market and Smart Grid Technology’s integration
in energy sector of many countries presents completely new problems from different
perspectives, such as:

e System operation and reliability issues;

e Network planning including future uncertainties;

e RES integration in different voltage levels;

e Completion of the Internal Energy Market in EU;

e Implementation of novel SGT and ICT solutions.

Many transmission expansion planning methodologies and tools have been
proposed to obtain the optimal solution for the transmission expansion problem: mostly
using classical optimization techniques such as linear programming, dynamic
programming, nonlinear programming, mixed integer programming, optimization
techniques like Benders and hierarchical decomposition etc [1, 2]. Would like to
acknowledge the lifetime contributions of Latvian and Russian scientists in this
direction: V. Dale, Z. Krishans, O. Paegle [3, 4] with dynamic optimisation methods,
D. Arzamascev, A. Lipes, A. Mizin [5], L. Melentiev [6], V. Arion [7] and works of
V. Venikov.

Methodologies for transmission network development find an optimum expansion
plan by using a calculation procedure that solves a mathematical formulation of the
problem. Due to the impossibility of considering all aspects of the transmission planning
tasks, to obtain result in form of optimal plan, significant simplifications have to be
considered, thus — it should be technically, financially, and environmentally verified,
among other examinations, before the planner make a decision. In the formulation of
these models, the transmission planning is posed like an optimization problem with an
objective function (a criterion to measure goodness of each expansion option), subject to
a set of constraints. These constraints attempt to model a great part of the technical,

economic, and reliability criteria imposed on the power system expansion [1].
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The great majorities of researches describe only one-time static problems
investment models and do not consider additional factors that can affect the network
expansion in future. The new network operation conditions create new requirements for
transmission planning (chapter 1), which include new methods and algorithm
elaboration and implementation (chapter II). A transmission network planner’s need to
aggregate regional system, defined areas, or subsystems, capacity between areas,
including a mixture of supply and demand. The fairly detailed and widely used created
model can be implemented for various purposes including expansion planning and

energy security analyses (chapter III).

The main point of this work is to demonstrate the new methodology based on the
deterministic concept with a dynamic transmission expansion planning in a perfect

competitive electricity market with technical and market economic regulation principals.

Research Methods and Tools

To be able to practically achieve the proposed goal, the following assumptions

were accepted:

e First, this study focuses on perspective development strategies, which are
elaborated by given methodology that could contribute to future electricity
supply;

e Second, the given methodology does not attempt to fully and reliably analyse
the power system that includes addressing sub-hourly, transient, and
distribution/ transmission system requirements;

e Third, this work presents the new methodology for Modern Transmission
System Planning based on common PS and electricity market characteristics
required to reach 20-20-20 targets with address to SRA 2035, R&D Roadmap
ENTSO-E and EC Directives;

e Lastly, a long-term development planning methodology was developed taking
into account uncertainties associated with data assumptions and limitations,

which can be reflected by the created methodology.

The algorithms proposed in the thesis consisted of AC/DC OPF models and were
realized by the mathematical (numerical) simulation in the environment of MatLab
software. The approved algorithms of development processes modelling were used in

multi-step development planning tasks and further implemented in PSPlanner software.

16



A consideration of details in the present work is chosen with respect to the

applicability of approaches, algorithms and methods: moreover, to keep the contents

readable, as well as to avoid its early fall out of use. Another issue is to leave some level

of adjustability or partial upgradeability, which would be beneficial in cases when

progress can be made due to the new knowledge.

Practical significance of the research results

Performed strategic bidding analysis and price formation mechanisms;

Grid’s optimal power flow distribution algorithms have been developed and
tested, subject to N-1 criteria and renewable energy sources, to determine
social welfare, nodal/zonal electricity prices, and to define congestions and
constraints (voltage levels, active/reactive power production, etc.);

Developed transmission network planning methodology in electricity market
environment, implementation of which in practice will allow:

o To perform long-term energy balance evaluation (security analysis for
different scenarios);

o To perform long-term perfect competition electricity price forecasting
for different scenarios (price variation after introduction of new
interconnection or/and power plant exploitation is started or stopped,
etc.);

o To perform long-term welfare forecasting, obtained by different
agents, for different scenarios.

The proposed simplified unit commitment algorithm allows assess influence
of renewable energy sources to a power system and market formation (shifting
of entire production curve due to inclusion of renewable energy sources have
impact to the conventional generators);

To address the challenges of sustainable development.

Elaboration of the thesis is based on valuable long-term experience of the

Laboratory of Power System Mathematical Modelling, IPE, taking as a starting point

the basic principles of development planning optimization methods and their realization

experience in practice [3, 4, 8].
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1. Transmission Planning Considerations

Transmission planning can be classified as static or dynamic according to the
tasks that are to be solved. In the static planning tasks, the planners seek the optimal set
for the single time period (for instance, single year) with a focus on the final optimal
network state for the pre-defined future single period. This thesis will focus on the
multiple years’ consideration of optimal development strategy identification for the

whole planning period, which is classified as dynamic (see Fig. 1.):

i .
;/I \\\\
ConVER s (SHORT-TERM| LONG-TERM
SYSTEM . NEEDS | NEEDS AND
TODAY \ SOLUTIONS

Fig. 1. Planning horizons

The optimal development strategy consideration makes it necessary to apply
systems analyses and dynamic multi-step optimisation methods in order to observe
reciprocal interconnections of system elements over time and space. A characteristic
feature of network analysis is that for selecting an optimal solution, sophisticated
systems and various variable parameters must be investigated during the development
process.

The basics of the step-wise PS development approach are established from the

following main factors (see Fig. 2.) [4, 8]:

e Time levels / voltage levels / loads, generation etc. modelling;

e Decision-making for advance stage (horizontal information flow) in uncertain
conditions only for the nearest time period of 2—5 years;

o Estimation period shall correspond to average life-circle period,

approximately within 20 to 30 years;
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To realize this particular approach, modelling methods of the existing system
development were supplemented with new technical regulation and market economic

regulation criteria’s and functionalities.

¢ IMPROVING MARKET
| DESIGN (NEEDS FOR NEW

INVESTMENTS)
E - MARKET v
. PSDESIGN AND
SYSTEM OPERATION {  LONG-TERM

DEVELOPMENT
® OPERATIONAL PLANNING

® ONLINE OPERATION

Fig. 3. Power System analysis modification

The modelling methods must adequately reflect real systems characteristics as
much as possible, as well as include flexible generation incorporation, and perform
system technical, economic and ecological criteria calculation. Moreover, effective
optimization methods are required to solve optimization tasks with discrete
variables [8].

Benefits that may be recognized for the sake of the availability of the well-
planned transmission system are denoted to technical as well as to electricity market

aspects, which is, in fact, closely connected to economical efficiency issue.
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The benefits from the transmission availability can be formulated as follows:

e Connection of diverse types of loads that brings flatter system load diagram;

o Sharing of reserves among interconnected systems;

e Access to remote power generation (remote RES or due to the environmental
reasons far from load);

e Sharing of power production capacities;

e Decrease of regional market concentration, thus mitigation of market power
leading to more efficient market operation;

e Reduction of price volatility, as well as levelling of price differentials between
areas (relative benefit);

e Decrease of system failure risk;

e Creates preconditions for further development and smoother integration of

new resources (including volatile RES such as wind and solar).

Connection of all characteristics will lead to power system sustainability that is
identified as the fact that up to now in designing process of electrical power systems not
enough attention has been drawn to consequences of the made decisions [9]. Taking
into consideration the aspects mentioned above, implementation of proposed dynamic
methods and tools for system development sustainability analysis will increase the

accuracy of PS development scenarios and decisions in future

1.1  Transmission Planning in Liberalized Environment

The deregulation of the electricity industry leads to global developments toward
the commoditization of electric energy [10, 11]. The liberalization and privatization of
the electricity sector began in Chile in 1982 and the trend spread to Latin American
countries and the rest of the world in the 1990s [12]. This tendency has increased in
Europe and North America, where market forces have pushed policymakers to begin
removing artificial obstacles that have shielded electric utilities from competition. The
electricity price is far more volatile than that of other commodities normally noted for
extreme volatility [11]. Relatively small changes in load or generation can cause large
changes in electricity prices in a matter of hours (with real-time dynamic prices in
seconds or minutes) [13]. Unlike in other financial markets, electricity is traded every
hour of the year; however, it cannot be stored efficiently. Thus, the balance between

generation and consumption must be kept every hour of a year [14]. However,
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electricity differs from other commodity markets. Reason for the obvious difference in
markets would be the variety as regards costs/expenses of electricity production. There
is nearly no variable cost in hydro, solar and wind generation, however variable costs of
power generation from coal, gas and another fossil fuel are considered on a wider scale.
To satisfy the demand for low cost power, a great variety of generation sources is
needed. Some power generation units are expensive to build; however, they can be
operational all year round, continuously sustaining the generation process [15]. Other
types like combined heat and power plants are used mostly to cover wintertime heating
and consumers’ needs during high price periods of the year. Gas powered turbines are
used only for certain periods of high price and electricity demand because of their
energy intensive nature [16]. Despite different deregulation processes, market concepts
are relatively the same. The main tasks of a market are: to unbundle the competitive
functions from the monopoly functions and to establish a free wholesale and retail

electricity market.

In different jurisdictions, bulk system (or “grid”) operators are termed in a
different way: in Europe they are called transmission system operators (TSOs); in
India — load dispatch centers; in the United States — regional transmission organizations
(RTOs) or independent system operators (ISOs). Operators of the low-voltage level who
reduce the voltage from the transmission lines and deliver power through the
distribution lines also have different names, including distribution system operators
(DSOs) in Europe and utilities in the United States. The load-serving entities (LSEs),
such as utilities, competitive retailers, and the DSOs that sell electricity to retail

consumers, purchase their power from the wholesale energy market.

The ultimate goal of the European process of electricity market liberalisation is
the creation of a single European internal electricity market. The integration of the
present 25 more or less liberalised national markets into a single European market, or
even in several regional markets, is however hampered by several factors, such as the
existing differences among the Member States in organisation and regulation of the
electricity industry, a high degree of concentration in many national generation markets,
insufficient coordination and collaboration between regulated entities and regulatory
authorities, and a limited amount of available interconnection capacity between

neighbouring national electricity systems [17].
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The following list presents the steps of Baltic energy market integration, as one of
the essential means and basis in achieving the Baltic States integration in the EU

electricity market:

e April 1, 2010: via the Estlink I interconnection Estonia has joined to the Nord
Pool Spot (NPS);

e June 18, 2012: Lithuania became a separate NPS price area;

e June 3, 2013: opening of the Latvian price area successfully started, which
was of utmost importance for integration of the Baltic energy market into
European PSs and creation of a common electricity market based on the
Scandinavian model;

e February 4, 2014: the price coupling of Northwest Europe (NWE) regions was
performed under common computational model EUPHEMIA [18];

e May 13, 2014: joining of South-Western Europe to the common computation

model (Fig. 4.).

To improve competitive market performance and increase its liquidity and
reliability, market coupling (MC) mechanisms are organized. Nowadays, grid operators
and power exchanges from 14 EU Member States (Belgium, Denmark, Estonia,
Finland, France, Germany, Austria, UK, Latvia, Lithuania, Luxembourg, the
Netherlands, Poland and Sweden) plus Norway are implementing a pilot project for
joint electricity trading, the so-called day-ahead market coupling. The NWE market
coupling combines all bids and offers in a region and creates a large integrated
electricity market in the area concerned, combining 75 % of today's electricity
consumption in the EU. From the technical and economical point of view, such
centralized architecture for many functions is indeed beneficial, since it the translates
complex and complicated many-to-many relationships among participants into one-to-
one relationship, thereby facilitating further enlargement of the market coupling to other

market areas.

The concept of market coupling was originally developed by Nord Pool Spot and
has been successfully implemented in the Nordic market over the last 20 years. In 2013,
the ground was laid for the successful delivery of the key European market integration
projects — Price Coupling of the Regions (PCR) and the NWE price coupling project, as
the initiative of seven European Power Exchanges (APX, Belpex, EPEX SPOT, GME,
NPS, OMIE and OTE). It was implemented for harmonization of the European
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electricity markets by developing a single-price coupling algorithm for calculation of
the electricity prices across Europe with aim to reach an integrated European energy

market by 2014 — the target model [19].

NWE Region — February 4th, 2014

SWE Region — May 13th, 2014

4M MC (CZ-SK-HU-RO) — Nov. 2014
(with GCT at 11:00)

CSE Region — Dec. 2014

JNCNNE

Switzerland — Dec. 2014

Remaining UE Member States should
implement PCR till the end of 2016

Fig. 4. Price coupling of regions implementation in Europe [20]

The PCR benefits are as follows:

e Increased liquidity, efficiency and social welfare;

e Guarantees for the overall welfare and optimal use of interconnection
capacities;

e Removal of the unnecessary risks of trading separately the short-term
transmission capacities and energy;

e Possibility of using cross-border capacities by all market participants;

e Promotion of liquidity, transparency and efficiency on the power markets

across Europe [21].

Before liberalisation, most European electricity networks were interconnected for
the purpose of mutual assistance and in some cases with a view to carrying out long
term import/export contracts for electricity [22]. However, in today’s liberalised

electricity markets, the role of interconnections has been extended. By providing
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physical connection between electricity markets, interconnections form the key to the
international trade. The European Commission concluded that more interconnection is
needed to facilitate companies to extend their activities into other regions outside their

traditional areas in order to increase competition [23].

Due to the high levels of concentration of electricity markets, strategic bidding
has been deeply analyzed in the last decades by means of game theory simulation
models. Current literature points out four major models in use for electricity markets:
Bertrand based models, where price is the strategic variable [24-26]; Cournot-based
models, where firms compete on quantities [27-29]; Stackelberg-based models, where a
leader firm anticipates one or more followers moves on price or quantities [30, 31];
supply function-based models, where players bid supply curves rather than only price or
quantities [32—34]. The supply function equilibrium (SFE) model applies very well to
the market structure of many restructured electricity markets, such as New Zealand,
Australia, Pennsylvania-New Jersey-Maryland Interconnection, California Power
Exchange. In these markets, the bid format is precisely a supply function [35].
Typically, all of these models simulate the results of electricity markets with strategic
suppliers exerting market power, requiring the solution of complex mathematical
problems with a considerable computational time. This usually does not fit with the
long term analyses for transmission expansion problem that should rely on fast and
robust tools that perform market simulations over extended time horizons [36]. The
typical approach applied to transmission planning is to consider a perfectly competitive

market, where all suppliers bid at their marginal costs.

In Europe the high-voltage electricity transmission networks are owned and
operated by TSOs. TSOs are not only charged with the task of operating and
maintaining transmission networks, but also with the task of investing in new
transmission capacity. TSO convinces/assure its regulatory authority that a new
transmission is beneficial after which the investment costs are included in the rate base
for the regulated tariff. These tariffs are separated from any charges for electricity as a
commodity [22]. When interconnection capacity is limited, the available transmission
capacity is allocated through market based congestion management mechanisms and
Regulation [37] states that revenues resulting from the allocation of congested

interconnection capacity shall be used for:

e guaranteeing the actual availability of the allocated capacity;

e network investments maintaining or increasing interconnection capacities;
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e as income to be taken into account by the regulatory authorities when
approving the methodology for calculating network tariffs and/or fixing

network tariffs.

Integrating transmission networks, building trans-European infrastructures, and
creating a single and fully integrated energy market ask about the 218.5 bn.EUR. [The
Commission estimates in 2012 that the current total investments requirements for
energy networks infrastructure]. In the planning context, of a transmission system
consideration of how it should be operated in future in order to achieve these targets,

following scheme can be implemented [38], see Fig. 5.
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I

Modification of the

system required
—i Non-viable

Design system
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Non-viable Planning decision making
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Final plan formation
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Process
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feasibility
analysis
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Non-acceptable
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solution found

Fig. 5. Traditional Transmission System Expansion

Acceptable

Challenges closely related to an integration of volatile RES production, estimation
of impacts both to a system and E-market associated with planning of transmission

infrastructure are briefly analyzed below within the context related to:

e Volatility and balancing issues;
o System parameters and operational security issues;

¢ Development planning issues.
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1.2 Modern Power System Expansion including Renewable Energy
Sources, Europeans Targets and Developments

Current European legislation defines two different rules related to integration of
the European power market [39]:

1. Electricity should flow according to price differentials through the use of
market-based capacity auctions, and that cross-border capacities shall not be

reduced in order to solve a country’s internal congestions;
2. Priority should be given to access for renewable energy sources.

The above-mentioned rules need to be taken into account since they both are
crucial for future transmission planning solution, which nowadays depended on market

structure (see Fig. 6.).

Universal R P Universal
Service " DaY'ahead A Service
Free Free C ial Platform
> Market < ommercia (1)
Market Market organized by PX

Physical Platform
organized by TSOs

o ——j |
i ATRM _TTC
_‘_'_ Transmission

NTC Capacity
Determination

»
>

Time

Fig. 6. E-market Environment Structure

Power system should be designed and operated in a way that the demand can
be met at all times and under various conditions. Depending on the season, climate,
and weather condition, the demand can fluctuate significantly over the single day,

week or month. In addition to meeting the variability requirements, there is always
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some inherent uncertainty about future demand and the future ability of generators.
Today there are various operation portfolios with hydro and thermal generation
combinations to manage variability. The time scales of flexibility, from the system
planning perspectives down to very short-term operation including impact of

variable generation on system flexibility can be seen in Figure 7.

NEEDS FOR SEASONAL DAY-AHEAD RESCEDULING BALANCING
VARIABLE
FLEXIBILITY BEHAVIOR OF GENERATION VARIABLE
VARIABLE GENERATION WITH UPDATED GENERATION
GENERATION Lo ‘
AND 5
TRANSMISSION MIDTERM DAY-AHEAD ; o
SCEDULING SCHEDULING
PLANNING i

Fig. 7. Timeframes of the impact of variable generation on the system flexibility

To set the optimal expansion of the power system — transmission system in
particular - under conditions of market environment, forward-looking approaches able
to reflect and find balance between requirements (despite often contradictory cases) are

necessary.

Market forms for different time frames of energy purchasing may be identified
and distinguished in order to satisfy all types of services served by liberalized electricity
market. The main time-scale categories of energy markets are long-term (weeks to
years), short-term & very short-term (days-hours) energy markets, and each is

characterized by manner of trading.

The relatively short time before power delivery has a significant positive impact
on correct determination of available producer’s capacity as well as consumer’s level of
demand. The importance of short-term and very short-term energy markets have even
increased due to the difficulty in foreseeing intermittent production, such as wind or
photovoltaic, and also due to the purchases of energy for its regulation (ancillary
services). The organized energy markets whether as a pool or exchange usually provide
more efficient additional auctions for balancing purposes called ‘balancing markets’,
which are frequently used by TSOs. Modelling, simulation and analysis of the
intermittent RES, such as wind, directly affects the energy markets — mostly fossil fuel
markets, since those have a key role in supply of a considerable part of flexible
generators, while not being the most appropriate for sub-hourly scheduling on sub-

hourly markets such as the balancing market is.
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2.  Development process modelling

2.1 General drivers and Background to the Chapter

In this chapter the main drivers for the whole transmission grid and well market
functioning is analyzed from development perspectives point of view.

According to the new requirements it is important to supplement existing
transmission planning theory and tools by the following several aspects:

o The attributes to measure the goodness of a solution for each considered
scenario (e. g., minimum operation costs, maximum benefits, maximum global
welfare, etc.);

e Dynamic pricing;

¢ The introduction of flexible smart grid technologies;

e Increasing level of uncertainty.

However, this study is made on the large amount of assumptions and there are
several relevant aspects that are not taken into consideration. For example aspects of
appropriate market design, impact of loss factors on DC/AC interconnectors , etc.

This problem is solved from a position of a system operator, i.e. without any
control on the generation planning. The different possible generation mixes and their
evolutions over the time horizon are defined through scenarios. Each scenario gives
technological solutions for generating units: their capacity, costs and locations

(scenarios are based on the different possible energy policy choices).

2.1.1. Social Welfare

To match supply and demand curves in each market area in order to maximize
consumer and producer surplus the following Social Welfare concept is used.
Social Welfare is a quantification to assess the potential implications of alternative
policy options. The assessment of social welfare shall include a consideration of the
additional economic benefit or cost, defined as the sum of the additional individual
benefits and costs which are expected to be accrued due to the implementation of the
respective policy options compared to the status quo. These benefits and costs shall be
analysed independently for tariff customers (as a whole and separated based on their
ability to afford the cost of electricity), Market Participants and System Operators. In

undertaking this assessment, in all cases, the undertaking party shall clearly specify:
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e assumptions about the redistributive effects of an increase of one of the above
components for the surpluses of the other groups stated above;

e assumptions about preconditions for market functioning such as market power
and liquidity;

e assumptions about implications stemming from external effects used to

undertake the analysis [40].
Social welfare = Producer surplus + Consumer surplus (1)

Consumer surplus is the difference between what consumers are willing to pay for
a product versus what they actually pay. In an energy market, a consumers’ willingness
to pay can be measured by Value of Lost Load (VOLL). This measure indicates the
approximate value of avoiding involuntary energy curtailments. VoLL is the estimated
amount that customers receiving electricity with firm contracts would be willing to pay

to avoid a disruption in their electricity service [41, 42].

Producer surplus is the difference between what producers are willing and able to
supply and the price they actually receive. Producer and Consumer surplus are

calculated as presented in Fig. 8:
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Fig. 8. General Spot Price formation principals
(MCP — market clearing price, MCV — market clearing volume)
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2.1.2. Electricity pricing mechanisms

Pricing mechanisms for competitive electricity markets determine either a
uniform price (UP), a set of nodal or locational marginal prices (LMP), or only a few
zonal marginal prices (ZMP). Each of above mentioned mechanisms is characterized by
level of complexity, ability for appropriate allocation of investments as well as

rightfully allocates costs for final consumers [43].

Buyers and suppliers submit bids and offers for each hour of the next day and
each hourly MCP (or spot price) is set in a way that it balances supply and demand.
When there is no congestion, without considering transmission capacity between nodes
or zones under market area and not assuming losses, entire price of system is system
price and will be equal between nodes and zones MCP=LMP=ZMP; if congestion
occurs, LMP and ZMP could be different.

Zonal pricing. The zonal pricing method has been introduced as reaction to solve
very poor incentive ability of uniform pricing approach. According to the basic
principle of zonal pricing, the whole market territory is sub-divided into several zones

depending on their respective costs of congestion (Fig. 9.).

Fig. 9. Zone formation

Higher prices for electricity are paid in zones where demand exceeds transmission
capability (deficit area on Fig. 10.) and vice versa. The price is uniform for entire zone.
The zones are usually geographically pre-defined according to expected bottlenecks in
grid, however, as in case of Nordic market (NPS PX) operation, number of zones can
within the year vary according to changes in deployed generating capacities,

particularly hydro resources.
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Fig. 10. Zonal price formation

where Caj, Cpi— Prices determined as for insulated Areas (without any cross-border
interconnection) [m.u./MWh]; Caz, Cp, — Prices determined after utilization all
available transmission capacity (ATC) of interconnector [m.u./MWh]; AC — price
difference after utilization ATC (congestion) in [m.u/MWh] [44]. The European

network is complex and it is operate in zonal principles.

Price differences between areas after utilization of transmission capacity between
them generate an ownerless income on the spot market, trading flow from the area with
a lower price to the area with a higher price. In situations when flow goes from high
price area to low price area (towards low price area) due to specific operations or

dispatch optimization by TSOs, generating of ownerless costs occurred.

These ownerless costs and incomes are referred as congestion rent (congestion
revenue). Within the Nordic region this income is allocated to the TSOs as owners of

the transmission grid. Calculation of congestion rent can be viewed in appendix 1 [45]:

(CBZ _CAZ)PAHB =Cy> (2)
where: P, ,p- flow in specific hour from area A to area B [MWh]; C, - aggregated
congestion rent [m. u].

Nodal pricing. Method of determining market clearing prices for a number of
locations on the transmission grid — nodes; Node is located in transmission system
including generators and loads (substation on Fig. 12). Nodal price is equal to the cost

of serving the next MW of load at a given location (node):
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Nodal pricing principals:
e Required development of usual equilibrium price determination (include
losses, constraints of system);
e Employed bid-based, security-constrained, economic dispatch principle;

e Higher potential for social welfare maximization than UP or ZMP.
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Fig. 12. Nodal Price formation principals

No congestion and losses => equal prices in all nodes
The optimization task in a case of zonal and nodal pricing models are based on

social welfare maximization of consumers’ and producers’ surplus areas. The objective

function to be maximized could be expressed:

d° s
max ). j D (x)dx —I S(y)dy 3)
n 0 0
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Where (a) represents an zone or node (area), d* is demand in area () and D* is the

a

demand function in area (a), s is supply in area («) and S* is the supply function in

area () and (n) is the number of areas.

Defenders of zonal pricing argue that system based on such principles will be well
sufficient to achieve economical efficiency goals with lower complexity and therefore
higher transparency to market participants. However, in heavy load periods when
congestion is expected exists legitimate concern of market power abuse by market
participants. Furthermore, arguable is also ability of right allocation and adequacy of
incentives for new investments. Also due to that reasons the evolution of market
structures worldwide introduces a nodal pricing principle as the proclaimed benchmark
of congestion management, effectiveness and conformity with economic theory and

physical laws.

According to aforementioned methods of price determination, the optimal prices
in a transmission network are the nodal prices resulting from an optimal power flow

performed by a centralized dispatcher.

The spot electricity market is actually a day-ahead market, and trading typically
terminates the day before delivery. Analyzing the financial assets for most commodities
the term ‘spot’ defines a market for immediate delivery and financial settlement. Such a
classical spot market approach would not be possible for electricity, since the
transmission system operator needs to be notified in advance in order to verify that the
schedule is feasible and lies within transmission constraints. For very short time
horizons before delivery the TSO operates the so-called balancing market. This is used
to balance the price deviations in supply and demand from spot. The TSO needs to be
able to call in extra production at very short notice, since the deviations must be
corrected in a matter of minutes or even seconds to ensure physical delivery and to keep
the system in balance. Spot and balancing markets serve different purposes and are
complementary. Their functioning is quite different, however, and they should not be
confused. For instance, in the USA the spot and balancing markets are often referred to
as ‘forward’ and ‘spot’, respectively. In EU countries the convention and reserve the
term ‘forward market’ for transactions with delivery exceeding that of the day-ahead

market.
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2.2 Long-term planning methodology under regulation
and competition

Development planning is a process to determine an optimal strategy to expand the
existing power system transmission network to meet the demand of the possible load
growth and the proposed generators, while maintaining reliability and security
performance of the power system. The general objective of the power system
transmission network development planning task is to determine ‘where’, ‘how many’
and ‘when’ new element/devices must be added to a network in order to make its
operation viable for a pre-defined horizon of development planning, with costs
minimization and social welfare maximization for optimal expansion/development plan

determination.

Main concepts of development planning are based on: Development Action
(D-action); Development Step (D-step); Development Plan (D-plan). The essences of

the parameters are explained on figure 13.

Existing state  Realized D—action(s) New state

-+ () =<0

Fig. 13. Development state formation

Development plan formation is a complicated process that requires extensive
studies to determine many new network elements. Creation of the optimal development

plan will ensure adequacy of the grid, generation and demand in the future.

Electricity market affects not only power system operation as whole, but also its
development practices. It is determined by the condition that electricity generators are
independent from transmission and distribution operators and their interests differ. This
fact creates higher uncertainty conditions and time resolutions accuracy for the
perspective forecasts than before and power system development planning and
optimization is hampered. For network sustainable development solutions, estimation
period must be assumed longer than economic life cycle period — advisable up to
30 years (see Fig. 14.). While selecting optimal development plans under uncertainty, it
is necessary to formulate: information package set, representing information credibility

range — prognosis, credibility estimation criteria and comparable development plans.
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Fig. 14. Time frames within sustainable development

If the compromise between network estimation problems and development
aggregated results has not been reached to match the quality of the planning results will
be impaired. The following factors lead to solution to compile both the models AC
and DC:

e For short-term analysis, to include intermitted generation and market
conditions, of several years and subject to initial information availability can
be used the full AC model;

e Considering the complexity and dimension of development and optimization
tasks, as well as information uncertainty conditions, appropriate method for

the steepest calculating of OPF to define criteria is simplified by DC method.

The objective function for the network development plan displays and integrates
the technical and economic parameters as well as the power supply reliability (can be
seen in appendix 2. [46]), ecological, etc. parameters. The objective function in (4)
represents the social welfare, where the welfare is expressed as the aggregate demand
utility bid function minus the aggregate generator offer function, plus aggregated
congestion revenue, minus the investment cost in new lines. Objective function is a
network development plan g quality criterion, denoted as F(¢, g) is calculated by a

formula:

T
max F(T,g)= max z (SW (t,e(2),g)+ CR(t,e(1),g)— IC(1,e(1),8)) (4)
g €1G j1=1

where: ¢ — development step serial number; 7 — number of development steps in
estimation period; g — development process; {G} — set of all possible development

plans; SW(¢, e(?), g) — social welfare criterion in development step ¢, development state

e(?) and development process g; CR(z, e(f), g) — congestion revenue aggregated by
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TSOs in development step ¢, development state e(f) and development process g;
IC (1, e(?), g) — investment costs in development step t and development state e(f) and

development process g.

According to formula (4), the objective function is the sum from
SW (t,e(t),g)+ CR(t,e(t),g)—IC(t,e(t),g), 1. e., an additive function. System graph,
consumption and generation are constant values at the development step, but
development actions are only realized in transition from development step ¢ — 1 to step .

Observing these assumptions, F(z, e(f), g) model may look as follows:
F(te(t),g)=k(t)-z(¢)-d(t), (5)

Where: k(f) system quality criterion in the first year of the development step ¢; T(l)—

number of years in development step #; d(f) — discount (reduction) coefficient in

development step 7.

Given that the assumed conditions are observed, F(¢, e(f), g) is not dependent on
development plan up to development state e(f). Thus, the objective function (4) allows
application of dynamic programming.

To consider the impact of liberalized electricity market to technical and economic
criteria each development state should be observed at an hourly base. Application of
hourly calculation based on OPF allows taking into account the major trends of
production and consumption during the day, taking into account consumption time
shifting when considering multiple time zones, demand side management and demand

response programs, distributed generation, etc [47, 48, 49].

Each development process is characterized by number of realized development
actions and its realization moment, as well as by each development action realization
type. Fig. 15 represent small example with 2 development actions, development step 1
year and 16 development states. The total number of development plans in this example

will be 16.
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Fig. 15. Development states forming scheme example

In real tasks the number of comparable development plans attains astronomic
quantity, therefore it is required to apply specialized dynamic optimization methods in
power system sustainable development management process [8]. Within the frame of
electric power system dynamic optimization task, power flow calculation must be
performed with high-speed and certain accuracy. Due to this factor it is necessary to use

specialized methods.

2.3 The AC/DC SCOPF Formulations

This chapter presents the theoretical approach of the optimal power flow method
that can be used as a basis for social welfare/price calculation and modelling. OPF
includes a security consideration — security constrained optimal power flow. SCOPF is
used as a correct basis for transmission pricing, including security constraints by

adjusting transfer capacity limits with the Transmission Reliability Margin.

The optimal power flow is a very large and difficult mathematical programming
problem. The main aim of OPF is to determine the optimal steady-state operation of a
power system, which simultaneously minimizes or maximizes the value of a chosen
objective function and satisfies certain physical and operating constraints. To provide
complex solutions for the network operation problem analysis and its consideration in

development the following mathematical formulations can be implemented.
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2.3.1 Formulation of OPF

OPF is a technique that has been used in the electricity industry for several
decades. It was first discussed by J. Carpenter [50] and published the optimality
conditions, including variable bounds, based on the Kuhn-Tucker conditions. Today
OPF has been playing a very important role in power system operation and planning,

which takes account of the security of the system.

The objective function of an OPF problem may take many different forms
according to the different applications. The general objective is to maximize social
welfare which comprises producers’ and consumers’ surpluses or minimize costs of
production. The costs and benefits may be defined as polynomials or as piecewise-linear

functions [44, 51, 52]. The problem can be formulated schematically as:

max SW(x) (6)
subject to

g(x)=0 (N

h(x)<0 ®)

Ymin <X = Xax ©)

where SW (x) objective function of social welfare; g(x) equality constraints of active
and reactive power balance; 4(x) inequality constraints of power flow limit of line, bus
voltage limits; X, Xmax active and reactive power generation limits. One of the nodes

is assigned a zero phase angle by setting its phase angle upper and lower limits to zero

(slack bus).

2.3.2 Alternating Current OPF

The AC version of the standard OPF problem is a general non-linear constrained
optimization problem, with both nonlinear costs and constraints. In a system with ny
buses, ng generators, n; branches and n. consumers, the optimization variable X is

defined as follows:
x=[0V;F5:06: ;01 ] (10
The objective function (6) is a consumers’ utility minus producers’ cost
(represented by function Bi (PLi) and Cé (PGj ), respectively) shall be maximised subject

to equality and inequality constraints:
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SW(Fg,P)=<D Br(P)- D CLIPLt—> max (11
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The equality constraints (7) consist of two sets of n, nonlinear nodal power

balance equations, one for real power and one for reactive power.
gp(0,V,F5,06,F,,01)=0 (12)
8o(©.V,F5,06,F,,01)=0 (13)
The inequality constraints (8) consist of two sets of n; branch flow limits as non-

linear functions of the bus voltage angles and magnitudes, one for the from end and one

for the to end of each branch.
hf(®aV’PGJQGaPL9QL)£O (14)
hr(®aV’PG’QG’PL:QL)SO (15)

The variable limits (9) include an equality limited reference bus angle and upper
and lower limits on all bus voltage magnitudes, real and reactive generator and

consumption injections.

O 0. <0, 1=l (16)
ymin < < pmax I=1..m, (17)
P nin S P < P max j=1l.ng (18)
Ol min < 0b <O ax j=1.ng (19)
0< P <P axs i=1.n, (20)
0< 0} <Of max» i=l.n, (1)

Here /.., denotes the index of the slack bus and 6, is the slack angle.

2.3.3 Direct current OPF

When using DC network modelling assumptions, the standard OPF problem
above is simplified to a quadratic program, with linear constraints. In this case, the dc
power flow greatly simplifies the power flow by making a number of approximations
including 1) completely ignoring the reactive power balance equations, 2) assuming all
voltage magnitudes are identically one per unit, 3) ignoring line losses and 4) ignoring

tap dependence in the transformer reactance [44, 53, 54].
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The optimization variable is:
x=[0;F; P ] a7

and the overall problem reduces to the following form:

ne oo g
SW(Fg.PL) =12 BL(P)= D C4(F) [ — max (18)
i=1 j=1 0.7G-FL
subject to
gp(0.F,F)=0 19)
h(®,B;,P,)<0 (20)
Oref <0 < Oy [=lg (e2))
P nin < P < P s j=l..ng (22)
0< P} <P faxs i=l.n, (23)

OPF development has been closely following the progress in numerical
optimization techniques and computer technology. Many different approaches have
been proposed to solve the OPF problem. These techniques include nonlinear
programming, quadratic programming, linear programming, mixed programming, as
well as interior point and artificial intelligence algorithms etc. [55-57]. The most
successful interior point methods are based on using a primal-dual formulation and
applying Newton’s method to the system of equations arising from the barrier method.
The theory of nonlinear primal — dual interior point methods (PDIPM) has been
established based on three achievements: Fiacco and McCormick’s barrier method for
optimization with inequality constraints [58], Lagrange’s method for optimization with
equality constraints, and Newton’s method for solving nonlinear equations [59]. This
method has been widely used in power system optimization problems because of its

favorable convergence, robustness, and insensitivity to infeasible starting points.

2.3.4 Primal-dual interior point method
The primal-dual interior point method has become the algorithms of choice for
long-term development planning strategies. Given an optimization problem in the form

of (6), PDIPM formulates the Lagrangian with barrier functions as:
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Nineq
U (xz,dap) = SW () + AT g0+ u’ (h(0)+2)=7* 3 In(Z)) (24)
Jj=1
where AT , ,uT are Langrage multipliers for the constraints of equations (12)—(15);.

7k is the barrier parameter that is forced to decrease toward “0” as the algorithm

iterates to a solution (k is the iteration counter); Nj,, represents the number of
inequality constraints. The approach taken involves converting the N, inequality into

equality constraints using a barrier function and vector of positive slack variables Z;.

The necessary conditions for a stationary point of the constrained optimization
problem are that the partial derivatives of the Lagrangian function with respect to each
variable must be zero. The Karush-Kuhn-Tucker first order conditions for the

Lagrangian function shown in equation (24) are as follows [52]:

V.=V, f(x)+V,g(x)A+V h(x)u=0;
V.U =u-y¥ 2z e=0;

(25)
VL =g(x)=0;
V#Ly =h(x)+Z=0
Z 1
where Z,u and y are strictly positive. [Z]= Zy and e=|1
Hessian of the Lagrangian with respect to x is given by
2.7 _ o2 2 2
VI =V2f(x)+Vig(DA+Vih(uu (26)

The first order optimality conditions are solved using Newton's method. Each

Newton step involves the solution of a reduced system of (25):

VD 0 Vig(x) Vih)||Ax]  [Vef(0)+Vig(0)A+V h(x)p

X

0 (1] 0O [2] |laz]_~ R VARE @7
V@' 00 0 |[[ad g(x)
vl T 0 0 |lAu h(x)+z
1y 1
where [u]= 7 and [ = 1
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The variables are updated according to:

a,=min(¢ min (-Z;/AZ;),1
p=min(¢ min (-Z; /A7)

ay =min(& min (—u; / Apj),1)
Aﬂj<0
x:x-i-apr; (28)

z:z+0:pAz;
A=A+a A4,
M= p+oagAu;

The parameter & is a constant scalar with a value slightly less than one to prevent
non-negative variables from being zero and it is set to [0.995—0.99995]. During the
Newton-like iterations, the perturbation parameter must converge to zero in order to
satisfy the first order optimality conditions of the original problem. The barrier
parameter can be evaluated by uses the following rule to update at each iteration, after

updating Z and u:

7* =0 (1" Z)/ Nineg (29)

where o is a scalar constant between [0—1] and is called center parameter, usually one

can get satisfactory convergence by setting parameter around 0.1.

2.3.5 DCOPF sample

In this section, simplified 3 bus system (Fig. 16.) is studied and the simulation
results are demonstrated. The 3 bus system has 3 existing lines, 1 inelastic load and
2 generators. The system parameters are listed in Tables I, II and III. Calculations were
made in the MATLAB software using 1.90 GHz AMD Turion 64 x2 PC with 4096 MB
of RAM.

P13max

Fig. 16. Simplified 3 bus system
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TABLE I. GENERATOR AND LOAD DATA FOR 3 BUS SYSTEM

Bus Load parameters Generator parameters
No. PL. MW PM, MW | PMN MW
1| PO - 50 0
2| PV - 50 0
3| PQ 75 = =

TABLE II. LINE DATA FOR 3 BUS SYSTEM

Xij, Capacity
Branch pu MW
1-2 0.01 40
1-3 0.01 40
2-3 0.01 40

TABLE III. GENERATOR COSTS AND DEMAND BENEFITS

Generators Demand
Node | Fuel a; b; ci di
source | (EUR/MW?h) | (EUR/MWh) | (EUR/MW?h) | (EUR/MWh)
1 Gas 0.0298 80 - -
2 | Coal 0.0149 40 - -
3 - - - 0 200

The objective function:

g g
SW(Py)=1{B;(F})~> . CL(PL)+=200-75-" CL(PL) — max
0,F

j1

The optimization variables are:

J=1

x=[0;0,:05;PL; P2]

Equality and inequality constraints:

(30

4G

1. 52 p3. 2 2.1
Fo+F;=h; §PG+§PG$P23maX
Il cplopl . 1o 2,50
PGmin—PG—PGma)w EPG+§PG—P23max
2 2 _ 2 1 o 1
PGminSPGSPGmax; EPG_"EPGSPIZmax

(€2))

(32)

DCOPF sample demonstrates the results of uses of the primal-dual interior point

method in Tables IV, V and Fig. 17, 18 representing variables, gamma and objective

function value changes per iteration for 2 different cases:

e initial scheme with Py3pa = 40MW;

e scheme with reconstructed line Py3pmax = 45MW.
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TABLE IV. OPTIMIZATION PROCESS FOR SIMPLIFIED 3 BUS SYSTEM WITH P23yax=40MW

Iterations | ©y,rad. | @, rad | O3,rad | PL,MW | P2, MW y S ZEJIE)
0 0.000 0.00000 | 0.00000 | 25.00000 | 25.00000 | 1.00000E+00 | 11972.06250
1 0.000 0.00153 | 0.00017 | 3.95854 |49.99875 ] 2.02116E+00 | 12645.65187
2 0.000 0.00079 | -0.00321 | 25.09590 | 48.92249 | 1.54104E+00 | 10980.99843
3 0.000 0.00031 | -0.00360 | 32.92425 | 42.07575 | 1.66432E+00 | 10624.34812
4 0.000 0.00050 | -0.00350 | 30.00015 | 44.99985 | 2.78810E-01 | 10743.00159
5 0.000 0.00050 | -0.00350 | 30.00766 | 44.99234 | 2.81690E-02 | 10742.69761
6 0.000 0.00050 | -0.00350 | 30.00069 | 44.99931 | 2.81694E-03 | 10742.97949
7 0.000 0.00050 | -0.00350 | 30.00007 | 44.99993 | 2.81694E-04 | 10743.00468
8 0.000 0.00050 | -0.00350 | 30.00001 | 44.99999 | 2.81694E-05 | 10743.00722
9 0.000 0.00050 | -0.00350 | 30.00000 | 45.00000 | 2.81694E-06 | 10743.00747
10 0.000 0.00050 | -0.00350 | 30.00000 | 45.00000 | 2.81694E-07 | 10743.00750

Fig. 17. Objective function for 3 bus system with Pa3pmax = 40MW

TABLE V. OPTIMIZATION PROCESS FOR SIMPLIFIED 3 BUS SYSTEM WITH Py3yax=45MW

Iterations | ©y,rad. | @y, rad | O3,rad | PL,MW | P2, MW y S Vg[(j];G)
0 0.000 0.00000 | 0.00000 | 25.00000 | 25.00000 | 1.00000E+00 | 11972.06250
1 0.000 0.00154 | 0.00018 | 3.93320 | 49.99875 | 2.21106E+00 | 12647.68470
2 0.000 0.00075 | -0.00337 | 26.23835 | 48.76165 | 1.74954E+00 | 10894.52257
3 0.000 0.00083 | -0.00333 | 25.00006 | 49.99994 | 1.71345E-01 | 10944.12252
4 0.000 0.00083 | -0.00333 | 25.00434 | 49.99566 | 1.71493E-02 | 10943.95127
5 0.000 0.00083 | -0.00333 | 25.00043 | 49.99957 | 1.71494E-03 | 10944.10784
6 0.000 0.00083 | -0.00333 | 25.00004 | 49.99996 | 1.71494E-04 | 10944.12328
7 0.000 0.00083 | -0.00333 | 25.00000 | 50.00000 | 1.71494E-05 | 10944.12483
8 0.000 0.00083 | -0.00333 | 25.00000 | 50.00000 | 1.71494E-06 | 10944.12498
9 0.000 0.00083 | -0.00333 | 25.00000 | 50.00000 | 1.71494E-07 | 10944.12500
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50 __ Final state P

10 15 20 25 30 35 40 45
Py MW

Fig. 18. Objective function for 3 bus system with Py3p.x = 45MW

The presented results show the work of the interior point method and finding the
optimal power flow distribution in two different cases. In the case of investments in the
power line P,3 and increasing wires cross section, respectively increasing the capacity to
45MW, an increase of social welfare from 10743 to 10944 EUR will be achieved.
However investments will reduce aggregate congestion revenues and respectively

decrease first part of equation (4).

2.4 Comparison of ACOPF and DCOPF models for development
planning

To compare the different methods, two approaches were applied: the hourly
calculation (considered the whole year as a whole), and the typical schedules for
consumption and production by months (monthly characterize trends for 24 hours).
Therefore, to determine the criteria for one development state it is necessary produce
8760 calculations using the first approach, and 288 calculations using the second
approach. Additionally, two 2 different systems are tested: 4 and 98 node (Baltic

scheme) systems.

2.4.1 4 node system

Configuration of 4 node system contains four nodes, four generators with
quadratic or piecewise cost functions, 5 branches with maximal permissible power and
annual inelastic loads. Configuration and parameters of the considered system are

presented in Fig. 19.
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Fig. 19. 4 node system with grid parameters

The results of calculations using the above-described approaches for AC model,
taking into account power system constraints, shown in Fig. 20. and Fig. 21.
Application of the approach with typical schedules speeds up calculation process and
preserves the main trends of the system, but smoothing of the consumption and

production peaks does not give a full technical evaluation of development state.
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Fig. 20. 4 node system consumption profiles at full and simplified calculations
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Fig. 21. 4 node system generation profiles at full and simplified calculations

Calculation results for four nodes system, comparing ACOPF and DCOPF models

with different approaches, presented in Tables VI and VII. Calculations were made for

different conditions of the system (with congestions and without them), using

polynomials or piecewise costs functions.

TABLE VI. 4 NODE SYSTEM CASE WITHOUT SIMPLIFICATION

Total production Total Calculation
Costs of i .
Name roduction. € per year, consumption per time,
P ’ MWh/year year, MWh/year seconds
Without Congestions
DC without limits | 555 ¢ 2805405 338,06
(polynomials)
DC without limits | 55 ¢5)59 2805405 381,84
(Piecewise)
it T 2805405
WITROUL IMUES 15 1962709 2806701 1066,65
(polynomials)
AC without limits | 55574, 2806706 1204,02
(Piecewise)
With Congestions
DC with limits |5 437405 2805405 338,61
(polynomials)
DC with limits | 5 455709 2805405 385,10
(Piecewise)
AC with limits 2805405
; 22447357 2806305 1103,53
(polynomials)
AC with limits |5 4 c1053 2806371 1000,14
(Piecewise)
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TABLE VII. 4 NODE SYSTEM CASE WITH SIMPLIFICATION

Total production Total Calculation
Costs of ) .
Name roduction. € per year, consumption per time,
P ’ MWh/year year, MWh/year seconds

Without Congestions

DC without limits | = 51934795 2805424 11,61
(polynomials)

DC without limits | 55 1934) 2805424 13,01
(Piecewise)

A C without [t 2805424
WHthout imits |+ 5 1946743 2806709 27,66
(polynomials)

AC without limits | 151004 2806716 32,81
(Piecewise)

With Congestions

DC with limits | 5 45005 2805424 11,70
(polynomials)

DCwithlimits | 55 151455 2805424 13,22
(Piecewise)

AC with limit 2805424

with fumits 22415876 2806395 29,62

(polynomials)

ACwithlimits |, 35455 2806397 33,36
(Piecewise)

Traditionally, when optimizing the operation of a regulated power system, the
objective function in (6) takes a simple smooth quadratic form. The electricity market,
however, does not use quadratic cost, since it does not cognitively match the manner in

which market participants want to trade in the real world [60].

2.4.2 Application to Realistic Baltic Power system

Configuration of the Baltic scheme contains 98 nodes, 15 generators (Estonian,
Latvian and Lithuanian biggest power plants), 143 branches (mainly 330 and 750 kV
lines) and 35 loads (Baltic states). The rest of the scheme does not include Russian and
Belarus generating and consuming units due to insufficiency of information.
Consideration of such scheme would be more promising, due to the fact that large
generating capacity from Russia and Belarus create power flows in the Baltic networks
that affect social welfare, price formation and market performance in general. This
calculation is further discussed in chapter III. Configuration of the considered system is

presented in Fig. 22.
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The model consists of:
98 buses

15 synchronous generators =i
143 branches of

35 loads i
Generators: [;[

Balti PP + Kohtla PP - 800 MW
Eesti PP - 1615 MW
Ahtme PP - 30 MW
Iru PP - 190 MW

Lietuvas PP - 1800 MW
Vilniaus PP - 360 MW
Kauno PP + HPP - 270 MW
Klaipeda - 35 MW

Mazeikiu PP - 210 MW

Fig. 22. Baltic Power system scheme

Tables VIII and IX show similar calculations results for Baltic scheme. The
results include annual values of total consumption and generation, costs of production,
as well as the time taken for the calculation. In DC models difference between
production and consumption of electric power equals zero, because losses of networks

have not been taken into account.

TABLE VIII. BALTIC SCHEME WITHOUT SIMPLIFICATION

Total production Total Calculation
Costs of . .
Name roduction. € per year, consumption per time,
P ’ MWh/year year, MWh/year seconds
Without Congestions
DC without limits | 5506156 26174077 584,69
(polynomials)
DC without limits | 5 ¢0699g 26174077 1054,69
(Piecewise)
AC without limits 26174077
. 209802978 26381625 2497.18
(polynomials)
AC without limits | 5 »gc9e6 26382080 3631,15
(Piecewise)
With Congestions
DC with limits | ) 3 4547 26174077 618,85
(polynomials)
DC with limits |5 | 57¢39¢ 26174077 105645
(Piecewise)
AC with limits 26174077
! 215817709 26394673 2479.49
(polynomials)
AC with limits | 10459701 26395308 3539,94
(Piecewise)
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TABLE IX. BALTIC SCHEME WITH SIMPLIFICATION

Total production Total Calculation
Costs of . .
Name roduction. € per year, consumption per time,
P ’ MWh/year year, MWh/year seconds
Without Congestions
DC without limits | 55566 26210556 17,34
(polynomials)
DC without limits | g1 28573 26210556 32,76
(Piecewise)
G without [t 26210556
without imits 559908095 26418094 79,62
(polynomials)
AC without limits | 55 gc359 26418641 116,68
(Piecewise)
With Congestions
DC with limits | ) 3134197 26210556 17,98
(polynomials)
DC with limits | | 5059391 26210556 33,08
(Piecewise)
AC with limits 26210556
; 215804646 26431930 76,14
(polynomials)
AC with limits | 5 ) e500549 26433685 114,98
(Piecewise)

From the above-presented results, a significant acceleration of the calculating
process for one development stage using approach with the typical schedule can be
seen. From Tables VI and VII, it can be concluded that DC model calculation without
simplification takes 338 s (5,63 min), as opposed to calculation with simplifications
taking 11,70 s (0,19 min), meaning, in 29 times faster than usual. From Tables VIII and
IX, it is observable that AC calculation without simplifications takes 3631,15s
(60,52 min), calculation with simplifications takes 116,68 s (1,95 min), meaning or in
31 times faster than usual. Annual values of these calculations do not differ
significantly. The proposed approach with typical schedules speeds up calculation
process 30 times and preserves the main trends of the system. However, the smoothing
of the consumption and production peaks does not give a full technical evaluation of

development state.

2.5 Security-Constrained OPF

The SCOPF problem is an extension of the OPF problem and contains important
features of reliability in the optimization model. It guarantees the stable work for the
whole power system, without changing active power generation, when some
predetermined contingencies occur (such as outages of transmission line) [61]. The
efficient solution of SCOPF is crucial for system operators, in the context of planning,

operational planning and real time operation.
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Flowchart of the iterative SCOPF algorithm is provided in Fig. 23, which starts by
solving an OPF with (N-0) constraints. Having solved the contingency analysis, it

identifies the critical group of lines and selects lines according to these criteria:

*

KL,re = ZL .PSL,re’ (33)
where L transmission line ordinal number; Ps,  transmission line flow in operational

state; y, interruption probability of transmission line L;

=
N2
Solve base AC/DC optimal

power flow with all (N-0) limits

Assessment of transmission lines and —
= e =g+
compilation of critical lines group

N2 NE N2

Solve AC/DC power Solve AC/DC power Solve AC/DC power

flow disconnecting flow disconnecting |[--->| flow disconnecting
15t critical line 2nd critical line last critical line
\|/- \I/. \ll.
save contingency save contingency save contingency
constraints constraints constraints

Optimum power
system operating state

Solution
not feasible

Solve AC/DC optimal power flow
with contingency constraints

Fig. 23. Security-constrained OPF

In development planning tasks for optimal steady-state operation determination,
only 10% of electric transmission lines should be taken into consideration in which
transmission line flow: transmission line interruption probability and therefore criteria
K* are the highest values. This criterion is necessary in order to select a critical group of

lines, subsequently reducing the size of optimization problem and calculation time.
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2.5.1 SCOPF sample

In this section SCOPF simplified 3 bus system (Fig. 16.) is studied and simulation

results are demonstrated in Table XI and Fig. 24. Changes in system parameters are

shown in Table X.

TABLE XI. SCOPF FOR SIMPLIFIED 3 BUS SYSTEM WITH P opax= 40MW

TABLE X. LINE DATA FOR 3 BUS SYSTEM

Xij, Capacity
Branch p.u MW
1-2 0.01 40
1-3 0.01 75
2-3 0.01 75

Iterations | ©,rad. | ®,,rad | O3, rad | PL, MW | P2, MW 7 SW(P;),EUR
0 0.00000 | 0.00000 | 0.00000 | 25.00000 | 25.00000 [ 1.00000 11972.06250
1 0.00000 | 0.00151 | 0.00005 | 4.72488 |49.99875| 3.74039 12584.14600
2 0.00000 | 0.00104 | -0.00191 | 17.47402 | 48.76274 | 2.91366 11607.04090
3 0.00000 | 0.00006 | -0.00372 | 36.62265 | 38.37691 | 2.58197 10473.19865
4 0.00000 | 0.00017 | -0.00367 | 34.99954 | 40.00019 | 0.23407 10539.68502
5 0.00000 | 0.00017 | -0.00367 | 35.00578 | 39.99422 | 0.02195 10539.41877
6 0.00000 | 0.00017 | -0.00367 |35.00054 | 39.99946 | 0.00206 10539.63306
7 0.00000 | 0.00017 | -0.00367 | 35.00005 | 39.99995 | 0.00019 10539.65294
8 0.00000 | 0.00017 | -0.00367 | 35.00000 | 40.00000 | 0.00002 10539.65481

Fig. 24. Objective function for 3 bus system with Pmax = 40MW

25
Pey MW

In comparison with previous results (Tables IV and V), the SCOPF solution has a
lower SW value than in OPF solution (10539 EUR < 10743 EUR), however, the risk
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that the whole power system will lose stable work decreases. The social welfare
decreases as the risk decreases. The SCOPF solution differs from the OPF solution only

when a contingency transmission constraint becomes binding.

2.5.2 9 bus system with 3 zones sample

In this section, a full 9 bus system (Fig. 25.) is studied and the simulation results
are demonstrated. The 9 bus system has 15 existing lines, 6 inelastic load and

6 generators. The system parameters are listed in Tables XII-XIV.

Fig. 25. Full 9 bus system

TABLE XII. GENERATOR AND LOAD DATA FOR 9 BUS SYSTEM

Bus Load Generator parameters
No. parameters
PL Qr | Pomax | Pamiv | Qamax | Qamin
MW | MVAr | MW | MW | MVAr | MVAr
1| PV ]| 50 20 100 0 50 -10
2| PQ| 50 20 - - - -
3PV ]| 50 20 100 0 50 -10
4|PV]| 50 20 150 0 75 -10
51PQ| 50 20 - - - -
6| PV | 50 20 150 0 75 -10
7|1PV ] 50 20 200 0 100 -10
8| PQ| 50 20 - - - -
91 P6| 50 20 200 0 100 -10
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TABLE XIII. LINE DATA FOR 9 BUS SYSTEM

Xij, b, Capacity
p.u p-u MW | MVA
All 0.01 0.1 0.01 45 45

Branch | rj, p.u

TABLE XIV. GENERATOR COSTS AND DEMAND BENEFITS

Generators Demands
Node | Fuel a b; ci d;
source | (EUR/MW?h) | (EUR/MWh) | (EUR/MW?h) | (EUR/MWh)
1 Gas 0 100 0 200
2 - - - 0 200
3 Coal 0 50 0 200
4 Coal 0 70 0 200
5 - - - 0 200
6 Coal 0 60 0 200
7 Gas 0 90 0 200
8 - - - 0 200
9 Gas 0 80 0 200
The objective function:
e . . g .
SW(Pg) =4 BL(P)-Y.CL(PL)p—> max (34)
i=1 j=l 0.V.16.06

The optimization variables are:
x=[01;07;05;,04;05;,04;,07,04;,09;V1: V2 V35V Vs Vi V73 Vg3 Vs

1 .p3.p4 .00.07 .09.01 .A3.14 .N0.17 .9 (35)

PG]:PGsPG]yPG’PG]:PG!QG]?QG!QG]!QG!QG]!QG]

The proposed sample demonstrates the results of uses of the primal-dual interior
point method in Tables XV—XVIII and Fig 26-29 representing consumer surplus,
producer surplus, TSO congestion rent and total SW values changes for 4 different cases:

e initial scheme without congestions;

e scheme with congestions;

e scheme with congestions and N-1 criteria;

e scheme with wind power plant in node 5, congestions and N-1 criteria.
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80,43 N 80,01
EURMWh

Z1=80,32

EURMWh Z2=79,63

EUR/MWh

s 79,35
EUR/MWh EUR/MWh
Pg1=0MW X Pss=150MW

Qe1=30MVar(et)

(5 Qeu=25MVar

() Qes=25MVar (6) Qos=26MVar

Z3=80,22
EUR/MWh

Fig. 26. Full 9 bus system without congestions (line capacity = )

TABLE XV. CONSUMER AND PRODUCER SURPLUS, TSO CR IN CASE WITHOUT CONGESTIONS

Node Nodal price, Consumer Producer TSO congestion | Total SW,
EUR/MWh surplus, EUR | surplus, EUR rent, EUR EUR

1 80,55 5973 0,0
2 80,43 5978 - 65,8 20950
3 79,98 6001 2998.,4
4 79,51 6024 1427,2
5 80,01 5999 - 106,7 22386
6 79,35 6032 2902,9
7 80,49 5976 0,0
8 80,18 5991 - 24.8 17967
9 80,00 6000 0,0

Total 53974,4 7328.,4 197 61302,8

The calculation of this case takes 2.185 sec.

From the above-presented results, optimal active power flow distribution,
nodal/zonal prices and other results can be seen. Zone 2 is the surplus area, 1 and 3
zones are the deficit areas. In this case, the results show a slight difference between the

nodal (zonal) prices, which is associated with the losses in power lines. In the case of

DC model, the prices were equal in all nodes and C,, =0.
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Fig. 27. Full 9 bus system with congestions

TABLE XVI. CONSUMER AND PRODUCER SURPLUS, TSO CR IN CASE WITH CONGESTIONS

Node Nodal price, Consumer Producer TSO congestion | Total SW,
EUR/MWh surplus, EUR | surplus, EUR rent, EUR EUR

1 79,51 6024 0,0
2 78,02 6099 475,5 21022
3 77,98 6101 2798,5
4 70,00 6500 0,0
5 75,80 6210 1305,9 20979
6 72,69 6366 1903,3
7 81,80 5910 0,0
8 85,16 5742 55,6 17652
9 80,00 6000 0,0

Total 54952 4701,8 1837 59653

The calculation of this case takes 2.108 sec.

In the case with congestion, zone 2 is the surplus area, 1 and 3 zones are the
deficit areas. Here, the results show a significant difference between the nodal (zonal)
prices, which is associated with congestions between nodes 4-8, 6-9 and 5-6. The
TSOs receive congestion rent 1837 EUR and a total SW decrease from 61302,8 to
59653 EUR.
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Fig. 28. Full 9 bus system with congestions and N-1 criteria

TABLE XVII. CONSUMER AND PRODUCER SURPLUS, TSO CR IN CASE WITH
CONGESTIONS AND N-1 CRITERIA

Node Nodal price, Consumer Producer TSO congestion | Total SW,
EUR/MWh surplus, EUR | surplus, EUR rent, EUR EUR

1 100,00 5000 0,0
2 118,74 4063 433,53 18733
3 93,40 5330 4339,8
4 70,00 6500 0,0
5 163,30 1835 6737,09 15335
6 60,00 7000 0,0
7 88,86 5557 0,0
8 85,52 5724 191,05 17281
9 80,00 6000 0,0

Total 47009 4339,8 7361,68 51348

The calculation of this case takes 7.754 sec.

In the case with congestion and N-1 criteria, zones 1 and 2 is the surplus areas,

3 zone is the deficit area. In this case, the results show an even more significant

difference between the nodal (zonal) prices than in the previous case. The difference is

associated with congestions in state with N-1 element (outages of transmission line):

however, in such a steady state, the power system is more reliable and the system risk

subsequently decreases. The TSOs receive congestion rent 7361,68 EUR and a total SW
decrease from 59653 to 51348 EUR.
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Fig. 29. Full 9 bus system with wind PP in node 5, congestions and N-1 criteria

TABLE XVIII. CONSUMER AND PRODUCER SURPLUS, TSO CR IN CASE WITH WIND PP,
CONGESTIONS AND N-1 CRITERIA

Node Nodal price, Consumer Producer TSO congestion | Total SW,
EUR/MWh surplus, EUR | surplus, EUR rent, EUR EUR

1 100,00 5000 0,0
2 125,06 3747 3966,83 17996
3 84,98 5751 3497,6
4 70,00 6500 0,0
5 55,97 7202 2798,3 1416,70 23500
6 60,00 7000 0,0
7 90,00 5500 0,0
8 84,78 5761 306,88 17261
9 80,00 6000 0,0

Total 52460,88 6295,92 5690,42 58756,8

The calculation of this case takes 12.03 sec.

The integration of wind production significantly increases annual SW values and
reduces the need of most expensive conventional plants, which could lead to lower
average prices for electricity. However, the expansion of power production capacities
with low marginal costs of production have a negative on impact to the conventional
generators, mostly reducing the ability to sufficiently cover the total production costs, as

a result.
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2.6 Simplified Unit commitment

The unit commitment (UC) problem involves determining the start-up and shut
down schedules of thermal units that are to be used to meet the forecasted demand over
a future short term period [62, 63]. Due to the fact that the UC problem is a complex
mathematical optimization problem and that it significantly increases the development
planning tasks complexity, some assumptions have been made to simplify the problem:
not to assume start-up and shut-down cost, system reserve requirements and ramp rates

(each hourly base steady-state operation is independent from other hours).

Flowchart of the iterative simplified UC-SCOPF algorithm is provided in Fig. 30,
which starts by solving a SCOPF without the units’ low MW limits. Upon solving
(SCOPF without units’ low MW limits), the compilation of power plants group starts
with a generation less than € (in calculation & assumed 10%) to identify the group of
power plants, which should be switched off. Having obtained the steady-state operation,
social welfare and nodal prices reflect the network real processes and thereby taken for

development modeling.

N
Solve security constrained optimal

power flow without Pgnin level
N2
N Compilation of power plants group with

generation Pg < Pgmin'e

Solve SCOPF with Pgmin
level and disconnected
power plants

Disconnect power plants with
generation Pg < Pgnin'e
L

Solve SCOPF flow without PGy, level
and disconnected power plants

Fig. 30. Simplified Unit Commitment

A Simplified UC problem is solved for a one time step, without regard as to the
intertemporal links. These links have to be taken into account when annual hourly
availability of generators is formed for whole year. One week generation availability

pattern example is presented in Fig. 31:
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Fig. 31. Generation hourly data

The proposed simplified unit commitment algorithm allows assessing the
influence of renewable energy sources as regard a power system and market formation.
One of the expected influences of wind power on electricity market has been presented
in the Baltic development scenario of 2020 through the merit-order effect, caused by
wind production [64]. Currently, the merit-order effect characterizes influence of the
electricity produced under the feed-in-tariff (FIT) law to the wholesale electricity price
in way that average cost of electricity decreases. The FIT are proposed as temporary
system of subsidies, however, in long-term perspectives, the direct merit-order effect
that may be caused by wind production (currently covered by FIT) is expected as well.
The reason for that is bidding strategies, which are used by power producers to join the
short-term organized markets (e. g. Nord Pool Spot). The offer bids of the generators on
those short-term markets are often placed on the level of the so-called short-run
marginal costs (SRMC) of a particular producer. The SRMC of wind production are
close to zero, which means that wind production belongs to the bottom of the marginal

cost curve i. e. supply curve.

An example of an engagement of wind production into the estimated Baltic merit-
order generation at the basis of SRMC extended with transmission capacities for winter
(January) conditions in 2020 scenario are shown in Fig. 32. The level of the load in the
system represents the estimated minimal, average and maximal load during January in
the Baltic 2020. To better distinguish the situation, the supply curve is shifted to the

maximally achieved level of wind production in 2020.
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Fig. 32. System price formation in winter scenario 2020

As could be derived from presented snapshots, the integration of wind production
will reduce the need of most expensive conventional plants, which can lead to
lower average prices for electricity. It is quite evident that the shifting of an entire
production curve due to inclusion of wind power is not constant throughout the year.
The variation differs, according to the wind condition, seasonally and partially from
year-to-year. The range of shifting and its duration might be clarified by duration curves
of wind production. However, to the price formation process and thus on the resulting
price have impact countless number of factors. In mid and long-term perspectives, such
as structure, disposition and availability of power sources, the level of commercial
capacities of cross-border lines and also structure and level of demand. The demand
side management and demand response programs appear to have a crucial role in the
future integration of wind, in order to deal with negative impacts to a power system as

well as reduce the price volatility.
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2.7 Firmness of the Approach

The need for transmission expansion planning techniques and model has been
proposed in this chapter. A coordinated approach for capacity calculation including
SCOPF implementation will show the best use of the transmission networks, as well as

it will open additional opportunities for power system complex development planning.

The purpose of this paragraph is to summarize the major opportunities of the OPF
and SCOPF methods and underline their implementation area, solving varying
complexity development planning tasks. Nowadays, OPF has been playing a very
important role in the power system operation and planning, and its extension (SCOPF)
contains important features of reliability in the optimization model. It also guarantees
the whole power system’s stable work, without changing the active power generation.

To confirm firmness of the approach, the following results were presented:

e 4 different complexity case studies were tested and analyzed;

e Presented result of uses the primal-dual interior point method on simplified
scheme;

e Proposed AC/DC OPF algorithms with polynomial and piecewise cost
functions were compared and tested on realistic Baltic PS;

e Proposed SCOPF algorithm was tested and compared with OPF with/without
congestions on 9 bus system;

e Examined cases of RES influence to a power system and market formation;

The OPF/SCOPF/UC-SCOPF  provide: deterministic convergence; accurate
computation of nodal prices, full active and reactive power flow modelling of large-
scale systems, quadratic and piecewise costing of active energy production, social
welfare (consumer and producer surplus), TSO congestion rent and determination of

congestions.

Sample studies of Chapter 2 provide results justification, and in the way - major

opportunities that would be solved by the proposed SCOPF algorithm.

Obtaining the results by the presented modelling and simulation have to be
repeatedly motivated in order to achieve valuable results, since the found solutions,
when applied to the development planning processes, may considerably influence

decisions, thus — a path of system development and its degree of optimality.
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3. Modelling technique

3.1 Electrical Network Dynamic Modelling

The main point of this chapter is to demonstrate the new methodology based on
the deterministic concept with a dynamic transmission expansion planning in a perfect
competitive electricity market with technical and market economic regulation principals.
Power system mathematical model is the system, and its development process
configuration and network dynamic behaviors introduction in hardware will provide the
capability to calculate and assess system criteria for decision making. To provide
hardware operation on the given task, data are required and respective software
comprising optimization algorithm. Taking into consideration the calculation
dimension, the applicable methods must be operable with a relatively high speed and
similar requirements are also applied to the data. Development modeling should include
network dynamic behaviors and represent the network’s real processes as much as
possible. Based on the main functioning factors defined in chapter II, the following

functional specifications of proposed model are considered (see Fig. 33.).

NETWORK PROJECT J DECISION \
GENERATORS T MAKING
i
HOURLY i
DATA L= Cc&B
Se—— SC OPF & N Analysis
NETWORK CALCULATION Jj* N—/
DATA N sw
T et Estimation
- 1
E-MARKET =t ~ S~
DATA

Fig. 33. Functional specification of proposed model

Development model functional specification consists the tree main blocks:

— First block contains the necessary input data from generators, consumers, network

elements and e-market information. The input data may be classified into 4 groups:
1. group — data that within the whole calculation process is unchangeable;

Initial topology of the grid (power system graph) with the following information:
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e Line data — initial and end nodes, link existence mark (oo = 1 — link is in
scheme, a = 0 — link is not in scheme), series resistance rj;, series reactance Xij,
shunt charging bj;, link capacity;

e Consumption nodes — node code 7., annual hourly active and reactive

consumption, linear demand function (p; = d; + c;P;, where p; is the price
[m.u./MWh], P; is the consumption per hour [MWh], d; and ¢; are,
respectively, the demand intercept [m.u./MWh] and demand slope
[m. u./MW?h] in node i.);

* Generation nodes — node code 7, , annual hourly availability of generator (in

case with RES annual production curve), maximal active generation capacity
PM** [MW], minimal stable level P6™™ [MW], reactive generation maximal
QM [MVATr] and minimal Q™™ [MVAr] stable levels, production selling
price (SRMC = Marginal Heat Rate x Fuel Price + VO&M Charge + UoS
Charge + Emissions Incremental Cost, where marginal heat rate [GJ/MWh] is
the amount of additional fuel, required to make one more unit of power at the
current load level and vary according to generator load level and ambient
temperature, VO&M Charge [m.u./MWh] is equal to the total variable
maintenance cost of some period of time (operations and maintenance, start up
and shut down costs per year) divided by the expected total generation in that
period, UoS (use of system) charge [m.u./MWh] is used to represent an
additional charge that generators may be required to pay to the market
operator for delivering rights, emissions incremental cost [m. u./MWHh] is cost

of the emission to the generator).
2. group — data that is specific for each development step;

Depending on the development step, the following information must be forwarded:
to consumption node: consumption and demand function prognosis; to generation
node: prognosis of fuel price, cost of the emission. These data must be sent once in
each development step.

3. group — data that are specific for each development state;
The data that are specific for each development state represent information on

realized development actions set.

4. group — data that are used for analysis of the results.
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These are: data that provide development plan determination from the last step 7" in
reverse direction; data required for risk analysis of information in uncertainty

conditions - main data on development conditions prognosis [8].

— The Second block is concerned with obtaining the results for scenarios formed by the
user, where SCOPF algorithm is implemented. Obtaining of the results by the presented
modelling and simulation have to be always motivated by the best effort to achieve
valuable results, since those, when applied to the development planning processes, may
considerably influence decisions, and thus path of system development and its degree of
optimality. Based on the main functioning factors defined in chapter II, the following

development model was created (see Fig. 34.).

= Development process

ﬁ| Network scheme and parameters formation |

Development step

re=1 model

9| Formation of load and generation bids, RES production |

N
Solve simplified unit commitment considering
altematmg/duect current 'security- consttamed optu;nal
power flow in’ operatlonal state re

Social Welfare, nodal/zonal prices, define congestions,
solution is feasible/unfeasible in operatlonal state re

| Objective function calculation by t steps

l‘:t+1[|\ Yes t< N

No

2

Fig. 34. Mathematical model of development process

This process allows hourly consideration of the RES impacts on the power system
and market formation. In appendices 3 and 4 [64, 65], the methodology and algorithms
are proposed for evaluation of the RES integration effect on the price formation and the

level of system penetration.

— Third block could be regarded as decision making. Decision making by itself is
complex procedure, and in this thesis under the decision making is assumed focus on

SW and CR estimation, based on the formula (6).
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Additionally, in order to analyze and compare the future investments in
transmission, a set of metrics are defined that show the welfare obtained by the different
agents of the market: generators, demands and additional metric that considers the effect

of the new lines on the congestion revenue received by TSO [66].

T * * a0 0
P z((SW (t,e(t),g)+CR (t,e(t),2))—(SW"(¢,0,2)+CR" (t,0, g)) (36)

p— IC(t,e(1),2)
where S is the optimal aggregate social welfare (the first term of (4)), S is the
aggregate social welfare if transmission expansion is not considered, CR" is the

congestion revenue received by TSO after expansion and CR® without expansion. From
this definition, metric should be greater than one to justify the investment in the new
lines and highest value when comparing different expansion scenarios. The ratio can be
a useful metric for the entire system.

The metric available to the generators is the change in the generator surplus with

respect to the investment cost in new lines. It is defined as:

L PS(1,e(t),g)- PS° (1,0, )
,UPS(ng)—Z;,( 1Ce).8)

This metric illustrates how the generators could benefit or detriment from the

) €0

investment in the new lines. The value of upg should be greater than the share of the

cost that the generators will have to pay for, because otherwise, the generators will most
likely be against the construction of those lines. Those values can be negative in
systems with a high degree of congestion, because the construction of the new lines may
connect inexpensive isolated generators to demand, which will cause prices to fall and,
hence, generators’ profits to decrease. In addition, both single-generator metrics and
generating-company metrics could be calculated (zonal/nodal), taking into account only
the surpluses of the relevant units, in order to compare the effect of the new lines for
different generating companies.

The demands can measure the increment of their surplus with respect to the

investment cost in the new lines. This metric is defined as:

o (CS" (t,(1),8)~CS" (1,0.8)
T,g)=
tcs(T,2) tzzll( IC(t,e(1),g)

) (38)

This metric shows how the demands could benefit or detriment from the

investment in the new lines. A single-consumer and consuming company metrics could
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be calculated, taking into account only the surpluses of the relevant demands to
compare the effect of the new lines.
The ratio of the change in the congestion revenues with respect to the investment

cost in the new lines is defined as:

&L CR(t,e(1),2)-CR® (1,0, g)
/JCS(ng)—Z;,( 1Ce).2)

This metric shows how TSOs could benefit or detriment from the investment in

) (39

the new lines.

3.2 Case study. Application to the modified Garver’s 6-bus system

In this section, modified Garver’s 6-bus (Fig. 35) transmission grid systems are
studied and the simulation results are demonstrated. The basis for calculations of the

modified scheme is taken from the source [67, 68].

3.2.1 Modified Garver’s 6-Bus System

The modified Garver’s 6-bus system has 14 existing lines, 5 loads and

4 generators. The system parameters are listed in Tables XIV, XV and XVI.

TABLE XIX. GENERATOR AND LOAD DATA FOR GARVER’S 6-BUS SYSTEM

Load
Generator parameters
Bus parameters
No. P, QL | P& PN T QAN [ QM
MW | MVAr | MW | MW | MVAr | MVAr

1| P6| 80 16 160 0 65 -10
2| PQ | 240 48 100 0 0 0
3PV | 40 8 370 0 150 -10
4| PQ| 160 32 - - - -
5[ PQ| 240 48 - - - -
6|PV]| - - 610 0 200 -10

TABLE XX. LINE DATA FOR GARVER’S 6-BUS SYSTEM
Xijs b, Capacity
p.u p.u MW | MVA
1-2 0.04 0.4 0.04 100 120
1-4 0.06 0.6 0.06 80 100
1-5 0.02 0.2 0.02 100 120
2-3x2 0.02 0.2 0.02 100 120
2-4 0.04 0.4 0.04 100 120
2-6x2 0.03 0.3 0.03 100 120
3-5x3 0.02 0.2 0.02 100 120
4-6x3 0.03 0.3 0.03 100 120

Branch Tij, p-u
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TABLE XXI. GENERATOR COSTS AND DEMAND BENEFITS

Generators Demands
Node | Fuel a b; Ci d;
source | (EUR/MW?h) | (EUR/MWh) | (EUR/MW?h) | (EUR/MWh)
1 Gas 0.0298 83.9 0 200
2 Wind 0 0 0 200
3 Coal 0.0081 58 0 200
4 - - - 0 200
5 o - o 0 200
6 Coal 0.0035 69.71 - -

For the present structure of the network the following four case strategies of

Fig. 35. Modified Garver’s 6-bus system with 100MW wind PP

development are considered:

e Without wind PP and investments;

e Without wind PP and with investments for construction of a new line 1-5;

e With wind PP and without investments;

e With wind PP and investments for construction of a new line 1-5.

For development modeling calculation the following assumptions were made:

1. Consideration of a time horizon of ten years. For this time scale, we estimate
the demand, the generation offers, and the demand bids. Therefore, the model
represents a “Dynamic Transmission Expansion Planning” problem, for which
the net social welfare is maximized;

2. Each development step is calculated in accordance with the present algorithm

in Fig. 34. (AC and DC models of the network are used);
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3. The generator costs were changed for all the periods of study, so that the gas
price would grow each year by 1 % and coal price by 2 %. I’m considering a
perfect competition strategy, generators offer at their marginal costs;

4. Each load was defined by an individual demand pattern and grew up each year
by 0,5 % (see Fig. 36.);

5. Fig. 37 represents the annual wind production curve for 100MW power plant,
obtained from the wind production curve simulation algorithm provided in
appendices 3 and 4 [64, 65]. The production curve is fixed for each

development step and does not participate in the automatic generation control.
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Fig. 36. Demand pattert for first development step
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Fig. 37. Annual wind production curve for 100MW power plant

3.2.2 Analysis of results

The results of one year social welfare for the first and the last development steps
without the investing are provided in Fig. 38. Tables XXII and XXIII represent the
changes of the annual SW values of OPF and SCOPF problems for different

development strategies:
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Fig. 38. First and last development step SW patterns

TABLE XXII. SW VALUES FOR THE CASE STUDY WITHOUT WIND PP

Without investment With investment

Step SW SW SW SW
OPF, SCOPF, OPF, SCOPF,
MEUR MEUR | MEUR | MEUR
1 578.664 | 574.939 | 578.664 | 575.525
2 576.030 | 572.247 | 576.030 | 572.847
3 573.241 | 569.405 | 573.241 | 570.021
4 570.292 | 566.408 | 570.293 | 567.042
5 567.180 | 563.252 | 567.180 | 563.905
6 563.899 | 559.932 | 563.899 | 560.605
7 560.445 | 556.444 | 560.445 | 557.137
8 556.812 | 552.782 | 556.812 | 553.496
9 552.996 | 548.943 | 552.996 | 549.678
10 | 548.992 | 544922 | 548.992 | 545.678
Total | 5648.551 | 5609.274 | 5648.553 | 5615.934

TABLE XXIII. SW VALUES FOR THE CASE STUDY WITH WIND PP

Without investment

With investment

Step SW SW SW SW
OPF, SCOPF, OPF, SCOPF,
MEUR | MEUR | MEUR | MEUR
1 649.103 | 644.525 | 649.175 | 645317
2 646.845 | 642.193 | 646.919 | 643.000
3 644.440 | 639.715 | 644.514 | 640.538
4 641.884 | 637.087 | 641.958 | 637.927
5 639.171 | 634.303 | 639.247 | 635.162
6 636.299 | 631.360 | 636.375 | 632.238
7 633.261 | 628.252 | 633.338 | 629.151
8 630.054 | 624.977 | 630.131 | 625.896
9 626.672 | 621.528 | 626.750 | 622.469
10 | 623.110 | 617.902 | 623.189 | 618.865
Total | 6370.839 | 6321.842 | 6371.596 | 6330.563
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The presented results clearly illustrate the behavior and changes in the power
system, which should be subsequently considered together with the decision making
theory for the future sustainable development of transmission networks [69]. To analyze
investments in transmission between nodes 1-5 it has been assumed that the total
investments are 20MEUR and that the new line would be built today and would be
operative for at least 25 years (discount rate and congestion rent is not assumed). In first

case, without the wind PP:

=0.83

10 * 0
SW (t,e(t),g)—SW" (1,0, 5615.9-5609.3
L ZZ( (t,e(1),8) (#.0,8) _

IC(t,e(t), g) —Residual value 20-20-(1- 4 10)

t=1
100

In second case, with the wind PP:

O SW yina (6,€(0,2)=SW ing’ (6:0,8)  6321.8-6330.6

Hsw _wind = 2, (— i
_win E IC(t,e(t), g) —Residual value 20-20-(1- -10)

=1.09

100
The effect of investments in the construction of the new line is justified in the case
of the integration of the renewable energy sources into generating portfolio and could be
evaluated as positive, regarding the improved generation and transmission adequacy, as

well as the system’s reliability.

3.3 Case study. Application to the Baltic Power System

3.3.1 Baltic Power System

The extensive Baltic power simulation model, presented in Fig. 39, is initially
based on the BRELL power system model data. The developed model features a full
georeferencing of the buses and the transmission lines, an interconnection to Finland
Estlink 1&2, and an update of the recently commissioned /decommissioned wind farms

and power plants [70].

In term of components, the model's nodal representation details are illustrated in

Table XXIV spanning from 110 kV to 750 kV transmission lines.

TABLE XXIV. MODEL DIMENSION OF THE DEVELOPED BALTIC MODEL

EE LV LT RU | BL |Fl, | PL, | UK., All
Buses 182 238 479 40 2] 2 1 1 955
Gen 16 14 12 11 8 | 0 0 1 62
Loads 141 148 291 23 20 | 2 0 625
Lines 247 323 646 56 30 | 2 1 2 1307
Voltage | 110/220/ 110/330/ 110/220/330/
V] 330 | 1107330 | 1107330 | (go=cn | 330 | 330 | 330 | 330 5501750
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Fig. 39. BRELL power system developed simulation model

The baseline load demand data for the model is based on the peak and off-peak
load profiles, registered in 2012. To ensure a continuous assessment of the model, an
actual real time data retrieved from the Nord pool spot were scaled up using the initial
2012 load distribution and assuming an average power factor and a similar load

distribution within the existing BRELL nodes.

The power generation mix within the Baltic States is illustrated in Table XXV,
where the thermal generation shares constitute 60 % of the overall generation. It is
worth mentioning that Lithuania once relying mainly on Nuclear power generation
(70 %) has decommissioned its last Nuclear Power Plant (NPP) Ignalina in 2010 due to
EU strong concerns over the RMBK type. This resulted in drastic power flows changes,
and Lithuania, once a net exporter, is now becoming a net importer.

Although the three Baltic States are capable, in absolute terms, to balance their
energy supply and demand the during typical winter peak (Table XXVI), in practice —

only Estonia prevails as a net exporter.
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TABLE XXV. GENERATION CAPACITY MIX IN THE BALTIC STATES

Generation capacity per type [MW] Estonia | Latvia | Lithuania All Baltic
Thermal 2373 930 2610 5913
Hydro PP and PSPP 7 1580 1030 2617
Nuclear - - - -
Wind and Biomass 359 150 410 919
Total 2739 2660 4050 9449

TABLE XXVI. BALTIC STATES DURING TYPICAL 2013/2014 WINTER SNAPSHOT

Estonia | Latvia | Lithuania Total
Total net capacity [MW] 2739 2660 4050 9449
Typical peak load [MW] 1440 1280 1740 4460
Available capacity [MW] 2070 1320 2400 5790
Export capability [MW] 630 40 660 1330

The developed model is aimed to simulate the projected transfer allocations of
power flows and assess their possible impact on normal and contingency operations.
The figure 40 illustrates a simulation snapshot of the cross-border power flow exchange
featuring the imports of Lithuania from Belarus and Latvia, while Estonia acts in

absolute terms as an exporter mainly to Latvia.

Russia
(= <

Fig. 40. Simulation snapshot of cross-borders power flow exchanges

3.3.2 Analysis of transmission system infrastructure in the Baltic region

The actual Baltic network presented in Fig. 41. characterised by countries’
dependence on imports, primary control and frequency control from Russian TSO, with

a significant threat resulting from the bottleneck between Russia and Belarus.
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Belarus

Fig. 41. Baseline scenario: per unit voltage contour and cross-border power flow winter
peak (2013/2014)

The extra loading of this sensitive section is a direct result of the
decommissioning of the Lithuanian Ignalina NPP. The failure of aforementioned section
to result in negative consequences including equipment failure, unserved load and

frequency/voltage drops.

3.3.3 Joint disconnection of Russia and Belarus

This subchapter summarizes the most critical N-1 line outages in conjuncture with
a disconnection from the IPS/UPS (Russia and Belarus), as presented in Table XXVII.
The reported violations within the Baltic States are characterized mainly by severe
voltage drops and isolated loads. Immediate corrective measures have to be taken by
either investing in redundant lines or by deployment of emergency automatic devices to
isolate the affected regions from the main system in order to avoid a total blackout.

It should be noted that the outage of the Grobina-Klaipeda line has resulted in the
most severe threat (49 violations in total): however, this contingency could be fully addressed

in 2015 following the commissioning of the "NordBalt" interconnection with Sweden.

TABLE XXVII. CRITICAL LINES IN THE CASE OF JOINT RUSSIAN BELARUSIAN

DISCONNECTIONS
Nbr From To Countries affected | Min Voltage p.u | Violations
1 Grobina Klaipeda Latvia/Lithuania 0,692 49
2 Valmiera | Tsigulina Latvia/Estonia 0.890 5
3 BaltiES TartuC2 Estonia 0,888 13
4 Koigi Paide Estonia 0,778 9
5 Imavere KoigiCl Estonia 0,787 7
6 Kaunas Jurbarkas Lithuania 3
7 Utena Uzpalia Lithuania 0.882 35
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The per unit voltage and the cross border power flows transfer during most
serious contingency outage resulting from the loss of the line between Grobina and
Klaipeda are illustrated in Fig. 42. The number of the potential violations registered and
the extreme level of voltage drops suggests that if immediate actions are not taken to
balance the system within the network transmission limits or to isolation the affected

section, failure of the overall system is likely to happen.

A “ A
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Fig. 42. Outage during joint disconnection of Russia and Belarus

3.3.4 Disconnection from the Russian network

The following subchapter summarizes the major contingency events of the
Russian disconnection from the Baltic States, as presented in Table XXVIIL. In
comparison to the simultaneous disconnection of Belarus and Russia, the actual
contingency resulted in similar failure degree, except the Utena-Uzpalia line outage that

did not result in serious violations.

TABLE XXVIII. CRITICAL LINES IN THE CASE OF RUSSIAN DISCONNECTION

Nbr From To Countries affected | Min Voltage p.u | Violations
1 Grobina Klaipeda Latvia/Lithuania 0,716 48
2 Valmiera | Tsigulina Latvia/Estonia 0.895 4
3 BaltiES TartuC2 Estonia 0,889 6
4 Koigi Paide Estonia 0,778 9
5 Imavere KoigiCl Estonia 0,787 7
6 Kaunas Jurbarkas Lithuania 3
7 Utena Uzpalia Lithuania none

The per unit voltage and the cross border power flows transfer during serious
contingency outage resulting from the loss of the line between Paide and Koigi are

illustrated in Fig. 43. This outage would also result in a number of the potential
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registered violations and the extreme level of voltage drops that might lead to failure of

the overall system, if no immediate actions are taken.

Fig. 43. Outage during Russian network disconnection

From an energy supply balance point of view, the two scenarios present no
distinction as the Baltic States are likely to be able to meet the supply, relying on
Estonia’s connection to Finland and potential load shedding events. However, in both
cases, the loss of the Russian frequency automatic regulation is likely to put the Baltic
system under a blackout threat in the event of a sustained disconnection, sudden

demand change and/or N-1 contingency.

3.4 Conclusions to Chapter

The aim of the above-provided calculation was to demonstrate a methodology
implementation to the real case study simulation, taking into account the development
task complexity. Based on the methods and algorithms created in this thesis, the Baltic
transmission system planning has become possible, and the following results estimation

can be done:

o The structure of the Baltic transmission system network has significant
drawbacks that reduce the reliability of certain regions’ power supply, as well
as limit the further development of power system. The existing 110 kV
network does not provide a sufficiently reliable power supply in regions. The
main cause of power lines tripping of is wind loads (III and IV of the zone).

As a result, the complete cessation of energy supply that occurred in 2005
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might repeat at some point in time. With the implementation of priority
projects in the Baltic region, the existing 330 kV network will be strengthened
and the reliability of power supply for the consumers will increase.
Simultaneously, priority projects provides the possibility of a widespread use
of wind power, as well as — of increasing transit flows between the Nordic
countries and Central Europe. The new transmission lines will be able to
provide the currently necessary demand and the future demand of electricity in

the developing regions, in the case of repairs without special restrictions.

This case study proves that a concept aimed at demonstrating an elaborated
methodology’s capability and application that would cover all stages — from the data
input and analysis till the development scenarios estimation and decision making is

indeed plausible.
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Conclusion

The increasing penetration of RES and development of Internal Electricity Market
in EU countries is a driver of fundamental changes in transmission planning and its
operation. The variable nature of wind and solar power, the potential for offshore grids
and the particularities of optimal utilisation of hydro and retained nuclear capacity
reveal a need for changes to the way in which power system planning is currently
conducted. However, enhanced system monitoring and online analysis of stability limits
along with the potential for growth in demand side measures to address system limits
suggest that, for given patterns of available generation and demand, the margins
afforded by the underlying capacity of the network can be squeezed with the prospect of
lower levels of network reinforcement than would otherwise have been the case. The
afore-mentioned implies that attention should be given to the new ways of analysing the
system (chapter I), including advanced methods, algorithms (chapter II), tools and
methodologies (chapter III) to facilitate those analyses along with the new decision

making processes.

The main point of this work was to demonstrate the new methodology based on the
deterministic concept with a dynamic transmission expansion planning in a perfect
competitive electricity market with technical and market economic regulation principals.
The proposed methodology for transmission network development planning will
facilitate intelligent operation and control of the modern power system, including the
concrete task purposes. It will provide the possibility to incorporate smart solutions to
technical (secure, stable, and good power quality), economic and environmental goals.
They would also incorporate distributed generations and demand response, penetration

of new renewable energy sources, forecasting of the load and price.
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Contributions of Dissertation Thesis

Contribution of this work can be evaluated and summarized from scientific and

practical significance:

Scientific novelty and main results

The scientific novelty includes the methodology for transmission network
development planning in liberalized conditions. The new object that was investigated
was a power system with an increased share of intermitted generation. The main results
cover the strategic bidding analysis and price formation mechanisms, optimal power
flow techniques and comparison between AC and DC models, development of optimal
power flow methods and development process algorithms, which were implemented in
the mentioned above methodology for the transmission network development planning
in electricity market. Subsequently, the practical implementation of the planning will
allow to perform the following: long-term energy balance evaluation, long-term perfect

competition electricity price and welfare forecasting for different scenarios.

Practical significance of the research results

The EU energy strategy sets ambitious goals for the energy systems of the future
that foresees a substantial increase in the share of renewable electricity production. The
whole-sale deployment of RES connected to the network at all voltage levels will require
radically new approaches for transmission system modelling that could accommodate the
coordinated operation of millions of devices and various technologies, at many different

scales that are dispersed across EU grid.

The developed methodology algorithms and methods can be used in power system
planning practice. The potential stakeholders are the decision makers and planners who
require a proper instrument for transmission development planning, as well as a
comprehensive understanding of the impacts on the entire System’s operation, electricity
market as well as generating and transmission capacity requirements in advance, to

secure optimal development solutions.

The proposed methodology is intended to be implemented into a software tool

appropriate for the application in the development planning.
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Contribution of this thesis are based on work approbation at international
conferences (e. g. PMAPS 2012 - Istanbul, PowerEng'2013 — Istanbul, [YCE 2011 -
Leiria, CYSENI’2012&2013 - Kaunas, RTU Conference - Riga etc.), they were
published in scientific journals and data bases (IEEE Explore digital library, SCOPUS,
EBSCO, VERSITA).

Proposal for Further Research Targets

Further research identification can be facilitated by the EU energy policy
perspectives and challenges. The optimal expansion of the power system and
transmission system in particular, under conditions of the liberalized market environment
calls for forward-looking approaches that are able to reflect and find balance between

requirements while these are often contrary.

Forward-looking research is identified in the following areas:

e Extension of existing OPF techniques with operational congestion management
by coordinated control of Flexible Alternating Current Technology Systems
and High Voltage Direct Current technologies;

¢ Implementation of Dynamic Optimal Power Flow to cover multiple time
periods for network management with high penetrations of renewable
generation, including energy storage and flexible demand;

e Development of multi-criteria decision-making methodology for transmission
system sustainable development with preservation of the network security and
reliability;

e Complex cost-benefit analysis for transmission network reinforcements based

on assessments of economic levels of residual congestions;
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Abstract--The Article is focused on imterconnection of power
systems via High Voltage Direct Current (HVDC) submarine
cables, its transmission capacity allocation and wiilization.
Sufficiency of transmission capability on market formation and
operation are investizated aswell as role of Power Exchange (PX)
and trading principles for HVDC interconnections. Model of
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technicalleconomic caleulation and analysis hased on market
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connections.

Jndex Terms-- Electricity market, HVDC technolb gy, power flow.

I INTRODUCTION

Cooperation  between  Tmnsmission Dystem Operators
(TS0s) of interconnected countries’ Morway, Sweden, Finland
and Denmark iz covered by Mordel association. Collaboration
within Mordel creates preconditions to better utilize power
generation potential deploved in Countries, increase secuty
and stability of power system as well as bring environmental
and econornic advantages. Recommendations of Association
cotprise base for technical regulations of power production,
grid operation and maintain converdent market enwironment.
Well-functioning power system under Mordel conduced in
1996 to launch first international power exchange Mord Pool
for common Mordic power market purposes. Progress in
market integration arize in 2000 after transfortnation on Mordel
into organization with state objective to create conditions for
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an efficient and hamnonized Nondic electricity market and
ensure process of market development. Furthermore, Mordel
provide opportunity for cooperation betwesn T30s in Mordic
and transmission system operators out of Association what
makesa contribution to a mumbers of physical interconnections
between the Mordel region and neighboring countries. Due to
harmonization of riles and legislation in different counties
agzociated in Mordel was formulated common code for Nordic
grid — The Mordic Guad Code (MGC) The NGC consigts of
four main Articles: 1) Planning Code, X) Opemtional Code
[Bwstem Operation A greement), 3 Commection Code 43 Data
Ezchange Code (Data Exchange Agresment betwesn the
Mordic transmission systern operators (TS0s) The purpose of
the Mordic Grid Code is to achieve coherent and coordinated
Mordie operation and planning between the companies
responsible for operating the transmission systerns, in order to
establish the best possible conditions for developtnent of a
functioning and effectively integrated Mordic power market. A
further objective iz to develop a shared basis for satisfactory
operational reliability and quality of delivery in the coherent
Mordic electric power system [1].

1. NCORDIC POWER SYSTEM ANALYSIS

Diversity of power production in the Mordic leads to efforts
about reinforcement on internal cross-section comnection as
well as about common market establishment. Common gain is
increasing security and lower costs. In Morway iz power
generating based mostly on hyrdro resources. Sweden povwer
production uses predominantly hydro and noclear power,
Finland used a mix of hydro, themnal power and muclear
Denmark’s energy supply was based almost entirely on
thertnal power with increasing of proportion wind, See Fig 1
Mordic grid operates at the following AC woltage levels:
Dentnatk: 132/150/220/400 kW, Finland: 110/220/400 &V,
Morway: 3004420 KV (and 132 kV nothern Norway), 3weden:
220400 kY, The HVDC links between subsystems at 285-400
IV, Croszs-border interconnections also constitute numbers of
lines on lower woltages.
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Fig. 1. Installed capacitiby enexgy source of Nerdel! 2010

Mordic grid comprises power systemns of Norway, Sweden,
Finland and eastern Denrnark (Zealand) with smchronous
operation. The western part of Denmark belongs to continental
Furopean synchronous area (former UCTE). Furthermore,
wesem Denmark is asynclwonously connected to Mordel
(Morvay and Sweden) via HVDC links. See Fig 2.

Fenno-Skan | Estlink

=

Fig. 2. Hordic power systern

Typical feature of MNordel power systern is relatively weak
coupling  between genermtors due the long distances of
tranamisson lines (high reactance of AC lines) what
constrmints fill wtilization of its capacity, Another specific
feature of long transmizsion distances and disperse generators
ig that capability of interconnections transtoit power depends
on power fow direction which iz related with power

production of generators. Espedially, considerable proportion
of bydro power plants can cause that direction of power flows
varies over the year. Further on, after caloulations of technical
transmission capacity with assuming safety and  control
marging (typically by 5-10 %) iz residual transmission capacity
of AC lines put as a disposal for market purp oses (comumercial
capacity). Mominal transmission capacity for DC connections
iz meamwed on AC sde of rectifier and iz determined as a
maxmum continuous power that can be allowed at the ambient
temperature that 15 not exceeded for more than 4 weeks per
vear and without affecting the nominal availability [1]. The
delivery capacity of the systemn as a whole is higher than the
aum ofthe individual delivery capacities of the subsysterns. Az
a reswlt of the expansion of transmission capacity between the
subaysterns, the interconmected Mordic electic power systemn
operates increasingly as a angle entity.

Mew interconmnections planning and extension

General common rules summarized in Planning code (article
of MGC) determines design of entire Mordic power systemn so
that consumption of electricity should be met at the lowest
cost. It means that the power system shall be planmed, built and
operated so that sufficient transtnission capacity will be
available for utilizing the generation capacity and meeting the
needs of the consumers in a way which is econormically best®.
Planning and construction of new interconnections within
Mordel or between Mordel and neighboring systems can affect
not oy TE0s in direct collaboration but whole Nordic power
aystern with technical and market consequences as well
Therefore, planning of interconnections are coordinated with
Mordic grid master plan [2].

III. HVDC INTERCONMNEC TIONZ

Generally, application of DC transmissiondinterconmection can
be mainly due to following reasons:

Feguirement to transmit great power at long distance; In cases
that for transmission is necessanly used cable (submarine
transmigsion) and problems with consderable charging
capacitive cuwrents ocowtred, Interconnection of unegual
power systems or increasing transmission capability of power
system by utilization of damping contral.

When only technical aspects of transmizsion has taleen a place,
comparison 3phase AC lineand bipolar DC line with
grounded neutral conductor is summarized in Table 1.[3].

Woardsl collshoration including also Transwission Setem Operator of
Ieeland, currently without phosical inte wonnectiozs to rest of Mordel.

*For detailed criteria and description of Mordic tranemission system
plarming see [1].
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Total 1osses of direct transmnission are higher due the losses in
converter stations.

A HVDC submarine cable Fenno-Skam

Submarine HYDC cable commissioned in 1989 which
reinforced coupling of power systetns of Finland and Sweden,
Cable length 15 200kt Currently owned by Fingrid (Findand)
and Swvenska Krafindt (Swedern). Link iz used for power
exchange in both directions Fated woltage 400 kV, presently
operates  as monopolar  (planed  bipolar  extension).
Transmisson capacity is temperature-dependent, nommally at
550 WIW with short overload possibility at the 600 MW,

Sweden Fintand

DC Subradae cable

Cotivtel A e
shation
3

Fig. 3. Prrcipal Fermo-Skan configuation

=

Iain agsets of interconnection are reduction of transmission
distances between south-western Finland and east central
Sweden, which represents areas with high concentration of
consumption and generating power.  Interconnection also

provides possbility for power fow redistribution between 400
KV AC lines on north and Fenno-Skan (middle). Such
opetation brings total systermn losses reduction by up to 40
LW, Furthermore, Fenno-Skan has also been provided with
darnping control regulators and emergency power control
features, which stabilize the power systems in such a way that
the power tmnsfer capability between northem and central
Sweden can be increazed by 250 MW and in same amount also
increased capability of 400 KV northem AC lines hetween
Sweden and Finland,

Operation and capaciy redisivibution

Monttoring, operation and contral concerning 400 KV AC
links and Fenno-3kan in 3weden is carried owt by Grid
Supervisor at Metwork Control of 3wK in Facksta and in
Finland from Operation Centre of Fingnd in Helsinki. Fenno-
Skan regulation responsibility alternates between Finnish and
Swedish side every half of calendar year Transmisson
capacity of all interconnections is calculated on daily basis by
Cperation centres in Facksta and Helsinki. Available trading
capacity is obtained as total transmission capacity foinus
determined margin for regulation purposes. Aga starting point
for trading capacity distribution betwesn northern AC lines
and Fenno-Skan i used basic distribution with niles in
compliance with Mordic grid operation code. Elbas (Intraday
trading of Mord Pool power exchange) and supportive power
trading across the border are not handled in basic distibution.
During periods when a disturbance in power system occurred
logs minimization i not employed. Parties involved in
cooperation  do not pay any compensation  for loss
minimization benefit, only nonnotified balance power is
financially settled [1]. In period 2008-2012 is planned
extension of Fenno-Skan with second pole (Fenno-Skan 23 due
the increases in generation capacities, abowve all, integration of
wind park near Gavle and uprates in muclear power plant
Foramark 3. Changes are also concemed reinforcement 400 1V
AT northern lines and modifications of substations [4].

B HVDC submarine cable Estiink

Efforts about increasing of HVDC interconnection capacities
between Mordel and rest of continental Europe are prirnarily
bazed on market interests as well as better wtilization of
hydroelectric powet generation  deployed in Mordel and
predominant thermal power generation in Continent. These
interests are strongly powered also by Ewropean Commission
with idea to establish common EU energy market. Estlinlk,
mbmarine HVDC cable linked up subsystems of Finland
(Espoo substation - AC 400 kV) and Estonia (Harlo substation
- AC 330 kV). Link with total length 210 (2 times 105) km
was commissioned in 2006, Operational woltage lewel of
hipolar construction is +/- 150 kW

89



Y2

nmestonss Vah faesiersary on Frergeiey

T July - 9 July, 2011 Leiria, Portugal

Finland Estanin

D5 &uineving eakls -Fals |

| |
AR Srie

=D = —CD—

| D Soavmevine cable—Pols 2 |

Fig. 4. Prircipal Estlink configuration

IMMazimal transmission capacity at the 350 MW with
possibility to transmit energy in either direction iz primary
meant for market purposes (commercial operation). Besides,
interconmection improved security of supply in Baltic that
creates potential charmel for purchasing  dectricity from
Mordic. Construction  of cable not induced any  arid
improvement on Finnish side Estirmated annval irpeort 2,5
TWh from Estonia represent approsmately 3% of total current
Finnish consunption.

mFosliFee IFled @ Hdm oWnd o@bmass @ NotSpechikd
]
T - T
Estania Latvia Lithuania

Fig. 5. Installed capacity'hyrenerzy souree in Baltic 2010

To evaluate new possible interconnections was launched
tltiregional study between Model, Baltzo and PSE operator
(Polish TS0 related to techiical-sconomic impacts of new
links [5].

I¥. MORD FOOL ZPOT

Presently, Hord Fool Spot runs largest international electricity
matket on the World. Prowiding services for day-ahead market
(Elspot) and intra-day market (Elbag) spot trading with
physical electicity. As a result ofmatching supply and
dermand bids at the spot market, final spot price and tading
volumes are deterrined, Due to potential limitations in
tranamizsion capacity spot market in MNordic wag divided into
Mord Pool spot bidding areas.

Fig. . Nomd Pool Syot Aeas

Except Denmark and MNorway which are subdivided into
seweral spot price areas, houndaries are identical with national
borders.

T30z allocate available ttansrassion capacity o a base of
production and conmimption forecast. Subzequently, available
capacity iz allocated at Mord Pool spot market for trading
purposes. Allocation of avatlable transtizsion capacity is done
before Mord Fool spot pricing. The awvailable capacities for
transmigsion are reported to Mord Fool pre bidding and are
talcen into account when price caloulation is performed. When
no congestion appeared, the prices in different areas are the
same (Area price = System price). Market splitting is used if
there iz congestion. Solving tasks with stroctural congestion is
related to grid investrnents in case that it 12 socio-econorm cally
feasible, otherwize matlet splitting is utilized, i e dividing the
matket into separate price areas. Adequate transmission
capacity with effective wtilization is therefore one of the basic
requirements  to achiewve well fanctioning and  effective
electricity market.

Price differences between areas  after  utilization  of
tansmission capacity between them generate an ownerless
income on the spot market, trading flow from the area with a
lower price to the area with a higher price. In dtuations when
flow goes from high pricearea tolow price area (towards low
price area) due to specific operations or dispatch optirmization
by T30, generating of ownerless costs ocourred [4].

These ownerless costs and incomes are referred az congestion
rent. Within the Mordic region this income iz allocated to the
T30s as owners of the transmission grid Caleulation of
congestion rent as foll ovwes:

(Ps—Pu)Fass=Cg (1
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F,- Areapriceinares A, [mu/WVWh],

P, - Areaprice inarea B, [mu /W],

Fg.p- Planned Elspot low in specific hour from area A to
area B, [IWVW],

' - Aggregated congestion rent [moa].

Sharing of congestion rent between T30s is based on
Sharing  Agreemnent which provide two possible sharing
options, First, calowlates adegquate share (participation) of all
T30z on Five prioritized projects within NMordel related to
Mordic gnd development. Second divide congestion rent in
two equal shares only between affected TS0 [1]. hcomes of
TS0z are corumondy used for reduction of tariffe or
investments to transmisson grid. MNew Estlink hidding area at
Mord Pool Spot was launched on 1 Apnl 2010 and connects
Estonia to Mordic electricity market. The long term goal is to
create a Baltic market connected to the Mordic market through
Nord Pool Spot [5]. The Esflink cable is operated by company
A% Nordic Energy Link (NEL). NEL was founded by Baltic
and Finnish companies. These share NEL Company
(transmission  capacity on Estlinkd as  follows: Baltic
companies Eesti Energia (39.9%), Latvenergo (25%) and
Lietwiros Energija (25%) and Finnish companies Polyolan
Woitna and Helsingin Energia (Finestlink) remaining 1001%.
Shareholders will sell before 2013 entire NEL company to
T30z Fingrid (Finland) and Elenng (Estonia) [7].

Suitable enviromment for Estorndan market establistonent by
Mord Pool Spot arised after Latvenergo and Festi Energia
offered their shares of Estlink capacity to the Estonian and
Finnish transmission system operators FElering and Fingnd.
Thiz step ensured sufficient capacity for opening the Estlink
hidding area.

Perica €7 .04, 2010 (Trading opened) - 31122010 (5630 hours)

1200 ol w0 wm

- Limited capacity Full capacity . Tl ac

Fig. 7. Estlink power flow nfilization by Elspot, 2010

3For detailed description of sharing principles and charges in sharing
options check: http: /e nordpoolspot cora

Available transmission capacity allocated for the Elspot-
market was 252 MW from Finland to Estonda and 262 MW
fromn Estonda to Finland Since Septernber 2010 T30s of
Finland and Estonia rented full cable capacity from owmers
and offered for matket purposes. After new agreement the
awailable transmission capacity is 350 MW inboth directions.

Inereasing of transmission capacity through Estlink is very
positive for the market developrment in the Baltic and Nordic
Adegquacy capacity is one an important step in matkets
integration and further on, towards comnmon European market
with electricity.

V. LCE3ES OPTIMIZA TICN WANAGEMENT

A Femmo-Shem loss minimization and benafits shaving

Loss mindrnization in Finnish and Swedish grids by Fenno-
Skan aggregates henefits which are divided equally between
T30, Benefits calculation as well as disttibuiion between
parties (Fingtid & 3vID iz based on following principles [1]:
The overall benefit to the systetm in particwlar hour is defined
as the positive difference between the calculated overall loss
overheads during basic distribution and during the real
reference value Ag reference walue minimal point is umally
uged. SeeFig &

Owerall Systemn
B enefit Calculation

v

Finnish Grid Benefit Calculations (Fingrid)
Swedsh Grid Benefit Calculations (SvK)

v

Mutual Settl ement
(compensation)

v

Final Benefits
of Parties

Fig. 2 Fenno-Skanbenefit evaluation and distrbution
B Estlink lossas caleulation

Esatlink power flow analyds estimates markets activity and
price differences of interconnected areas Caloulations are
based on physical power flow through Estlink at hourly basis
fromm 1 Aprl 2010 until 31 Decernber 2010 In Fig 9 is showm
ezample of price diffsrences between Estonda and Finland
which caused a physical power flow throush Estlink In
agaumed period oy flow frotn Estonda to Findand appeatred.
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Fig. 9. Price diffeence & Esflink power flow

Transmitted volume in assumed period represents 1,524240
TWh of which from FIto EE 12 0,243934 TWh and EE to FLis
1,250315 TWh. Calculation of Estlink losses were performed
by Estlink Losses Formula. Total calculated losses caused by
power fowin both directions are 75348 GWh of which from
FItoEE iz 12,814 GWhand EE to FI1is 62,534 GWh

After variable transmission costs of cable were calculated, in
compliance with price differences between Areaz on houdy
hasiz, costs of ignored transmission losses was obtained.

Figure 10 chows one wesk petiod Estlink power flow and
caused (mloddated power losses.

400,10
oy oy =P over lozzes
350,0 A
300,0 u ¥
250,10 ' —
200,0 4
150,0
100,0
20,0
0,0 -rerammm s T
1 kil &1 H 121 151

Week (168 hours)

Fig. 10. Physical Estlink power flowr £ caleulated losses

W1 MOCEL CF POWER SYSTEN FOR. LOSSES ES TIVIATICH

For the analyas of Fenno-Scan in the Mordic countries the
tnodified Mordic32-bus test systemn iz used Itz close
regetnblance to a real power systetn in Sweden where more
generation units are in the north and heavy load centres in the
south. The model consists of 33 buses, 28 synchronous
generatorsg, 51 branches, 3 DC linesand a total of 25 loads. As

a starting point the simplified single diagram of the CIGEE
Nordic32-bus test systern [8].

Fig. 11. Model of Mordic grid

Model of Nordic grid was created in Power World
Sirnulator which is designed to drmulate high voltage power
aystern opermtion Software cortains power flow analyas and
loszes calculation. Sirmlation and pararmeters of grd elements
takes into account current state of real power system in Mordic,

VI CONCLUSIONS

In thizs paper described Interstate DC Line Performance
Assesament Methods in Liberalized Market conditions. This
method will be used for power flow analysis and losses
caleulation to estimates markcets activity and price differences
ofinterconnected areas,

It will provide facility for rmarket participants propetly
organize their long-tertn and  chort-tertn power balance
including investments into new infrastructure, in that way
helping to organize power balance in the whole system and to
reducing finandal losses.
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Assessment of the Network Reliability Calculation in
Transmission System Development Tasks

Artjoms Obushevs
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Abstract— For assessment of the network reliability calculation
in tr ission system develoy tasks, dynamic optimization
model was created. In this article are given results of network
rcliability calculation of national project of Baltie states. The
proposed model takes into account existing metwork structure
and future development plans of power system.

Keywords- power system, reliability, system development.

I INTRODUCTION

The trends of power system development in Baltic are
related with grid infrastructure improvement, power supply
diversification, energy effectiveness, the best use of local
resources and in addition considerably increasing reliability.
All these projects of the base tendencies are represented in the
new action plan of EU Energy Security and Solidarity. The
integration of the Baltic countries into the EU power network is
the main target for future stability and cconomic growth. This

plan provides significant investments for the development of

the new electricity generating capacities and the intersystem
connections between DBaltic, Scandinavia and continental
Europe (shown on fig. 1.)[1].

= ESTONIA
National project
ol Baltic states

BALTIC SEA

dgure 1. Baltic sea power systems

A distinctive feature of electrical networks is their
continuous development associated with load increasing,
implementation of events to improve reliability of power
supply and formation of integrated power system.
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Transmission system development tasks are multi-criterial,
however part of these criteria are not economic. This causes
serious problems and requires special techniques. Such
methods are needed to account also reliability of supply lor
comparable development plans alternatives.

For assessment of the network reliability calculation in
transmission system development tasks, dynamic optimization
model has been created. In this article are given results of
network reliability calculation of State national project.

1. LATVIAN ENERGY MARKET DEVELOPMENT TENDENCY

The primary function of a physical clectricity market is to
establish a balance between supply and demand. In a high-
quality handle this task is an extremely important, because
power shortages entail very substantial socio-economic costs.
A well-functioning power market (fig.2.) ensures that
electricity is generated wherever the cost of generation is the
lowesl at any time ol the day.

Competitive

environment ;
Bilateral

Large
consumers

Commercial .
Consumers
companies

Production

Regulated
monopolics

| Transmission and | |

Distribution
system management

Tigure 2. Baltic market organizing.

Increases in demand will be balanced by more expensive
generation with higher marginal costs. This also gives the
market an indication whether and when new generating
capacity is required. In socio-cconomic terms, this provides a
clear indication of the costs the society would have to bear in
order to incorporate a new output in the system. Where
commercial considerations are concerned, the generators will
receive a good indication of where the break-even point lies for
developing a new generating capacity.
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The strategic objective of Baltic power systems is to
integrate local power markets into the European power market
area and to increase the security of supply in the whole region.
By reaching these goals, with grid infrastructure improvement
the entire Baltic Sea market region would become more closely
integrated into the common European electricity market [2, 3].

III.  RELIABILITY CALCULATION METHOD OF TRANSMISSION
NETWORK

Methods for power system reliability evaluation have been
developed over the past 35 years. Although research still
continues in search of better models and methods but in general
there is substantial body of knowledge that can be used
effectively for analysis and issues related to reliability
management. This knowledge can be suitably adapted to the
liberalized environment in the power industry. From the
observation of the past performance a set of outage models and
corresponding input data are derived using appropriate outage
statistics. In the calculation process of reliability criteria of
transmission network interruptions or disconnections are
reviewed by one and by two simultaneously. In the result of
interruption:

* One or more nodes could be without electric supply;
« Overload in other power lines could occur.

Before network reliability calculation, all nodes with
circuit-breakers should be marked (example is shown in figure
3. and table 1.).

F

Figure 3. Network calculation scheme

Circuit breakers are in nodes A, B, C and E. Nodes D and F
without.

TABLE L FAILURE ELEMENTS
Failure element set of inks M
1 1
2 2
3 34,5

All links which represent failure element are disconnected
at the same time. Element time of interruption U, 1s calculated
as sum of this element links:

Us =Usp tUps +Upy 1)

Network reliability calculation block diagram is given on
figure 4.
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1) Assessment of transmission lines and
compilation of critical lines group

disconnected all transmission lines

!

< 3) Asscssment of two disconnecting transmission lings and

( 2) Reliability criteria calculation onc by one

critical group formation

NN NI

4) Reliability criteria calculation, in succession reviewed all critical
data and simultancously disconnccting two transmission lincs

Figure 4. Network reliability calculation block diagram.

For the operation states calculations of transmission
network consistent load duration curves are applied (fig. 5.). To
assess of the network reliability in transmission system
development tasks following items are calculated [4]:

+ Annual interruption duration, U [hours/year];
* Non delivered energy, W [MWh/year|,
* Costs of energy not supplied, C [TEUR/year|
The function of 1% block is to compose data for the

estimated time limit. Power lines are selected according to
these criteria:

KZ,,E,E,, = Z Trere:l X IPSL,re:l’ 2)
LeM
where L - transmission line ordinal number;
M - disconnected transmission line group;
e - network state;
t - development step number;
re - operational state ordinal number;
Tre operational state (maximal loads)
* " duration [h/year],
Ps transmission line L flow in operational
Lre state re [MW];
_AyDL oy interruption probability of
= 100-8760 "~ transmission line L;
2 _ specific number of failures per 100 kim of
L lines per year;
DL, - transmission line L length [km];
- transmission line L fault prevention
i R

duration [h].
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Figure 5. 12 operational states durations and load levels

This eriterion is labelled as conventional load non-supplied.
This corresponds to electric transmission line Le M in
operational state re to repair duration (asymptotic
unavailability parameter U), multiplicd by flow in line. In the
reliability  caleulation of this criterion only 20 clectric
transmission lines should be taken into consideration in which
transmission line flow is Ps, , , transmission line interruption

probability and thercfore criteria K* arc the highest values.
Such group of transmission lines is marked with value M and is
labelled as critical group of lines. This criterion is necessary in
order to select critical group ol lines and thus reducing
calculation time. Due to the huge scope of calculation, essential
calculation problems could appear because disconnecting lines
by two, sizeable combination number presented. For instance,
if there are 100 elements, combination number for one
operational state: C, =n-(n—1)/2=4950.

In 2™ block, disconnecting in succession all linesLe M ,
first should be tested or checked whether load is disconnected.
If load is disconnected, then amount of non delivered energy
W, is calculated as follows:

rem

W, =2 Ui, P &)
re=1
where  rem - number of operation states;
P, - operation state’s re disconnected load;
L - disconnected transmission line;
U line Z, fault prevention time in

operation state re.

L= A,-DL, v, -Tre, @
' 1008760
In such case non delivered amount of energy will be equal
to non delivered amount of encrgy in the specific line Wund
WLi. If load is not disconnected from the network, it should be
tested whether overload is there or not in other lines, if there
such - it defines:

AP, =Ps,, —Pmax,, )

where  Pmax, - admissible load in link L.
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It is assumed that to provide network normal operation
overloaded lines Li in interruption time, load is reduced by
AP.. The amount of non delivered energy in line Li a
disconnection time is calculated by the following formula:

e
W,

=2 O ARU,,, (6)

re=l LeM,
where A, operation state re line Li at disconnection

el 5 . R
time totally overloaded electric lines.

The 2™ block algorithm scheme is shown in figure 6.

|
Check, load is or {- -=- ‘){ Check, whether the |_ o~

not disconneeted line is overloaded

oL L

an e
Wi=3 Uy, P Wi =Y TAP, Uy,
[=) =T

4

Figure 6. 2" block algorithm scheme

For all lines non delivered energy is:

Wos= 2, W, . (7

LeM,

Costs of energy not supplied:

Gt =6,

el

W (8)

non delivered costs

[EUR/KWh]

where ¢ energy  specific

In the 3" block two simultaneously interrupted electric
transmission lines are reviewed. It is assumed that in the
reliability calculation we should observe only such electric
transmission lines pairs which have highest probability values
of simultancous interruption.  Sclection  simultancously
interrupted transmission lines according the following criteria:

Kipsproes = rZw Tre. o Xy Xy PSupi st )

transmission lines

probability.

where Xy Xy - interruption

In the reliability calculation 100 simultaneous interruption
combinations should be taken into consideration. The selected
set is assumed as two ¢lements interruption critical group.
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In the 4™ block is continued the 3™ block initiated network
reliability criteria caleulation. Reliability criteria are calculated
by algorithm in succession simultaneously disconnecting two
transmission lines. The 4" block scheme is shown on fig. 7.

This method is applied in sofiware T.DM-TG (Latvian
Dynamic Model), by which reliability analysis of transmission
erid, substation and switchgear operation could be performed
as well as technical and economic analysis on dynamic
development process observing reliability economic ratios
[5.6].

s
1
1 %
1 Cheels if Check, if there line ———
1 load is cut congestion 1
1
1
1
- el -
I 1
I i e, rop No
[ Wy = 2Ups, B W,=% ZAR Upy 1
: remt re=lled I
i i
1
' i
! 1
[ g,
Figure 7. 4" block algorithm scheme
where [ simultancously interruptible  transmission

K

lines pair k - £, and £,

IV. RELIABILITY CALCULATION FOR NATIONAL PROJECT OF
BALTIC STATES
For assessment of the network reliability calculation in
transmission system development tasks, model was created
(shown in Fig. 8.), according to transmission development
projects in Baltic. The model takes into account existing
network structure, future development plans and load growth.

Figure 8. National project of Baltic states

For reliability calculation was used 330 and 110 kV
transmission network parameiers, summarized in table 2. Due
to the fact that planned disconnections are sirictly time
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dependent, probability of undelivered electricity in this case is
negligible and not taken into account.

TABLE 1L 330 AND 110 KV NETWORK PARAMUTERS [ 7]
Voltage and line Average frequency of Average recovery fime
type stable fuilures per 100 iy
Jom of lines per year
Overhead line 110kV 13 9
Overhead line 330kV 0.6 11
Cable line 110kV 0.1 18
Cable line 330kV 0,1 22

Development steps of national project of Baltic states are
shown in table 3.

TABLE [I1. DEVELOPMENT STRPS
Name Costs, TEUR | Pemeth |y o, | Operation,
km vear
ETAT TR
J_wluk\ :_u‘\d _\ 1KY mcﬂ}gad 97474.29 125.7 48 2014
ine Grobina - Ventspils
330/ lti’kv subbstation 17142.86 R 49 2014
entspils
330KV and 110KV overhead -~ J 5
line Ventspils-Dundaga 014 gl 2 0
3307110 KV subbstation 17142.86 B 51 2015
Dundaga
330kV and 110KV overhead 1
line Dundaga-K andava Bl 58 22 A
330k and 110KV overhcad 5748.571 23 55 2017

line Kandava-Abavnicki-Tume

330/110 kV subbstation Tume 17142.86 - 53 2017

330kV and 110KV overhead

linc Kandava-Pure-Tume 6032857 6 Eli 2017
330KV and 110KV overhead < a
lin Tume-KNP §538.571 253 56 2019
330KV cable line KNP 28741,71 16.6 57 2019
330KV and 110kV overhead i 11
fine KNP-Imanta 7497.143 343 58 2009
330KV overhead line 1757229 54 e ST

‘['ume-Imanta

For assessment of the network reliability calculation, five
development plans was considered (presented in table 4.).

TABLE IV. DEVELOPMENT PLANS
Investments,

Nr. Plans MEUR

1 Without network reconsiruction 0

2 Grobina—Kandava—Abavnicki-Tume-KNP—Tmanta 151,1

3 Grobina—Kandava—Abavnieki—Tume-lmanta 126,9

4 | Grobina—Kandava—Pure—Tume-KNP-Imanta 1514

5 Grobina Kandava Pure Tume Imanta 1272

Additionally task is divided on commissioning steps into
operation of each part of plans: 2011 — present situation, 2014—
commissioning of the line Grobina-Ventspils, 2015— Ventspils-
Dundaga, 2017- Dundaga-Tume, 2019— Tume-Imanta, 2045—
final development step for which is performed calculation has
been identify in 20435,

Tables 5 and 6 show compilations of critical groups (or one
and simultaneously two lines disconnection for first operational
state in 2011, After determination of critical group, the
caleulation of reliability criteria is performed, taking into
account constraints set forth in chapter III. This calculation is
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repeated for each year of development, taking into account load
growth and new lines.

TABLE V. CRITICAL GROUP OF LINES FOR F¢ = | IV 2011
Link lengti I e T'. Criteria K%
_probabii line Lflow
7 732 0,00058164 54.67 10,0318
[ 44,5 0,00033527 78,1 0,0262
6 89,2 0,00067205 29,65 0,0199
43 132,1 0,00176435 8,04 0,0142
15 89,9 0,00120072 11,61 0,0139
41 51,7 0,00073058 16,98 0,0124
16 61,1 0,00081606 10,77 0,0088
45 38,7 0,00051688 15.62 0,0081
28 323 0,00043140 17,29 0,0075
42 555 0,00074127 9,62 0,0071
9 146 0.00011000 55.54 0,0065
11 322 0.00043007 13,2 0,0057
10 322 0.00043007 13.18 0,0057
14 324 0.00043274 11.73 0,0051
27 26.8 0.00035795 13.21 0,0047
31 36.7 0.00049017 9.63 0,0047
44 219 0.00029250 13,78 0.0040
39 19.1 0.00025510 14.16 0.0036
29 229 0.00030586 1012 0.0031
38 10,5 0,00014024 20,14 0,0028
TABLE VI PART OF TWO FLEMENTS INTFRRUPTION CRITICAL GROUP
Link § Linkj Criteria K*
7 8 0,000833
7 3 0,000634
[ 8 0,000522
7 43 0,000451
7 15 0.000443
7 41 0.000394
8 43 0.000371
8 15 0,000365
8 41 0.000325
6 43 0,000283
7 16 0,000279
6 15 0,000278
7 43 0,000257
6 41 0,000247
6 28 0,000237
7 42 0,000227
8 45 0,000211
7 9 0,000208
43 1S 0,000198
8 28 0,000195

To compare reliability criteria with investments the costs of
energy not supplied are calculated and presented in table 7 and
for the specific costs of non delivered energy assumed

5, 75EUR/KWh.

TABLE VII.  COSTS OF ENERGY NOT SUPPLIED ( TEURYEAR)

year l.plan 2.plan 3pl 4.plan S.plan

2011 11382.17 | 1138217 | 11382,17 | 1138217 | 11382,17
2014 12065.09 | 1148440 | 1148440 | 1148440 | 1148440
2015 12406.57 | 1213509 | 1213508 | 1213509 | 12135,09
2017 13089.49 [ 1176303 | 1176303 | 1177211 | 11772.11
2019 1377246 | 1261354 | 1282846 | 12623.03 | 12838.00
2045 21057.03 | 1928503 | 1961377 | 19299.66 | 19628.34
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The results show the change of encrgy not supplied in time,
with introduction of new lines. 2™ plan is more reliable than
other plans, but more expensive. Due to the fact that
developing task i1s a multi-criterial and each rate should be
compared with investments, so, to choose the best case
scenario should be taken into account all factors: rehability,
investment, operating costs, energy losses, technical suitability,
ete.

V. CONCLUSIONS

Further development of the Baltic electricity market 1s
conditioned by completion of the infrastructure prajects and
amendments in Energy Legislation. Closer integration with the
Nordic (Finland, Sweden, Denmark and Norway) electricity
market will increase the reliability of supply in the Baltic,
besides, it will allow the market participants to take advantages
of wider common electricity market

This research is focused on relisbility improvement of
transmission system of Baltic States according future network
development.

Proposed Method and created model are appropriate for the
solution of following tasks: 1) transmission system reliability
caleulation 2) transmission network structure’s and
configuration’s selection 3) evaluation of transmission system
future development plans in liberalized market conditions.
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Assessment of Wind Production Impacts to a Power
System and Market Formation in Baltic
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Abstract - This paper is related to an actual problem of
expanding wind production integration to the power system and
electricity markets. The model for simulation of wind production
curves according to develop t of wind capacities in Baltic is
proposed. In order to evaluate the effect of the wind power
integration to the price formation as well as level of system
penetration by wind, methodology and algorithms which taking
into account development scenarios in Baltic are presented.

Keywords — Distributed power, Modeling, System integration,
Wind energy

I INTRODUCTION

Numbers of wind power projects in Baltic region was
proposed in last period. Integration of wind generation into
power production mix has significant impact to the power
system (PS) operation as well as to the electricity market.

The aim of study is assessment of wind production impacts
related with considerable wind installation in future,
developng of methods and algorithms enable simulations
from wind conditions to final impact on a system. In a paper
are proposed algorithms and methodology for estimation of
those impacts including model which 1s capable to generate
wind production curve assuming real wind conditions in a
region. Results of regional wind production modeling
presented in this article contains wind production and duration
curves with application of different smoothing approaches,
estimation of seasonal diversity of wind generation in different
stages of future development of wind installations as well as
comparison of annual production obtained by proposed model
with expected targets in a field of wind production in Baltic.
The final part of study is aimed to a estimation of power
system penetration by wind generation and assessment of
merit-order effect according to development scenarios of the
PS in Baltic till 2020. The wind power production is based on
real wind conditions in Baltic region and expected
development of installed wind capacities.

II. WIND GENERATION MODELLING

Wind power and thus its modeling 1s significantly different
from the other power technologies. Generation has specific
characteristics, ncluding variability and geographical
distribution. The methodology and model presented in further
part integrates specific features of large-scale wind generation
deployment and regional wind conditions.

A. Tendencies of installed wind capacities in Baltic

The development of wind capacities in Baltic which are
assumed in this study is based on planning and assumptions
presented in National Renewable Energy Action Plans

(NREAPs) published by three Baltic states (EE, LV, LT)
related to development of wind generation capacities, both
onshore and offshore by 2020 [1]. The offshore installations in
Baltic are planned from 2017 mainly in Estonia and to a lesser
extent in Latvia. Considering the technical availability of wind
turbines which is generally at the very high level compared to
other types of production sources, for further assumptions is
envisaged at 97% [2]. A value of decreased available wind
installed power Ppgc in Baltic shows table 1.
TABLEL
TECHNICALLY AVAILABLE WIND CAPACITY

Year 2011 2016 2020

Ppec (MW)

402 1124 1553

High level of technical availability is one of the significant
advantages regarding to reliability of supply from distributed
wind power installations in the power system. The
requirements of maintenance or unplanned breakdown of
single unit has negligible effect on overall wind production.

B. Estimation of regional wind conditions

Anmual wind conditions applied for simulation of wind
power production were measured at hourly basis in height of
10m at coastal part of Estonia in 3 localities and subsequently
recalculated for wind speed conditions in height of 60m by
equation 1

V.=

A V{HEJ cfor =035 (@]

0

In further calculations, the averaged wind speed values are
used. Occurrence of averaged annual wind speed shows Fig. 1.

Occurence %
~
b

5 —P
o | —

10to 15 25 to 30

0tos 5to 10 15t0 20 201025 30to35

Wind speed m/s

Fig. 1. Averaged wind speed occurrence.
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C. Aggregated wind power characteristics modeling

To derive power output of installed wind capacity, the
following model expressed by equation (2) has been
mtroduced. This expression merges typical aggregated wind
farm power curves both offshore and onshore [2]

P = ay e @B | b
g GBI Gt @)
tag-e @bV o o Gbe) e

e ben)?

+a

Variable “X” represents averaged wind speed (m/s) in every
particular hour. Values of the coefficients to the formula 2 are
shown in table 2.

TABLEIL
APPLIED COEFFICIENTS

al | 003402 [ b3 | 1613 | c5 | 3818

bl | 7,712 c3 | 0,5106 | a6 | 04647
el | 2281 | a4 | 107 | b6 | 13,16
a2 | -01338 b4 | 2143 | 6 | 4155
b2 | 1948 | ca | 249 [ a7 | -10,07
2| 1,606 | as | 06206 | b7 | 2145
a3 | 0009714 [ b5 | 17,15 | c7 | 244

Tn order to obtain generated power according to wind speed
via production curve of aggregated wind farm (Fig. 2), the
difference in characteristics between onshore and offshore
nstallations are neglected.

1

09 —r—

08 v_‘\

0:7 / \

06

075 / \

0:4 \

% of rated power/100

o 7 )\

01 \
N o Near

0 5 10 15 20 25 30
Wind speed m/s

Fig. 2. Production curve of aggregated wind farm.

The  resulting production curveis  labeled  as “raw”
production curve with relatively high volatility of production.
Averaging of the wind speed has partial impact to the shape of
output production curve, so dynamics of variations has been
decreased. However, in order to achieve characteristics
observed and measured in real conditions, incorporation of so-
called large-scale deployment smoothing effect (LSDSE) of
wind production is performed in the next step.

D. Large-scale wind genevation deployment

Large-scale wind power deployment has a significant

impact to the shape of aggregated wind production curve. The
more wind deployed the less dynamic fluctuations are
achieved and therefore decreasing effect of aggregated wind
generation in territory as production from “intermittent”
energy source.
In order to incorporate this effect, the output curve of the
aggregated wind farm (Fig. 2) 1s smoothed by the moving
average method. A moving average smooths data by replacing
each data point with the average of the neighboring data points
defined within the span. This process is equivalent to lowpass
filtering with the response of the smoothing. Smoothing
algorithm applied in this task is given in figure 3 below.

| Begin Hj=1Hi=lH
g
while i < 8760
Alhour(iy=P(i)—P(i+1)
N

Alhour > | v - J=J+l
Pype-30% = P=F
while i <8760

Pli-)+PU-j+D+.. .+ P+ ))

span

No

(]l

Fig. 3. Flowchart of incorporated smoothing algorithm.

Where, P(i) is the wind production value in hour #, Ps(i) is
the smoothed value for the i data point, j is the number of
neighboring data points (hours) on either side of Ps(i), and
2j+1 represents the span.

The moving average smoothing method follows these rules:

e  The span must be odd;

e The data point to be smoothed must be at the center
of the span;

e The span is adjusted for data points that cannot
accommodate the specified number of neighbors on
either side;

e The end points are not smoothed because a span
cannot be defined.

Takes into account experience and measurements of
extreme variations of large scale regional wind mnstallations
also shown in literature [2], the following criteria for
dynamics of changes in wind production was chosen. The
maximally allowed positive and negative ramp rate between
neighboring hours is at 30%, within 4 hours at 50% and within
12 hours at 70% of technically available installed wind
capacity (Ppec). In addition, the 2 approaches in smoothing of
“raw” production curve are applied. The first, labeled as
“sequential smoothing” involving all aforementioned criteria
for dynamic changes successively, the second labeled as
“direct smoothing” employs in smoothing directly only
criterion about 70% maximally allowed positive or negative
ramp rate within 12 hours. The results of applied smoothing
are shown in figure 4.
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Fig. 4. Example of one week smoothed wind production.

After the smoothing of “raw” production curve has been
incorporated the term “intermittent’ is for system-wide wind
power substituted by the term ‘variable output’ and used
instead in further considerations.

The procedure that was used to simulate power production
by wind power plants in Baltic is summarized and presented
by algorithm i figure 5. Input data to the simulation of actual
wind production comprises, estimated real wind conditions
(dashed box) and installed capacity decreased by technical
availability. Subsequently, the curve obtained through model
of aggregated wind farm is smoothed by methods in detail
described in chapter D.

Wind conditions

H H

1 Hourly wind speed V, !

: (m/s) :

H Measurement points, p=3 :

H Hy=10m :

H « H

H H H=60; \

Total Wind i V,=Vo|— | ~ _ m |

. H H, a=0,35 H

installed power | 0 !

Py, (100%) | :

v i | Wind speed averaging i

Technical i i

availability | T
(97%) X

Aggregated wind
farm curve

Wind production curve
(not involved LSDSE)

LSDSE
incorporation

Wind production curve
(assumed LSDSE)

Fig. 5. Wind production curve simulation algorithm.

IIT. RESULTS OF REGIONAL WIND PRODUCTION MODELING

The deliverables obtained from simulation of the wind
production are presented in this part of article and contains
raw and smoothed production curve in Baltic 2020 scenario,
monthly diversity of wind generation and duration curves with
different smoothing approaches for 2011, 2016, 2020

scenarios, capacity and load factor estimation as well as
comparison of the annual Baltic wind production obtained by
model and expected values in NREAPs 2011-2020.

Using the algorithm shown in figure 5, according the Baltic
wind development scenaric 2020 has been generated
smoothed wind production curve in Baltic given in figure &
below. The smoothed production curve should be regarded
without curtailment physical
production.

of wind production as

1600
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Fig. 6. Annual’raw” and smoothed Baltic wind generation in 2020.

Seasonal diversity of wind production affect proportion of
wind impact to a overall PS and exposing needs for power
capacity reserves. Result of average monthly generation by
wind for assumed development scenarios indicates figure 7.
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Fig. 7. Average monthly Baltic wind generation.

Within the year may be seen considerable variations in
average wind generation. The lowest contribution in
compliance with the figure 7 is expected during 1st (January
to April) and 2nd (May to August) thirds of the year, however,
during the 3rd third (September to December) a substantial
contribution of wind production could be expected. Observe
the seasonal and inter-annual variation of wind power
production is crucial in tasks of wind power integration to a
power system. The results are important in strategic power
system planning as well as for estimation of long-term impacts
to a electricity prices. The less importance and significance
have these results to a short-term power system management
and operation.
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Fig. 8. Baltic wind duration curves for development scenarios 2011, 2016 and
2020.

Duration curves in figure 8 illustrate the relationship
between level of wind generation and number of hours for 3
development scenarios (2011, 2016, 2020), moreover, with
estimation of changes in shapes due to the incorporation of the
smoothing effect. The curves are made by sorting all
generation values of the 8760 hours in particular year in
decreasing order. Comparing the shapes of “raw" and
"smoothed" production curves is evident that improvement of
flatness decreasing production in peak production hours,
however, spreading this production to the remaining hours of
the year. Capacity utilization rate provides important and easy
comprehensible characteristics of production source. In
general might be concluded, the flatter generation-duration
curve, the better it is for grid operation.

The capacity factor (Cy) and load factor (L) of wind generation

obtained from simulation and calculated by Eq. 3 and 4
reached the value 0, 26 and 0, 29 respectively.
t

J'p(t)dt

Crml MWW ()
Pinst ¥t
Pav

L= s (- MW, MW) C)]

Where, P, 1s total wind installed power; P, is the average
wind generation in time period f, P,. represents peak
production of wind plants during the time period .

Results of annual wind production simulation comparing to
the targets in National Renewable Energy Action Plans
(NREAPs) of the Baltic States are presented in table 2.

TABLE III. SIMULATED AND EXPECTED WIND PRODUCTION
Results | NREAPs Results | NREAPs
Year MWh MWh Year MWh MWh
2011 | 942476 901000 2016 | 2632868 | 2385000
2012 | 1399022 | 1095000 | 2017 | 2850606 | 2853000
2013 | 1640172 | 1579000 | 2018 | 2979375 | 3087000
2014 | 1914100 | 1843000 | 2019 | 3389096 | 3251000
2015 | 2061600 | 2133000 | 2020 | 3637270 | 3697000

IV. IMPACTS OF THE WIND DEVELOPMENT TO A POWER
SYSTEM AND ELECTRICITY MARKET

Integration of wind generation into power production mix
has impact to the power system operation as well as to the
electricity market due to the specific technical/economic
features of such type of power source. In this chapter is
proposed algorithm (Fig. 9) including evaluation of the system
penetration and estimation of so-called “merit-order” effect
(see Ch. IV-B) according to the PS development in Baltic.

‘Wind production curve
in year ,n*
(incorporated LSDSE)

Other power
sources in year , n*

Overall power production
structure in year ,,n™

= |

MC
determination by type
of power plant

‘Wind penetration of
System in year ,.n"

Power production
in year ,n" — merit order

l

Wholesale MCP
formation

Cross border

capacity (NTC

Demand

Fig. 9. Merit-order effect & wind penetration of PS — estimation algorithm.

In order to evaluate the effect of the wind power integration
to the price formation and level of system penetration by wind,
the development changes in power production mix and
extension of cross-border transmission capacities in Baltic are
based on following assumptions: Increase in overall RES
production is in compliance with data published in NREAPs
[1]. Capacities of other power plants in Baltic generation mix
for development scenarios 2016 and 2020, only the main,
confirmed projects are taken into account. Marginal costs of
production for different types of power production technology
are based on present and projected values published in [4].
Assumed new interconnection projects between Baltic and
neighboring countries are: By 2013 Estlink IT 650 MW (EE-
FIN) and by 2016 NordBalt (LT-SWE) 700 MW. The LitPol
contribution (I.T-PL) is to be considered on 300MW in 2020.
Towards non-EU countries, the constant 1500 MW
transmission capacity is considered [3][6][7].

A. Wind penetration of power system

The impact of wind power to the electricity system depends
mostly on the level of wind power penetration [8]. For Baltic
scenarios 2011, 2016 and 2020 are calculated coefficients of
wind penetration according to development of generation,
transmission capacities and forecasts of system load.
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Wind energy penetration is determined as the percentage of
total demand W ;s covered by wind energy Wy ... in Baltic
region estimated on an annual basis according to equation 5:

)

W,
Wigp = —222L 160 : (%, MWh, MWh)

A total
The wind power capacity penetration shows relation of total
installed wind capacity Ppg- to the peak load P, in region
for the estimated time period (winter/summer) as follows:

— PDXC

Cy 100 ; (%, MW, MW) (6)

The maximum share of wind power focused on power

balance assessment in region is based on minimal load value

Py, maximal wind load Py,,. and available cross-border
capacity Pjy-calculated as:

By max
Spmay — = ———100; (%, MW, MW, MW)
R I

Y

0% =Sy o =100 % - Non-curtailed wind production;

Sy max =~ 100 %6 - Required curtailment of wind production.

However, requirements for the wind production curtailment
could appear due to the internal network constrains, therefore,
non-curtailed wind production is assumed only in a case that
capability of internal network is sufficient

The dispropoertions in seasonal availability mainly CHP and
hydro production could significantly devalue veracity of
results, thus, calculation is performed for winter and summer
conditions. Results of wind penetration assessment for all
scenarios are summarized in table 4.

TABLE IV. BALTIC SYSTEM PENETRATION BY WIND

Scenario/Year 2011 2016 2020
Wyp 34 84 10,4
Winter 17 19,1 237
CWP
Summer 11,5 28,2 349
Winter 79 16,1 21,1
Swmax
Summer 5,6 11,2 14,5
Swiax Winter 11,7 21,2 27,2
Only Pxrc to El
©nly Pure v Summer 9,7 15,8 20,1

B. Merit- order effect of the wind production

Currently, the merit-order effect characterizes influence of
the electricity produced under feed-in-tariff (FIT) law to the
wholesale electricity price in way that average cost of
clectricity decreases, The FIT are proposed as temporary
system of subsidies, however, in long-term perspectives may
be direct merit-order effect caused by wind production
(currently covered by FIT) expected as well. The reason is
bidding strategies which are used by power producers to join
the short-term organized markets (e.g. Nord Pool Spot). The

offer bids of generators on those short-term markets are often
placed on level of so-called short-run marginal costs (SRMC)
of particular producer [9]. The SRMC of wind production are
close to zero, it means that wind production enters bottom of
the marginal cost curve i.e. supply curve.

An example of engagement wind production into estimated
Baltic merit-order generation at the basis of SRMC extended
with transmission capacities for summer (July) and winter
(January) conditions in 2020 scenario are shown in Fig. 10 and
Fig. 11 respectively. Level of load in the system represents
estimated minimal, average and maximal load during January
and July in Baltic 2020. To better distinguish situation, the
supply curve is shifted at maximally achieved level of wind
production in 2020.
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Fig. 10. System price formation in winter scenario 2020.

The most significant difference in presented snapshots is
caused by CHP production, which is for summer scenario
considered at 500 MWe and for winter scenario 2000 MWe.

Load of system (demand) is modeled as inflexible,
determination of market clearing price (MCP) and market
clearing volume is based on power pool principle, so-called
one-sided auction.
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Fig. 11. System price formation in summer scenario 2020.
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It is quite evident that shifting of entire production curve
due to inclusion of wind power is not constant throughout the
year. The variation differs according the wind condition
seasonally and partially from year-to-year. The range of
shifting and its duration might be clarified by duration curves
of wind production. These have been on annual basis obtained
by wind production modeling and presented also for 2020
scenario in figure 8. However, to the price formation process
and thus on the resulting price have impact countless number
of factors. Inmid and long-term perspectives such as structure,
disposition and availability of power sources, level of
commercial capacities of cross-border lines and also structure
and level of demand. The demand side management programs
appear to have a crucial role in future integration of wind, to
deal with negative impacts to a power system as well as
reduce the price volatility.

V.CONCLUSIONS

The article proposing algorithm and manner of wind

production simulation based on real wind conditions. Effect of
the large-scale deployment wind generation has been
considered through different approaches of wind production
curve smoothing and incorporated to the proposed algorithm
of wind production modeling. Subsequently, simulated wind
production curves were applied in order to calculate wind
penetration of Baltic power system according to forecasted
state of generation, transmission and load mn particular
scenario and seasonal conditions with summarized results.
According to deliverables and results of this study the several
conclusion related to a wind penetration of power system and
electricity market could be made: Results obtained by model
are comparable with targets published in NERAPs, level of
system penetration by wind in compliance with methodology
and evaluation criteria shows that for all assumed scenarios
are values within acceptable range. Though, the considerable
difference of results could be observed m a case of
disturbances when substantial amount of generation capacity
of conventional power plants or transmission capacities is out
of operation. Integration of the wind production will increase
price volatility, both seasonal and short-term, however,
estimate the exact effect of wind production to the electricity
prices is not easy task. One of the expected influences of wind
power on electricity market has been presented in Baltic
development scenario 2020 through merit-order effect caused
by wind production As could be derived from presented
snapshots, integration of wind production will reduce need of
most expensive conventional plants which can lead to
lower average prices for electricity. Should be noticed that
expansion of power production capacities with low marginal
costs of production might have also negative impact to the
conventional generators, mostly caused by decrease of their
load factors, hence, reducing ability sufficiently cover total
production costs.
From the long-term perspectives, effects of wind integration
into generating portfolio could be evaluated as positive,
regarding to improved generation and transmission adequacy
as well as system reliability.
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Abstract - This article is related to an actual problem of electricity
markets, particularly to the impacts caused by wind production
integrated into generation portfolio. The methods and algorithms
which enable modeling and simulation of wind production taking
into account regional wind conditions to the final impact on
electricity market price are presented and demonstrated on
Baltic region in different development stages till 2020, New
probabilistic method for estimation of wind generation influence
to a clectricity price formation is proposed in this paper as well.

Keywords - wind generation; power system; energy market

| INTRODUCTION

A considerable extension of wind capacities causes
structural changes in European electricity markets and affecting
electricity market prices. In general, incorporation of wind
generation nto electric power system could be evaluated as
positive according to decrease of probability of system
deficiency especially in a case of insulated or weakly
interconnected power systems, however, in the same way
probability of system surplus arises. To mitigate negative
impacts in periods of system surplus due to the wind generation
as well as deficiency in low wind production proper interstate
transmissien capability is required [1]. An appropriate market
orgamzing by adequately liquid power exchange is needed as
well in order to spread volatile wind production (bids from
wind generators) to a wider area. Hence, the aim of this paper
is propose the algorithms and perform calculations of wind
impacts on market operation, including probabilistic method
for estimation of wind production impact to the market price
formation. In order that proposed methods provide applicable
and valuable output, these are applied for Baltic region to
obtain results. The wind power production is based on real
wind conditions in Baltic region as well as on expected
development of installed wind production capacities. The
overall work consists of two main subsections:

1. Wind generation modeling;

2. Assessment of wind generation impacts to a power system
and market formation

The subtasks of Subsection 1 contain estimation of wind
conditions in a Baltic region and its statistical evaluation.
Proposal of aggregated wind power characteristics modeling

Michal Kolcun
TUKE FEI KEE
Kosice, Slovakia

Michal Kolcunggtuke.sk

Artjom Obushev
Institute of Physical
Energetics
Riga, Latvia
artjomsoi@edi.lv

and application in different development stages of installed
wind capacities (2011, 2016, and 2020). The subtasks of
Subsection 2 contain algorithm for wind production impact
evaluation based on simulated wind production curves (from
Subsection 1), calculations of wind penetration of power
system, analysis of spot market participants’ behavior as well
as proposal for probabilistic method used n market clearing
price determination with example and evaluation of results

11 WIND GENERATION MODELLING

The simulation of actual wind production is based on
estimation of real wind conditions taking into account
technically available mstalled wind capacity. These input data
are used in order to obtain “raw” power production curve,
which is in the next step smoothed according to characteristics
of aggregated production from large-scale deployed wind
installations by so-called: large-scale deployment smeothing
effect (LSDSE). The algorithm to solve this task is presented in
Fig. 1.
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Figure | Wind production cumve simulation algorithm
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A.  Estimation of Wind conditions

Annual wind conditions applied for simulation of wind
power production were measured at hourly basis in height of
10 meters at coastal part of Estonia in 3 localitics and
subsequently recalculated for wind speed conditions in height
of 60m by (1).

o
V, = VU(HEJ ;for ¢ =0,35 (€))

0

In further calculations are used the averaged wind speed
values obtained from 3 measurement points. Occurrence of
averaged annual wind speed in a region is shown in Fig. 2.

Occurence %

; 4‘:}
0 —_—

0tos 5to 10 10to 15 15t020 20t0 25 25 to 30 301035

Wind speed mis
Figure 2. Averaged wind speed occurrence.

B. Tendencies of installed wind capacities in Baltic

According to a National Renewable Energy Action Plans
(NREAPs) all of three Baltic states (EE, LV, LT) related to
development of wind gencration capacitics, both onshore and
offshore installations, the development by 2020 in Baltic is
summarized in Fig. 3 [2]. The offshore installations in Baltic
arc planned from 2017 mainly in Estonia and to a lesser extent
in Latvia.
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Figure 3. Baltic wind installed capacity growth.

Considering the technical availability of wind turbines
which is generally at the very high level compared to other
technologies, for further assumptions is envisaged at 97%
[3]. Values of available wind installed power shows Tab. 1.

TABLE L TECHNICALLY AVAILABLE WIND CAPACITY
Year 2011 | 2016 | 2020
Pppc (MW) | 402 1124 1553

Its a confirmation of onc of the significant advantages
regarding to reliability of supply from distributed wind power
installations in the power system, that breakdown of a single
unit has a negligible effect on overall availability.

C.  Aggregated wind power characteristics' modeling

To derive power output of installed wind capacity, the
following model expressed by formula (2) has been introduced.
This expression merges typical offshorc and onshore
aggregated wind farm power curves [1].

2 82

@) =aq e~ (G=bp)/en) tay-e ((x=b2)/c2)
P2 e v 82

+ay o~ ((3B3)/e3) +ay-e ((x=by )/ cq ) 2)
mbsyes? o (Gt )e)?

2
Lo~ (x=bp)le7)

+as-e
+a;
Variable “x” represents averaged wind speed (m/s) in every

particular hour. Values of the cocfficients to the formula (2) are
given in Table 2 below.

TABLE IL. APPLIED COEFFICIENTS
al | 003402 [ b3 | 16,13 | ¢5 | 3,818
bl | 7.712 3 | 0,5106 | a6 | 0.4647
cl | 2281 | a4 | 107 [b6 | 13,16
a2 | -0,1338 | b4 | 2143 | o6 | 4,155
b2 | 1948 | c4 | 2496 |a7 | -10,07
2 | 1,606 | a5 | 06206 | b7 | 21,45
a3 | 0,009714 | b5 | 17,15 | ¢7 | 2,44

In order to obtain generated wind energy according to wind
speed via aggregated wind farm power curve (Fig. 3), the
difference in effect between onshore and offshore installations
is neglected.
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Figure 4. Production curve of aggregated wind generation capacity.
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The resulting production curveis  labeled as “raw”
production curve with relatively high volatility, mainly due to
the fact that large-scale deployment smoothing effect (LSDSE)
of wind production is in this moment only partially involved
via wind speed averaging,

D.  Large Scale Wind Generation Implementation

Large-scale wind gencration deployment has a significant
impact to the shape of aggregated wind production curve. The
more wind deployed the less dynamic fluctuations are
achieved. Thus, the effect of aggregated wind generation in
territory as production from intermittent energy source
decreasing with increase of installed wind capacity. Taking into
account experience and measurements of extreme variations of
large-scale regional wind power as percentage of installed
capacity and distribution of variations, |3] smoothing of “raw™
power production curve has been involved. The conscrvative
smoothing effect applied to the “raw” production curve
considers with maximal positive and negative ramp rate of
power within the time span 12 hours at 70% of technically
available installed wind capacity. The result of applied
smoothing effect is shown in Fig. 4.
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Figure 5.

After smoothing of the “raw” production curve, the term
“intermittent” for system-wide wind power production
substituted by the term “variable™ and used instead in further
considerations, Applying the algorithm shown in Fig. 5 for the
wholc year of cach of assumed devclopment stages has been
generated smoothed wind production curves in Baltic shown in
Fig. 6, 7 and 8 respectively. The smoothed production curve
should be regarded without curtailment of wind production as
physical production i.c. as supply bids of wind generators.
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Figure 6.  Annual “raw” and smoothed Baltic wind generation in 2011.
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Figure 7. Annual “raw” and smoothed Baltic wind generation in 2016.
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Figure 8. Annual “raw” and smoothed Baltic wind generation in 2020.

The smoothing effect is more significant on Fig. 7 and Fig.
8 rather than Fig. 6, due to the greater wind installations.

Results of annual wind production obtained by proposed model
are compared with the targets published in the National
Renewable Encrgy Action Plans (NREAPs) all of three Baltic
states and presenied in Table 3.

TABLE IIL. SIMULATED AND EXPECTED WIND PRODUCTION
Results | NREAPs Results | NREAPs
Year MWh MWh Year MWh MWh
2011 | 942476 001000 [ 2016 | 2632868 | 23835000
2012 | 1399022 | 1095000 | 2017 [ 2850606 | 2853000
2013 | 1640172 | 1579000 | 2018 [ 2979375 | 3087000
2014 | 1914100 | 1843000 | 2019 [ 3389096 | 3251000
2015 | 2061600 | 2133000 | 2020 | 3637270 | 3697000

Seasonal diversity of wind production affecting proportion
of wind impact to the entire PS as well as exposing nceds for
power capacity reserves. Results of average monthly
generation contribution by wind in all three development stages
indicate Fig, 9.
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Figurc 9. Average monthly Baltic wind gencration

LI ASSESSMENT OF WIND PRODUCTION IMPACTS TO A
POWER SYSTEM AND MARKET FORMATION

In order to evaluate the effect of the wind power integration
to the electricity market, the price formation is considered
before and after the wind power deployment according the
increase of load, changes in power generation mix, extension
of cross-border capacities and level of wind penetration in
particular  development stage. The abovementioned
assumptions are used o estimate these impacts on Baltic
market formation in compliance with proposed algorithm
presented in Fig. 10 for vears 2011, 2016 and 2020.
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Tigure 10. Wind production impacts evaluation algorithm.
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To increase available generation capacity of other power
plants in Baltic generation mix in 2016 and 2020 compare to
the current situation, only main confirmed projects and increase
of overall RES production according to NREAPs has been
taken into account. Marginal costs of production for different
types of power production technology are based on present and

projected values in [4]. Extension of exporting capacities by
new interconnection projects between Baltic and neighboring
countries are assumed as follows: By 2013 Estlink IT 650 MW
(EE-FIN) and by 2016 NordBalt (LT-SWE) 700 MW. The
LitPol (LT-PL) is not assumed till 2020 contribute to capacity
expansion. Towards non-EU countries is considered with
constant 1500 MW transmission capacity |5]|6]]7].

A. Wind penetration of power system

The impact of wind power to the electricity svstem depends
mostly on the level of wind power penetration [8]. For Baltic in
2011, 2016 and 2020 are calculated coefficients of wind
penetration according to forecasts of generation, load and
transmission capacities.

Wind energy penetration is determined as the percentage of
total demand W .., covered by wind energy Wy ., in Baltic
region estimated on annual basis according (3):

Wygen
Wyp = ——100 ; (%o, MWh, MWh) 3)
Wfl roral
The wind power capacity penetration shows relation of total
installed wind capacity Ppgc to the peak load Py, in region
for the estimated time period (winter/summer) as follows:

Cop = Lore 199 1 (%, MW, MW) )
1omax
The maximum share of wind power focused on power
balancc asscssment in region is based on minimal load valuc
PLyin. maximal wind load Py, and available cross-border
capacity Pyyecalculated as:

Py
=—mE g0 (% MW, MW, MW)  (5)

Sy
W omax
Frmin T Pyrc

0% < Sy aw 100 % - Non-curtailed wind  production;

‘Sﬁ" max

> 100 % - Required curtailment of wind production.

The disproportions in scasonal availability mainly CHP and
hydro production could significantly devalue veracity of
results. Therefore, calculation is performed for conditions in
winter and summer scenarios. Results of wind penctration
assessment are summarized in Table 4.

TABLETV. BALTIC SYSTEM PENETRATION BY WIND
Scenario/Year 2011 2016 2020
W 34 84 104
Winter 7.1 19,1 23,7
Cywr
Summer 11.5 282 34.9
Wint: 79 16,1 21,1
Swie eker - .
Summer 5.6 112 14,5
Swmar Winter 11,7 212 272
(Only Pyc to EU)
Summer 97 15,8 20,1
137

108



Proceedings of PMAPS 2012, Istanbul, Turkey, June 10-14, 2012

B.  Wholesale Market Clearing Price formation

Spot price on electricity market obtained as intersection of
aggregated bids of consumers (demand curve) and producers
(supply curve) is considerably dependent on shapes of those
curves formed by bidding behavior of market players.
To confirm simplified approach in spot price modeling as
system with low demand flexibility, behavior analysis of
bidding on biggest power exchange Nord Pool Spot (NPS) has
been performed [9]. The Results of one-day “buy” and “sell”
behavior are presented on Fig. 11 and Fig. 12 respectively.
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Figure 11. One day NPS PX consumers’ “buy” bidding behaviour.
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Figure 12. One day NPS PX producers’ “sell” bidding behaviour.

Short-term demand and production flexibility analysis
shows several important facts. Roughly 90% of consumers’
bids are placed at the maximal available value of 2000€ per
MWh, thus only 10% could be assumed as at least partly
flexible price responsive demand. Roughly 35% of the sell-bids
of generators is within the range 0 to 2000 €/ MWh, about 5% -
within the range 200 to 0 €/ MWh and even maximal negative
bids at -200 €/ MWh are willing to pay by 60% of producers. Is
an important to note that bids of generators are placed at the
level of short-run marginal costs of production (SRMC) rather
than long-run marginal costs of electricity production (LRMC).

C. By Wind production influenced probability of MCP
Jformation

Increase of wind installations as production source with
variable output and significant seasonal output variations
affecting MCP formation according to proportion of wind
installed capacity and attributes of remaining power production
as well as demand. In order to estimate probability of wind

production and thus its affecting of the price formation, 3 zones
depicted in Fig. 13 are introduced.

Z1 z2 z3

0 Pprc-75% Ppec-25%

Porc
Figure 13. Wind production probability zones.

The probability that wind production will be within one of
denoted zones is probability that in same way the shifting of
production curve occurs (see Fig. 15 and 16). Results of wind
production probability based on smoothed wind production
curve in Baltic are shown in Fig. 14.

Figure 14. Monthly probability of wind productionoccurrence.

To conclude Fig. 14 the highest probability of power
production occurs within the range 0 to Ppgc.7se, during entire
year in compliance with Fig. 13 denoted as zone Z1. In a lesser
extent probability of production within Z2 and relatively low
probability of wind power production within Z3.

The example of engagement of abovementioned wind
production probability into forecasted typical Baltic merit-
order generation (see Ch. III) at the basis of SRMC extended
with transmission capacities for summer and winter conditions
in 2016 scenario are shown in Fig. 15 and Fig. 16 respectively.
To better distinguish situation, the curve is shifted at maximal
achievable level of wind production.
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Figure 15. System price formation in winter scenario 2016.
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Figure 16. System price formation in summer scenario 2016.

Based on conditions modeled in winter (January) and
summer (July) 2016 is possible conclude that with highest
probability (Z1) in winter conditions MCP will not drops down
due to the wind production in both average and peak load
levels. The same highest probability (Z1) applied in summer
conditions shows that MCP will not drops down due to the
wind production in both average and peak load as well.
However, this conclusion assumes operation of generators and
interconnections according to presented snapshots in Fig. 15
and Fig. 16. Disturbances might cause MCP re-formation what
could be also estimated on modeled scenarios. To achieve
higher sensitivity of “production shifting” the larger number of
narrower zones should be defined, however, to keep veracity of
occurrence probability for every zone requires higher quality
and amount of input statistical data.

IV. CoNCLUSIONS

Algorithm and simulation of wind generators” biding based
on real regional wind conditions and large-scale deployment of
dispersed wind generation through smoothing effect algorithm
of overall wind production was elaborated and implemented
into Baltic development stages in 2011, 2016 and 2020.
Subsequently, simulated wind production curves were applied
in order to calculate wind penetration of Baltic power system
according the forecasted state of generation, transmission and
load in particular development stage and seasonal conditions
with presented results. By analysis of bidding behavior of spot
market participants was estimated price flexibility of producers
and consumers. Results of analysis shows, inter alia, extremely
low consumers” response and therefore endorsed next
modeling of market clearing price formation as one-sided
auction.

In the last step was proposed the methodology for future value
of market clearing price determination by the probabilistic way
with an example applied to a Baltic development in 2016 for
winter and summer conditions. Based on the results of
elaborated methods and algorithms as well as results of
performed analysis the following facts might be concluded:

Escalation of strain on interstate links will considerably
increase also due to integrations of renewable energy sources

with hardly foreseeable production, thus greater interstate
cooperation will be required. Extension of generating
capacities with low marginal costs of production especially in
case of wind (production volatility) has negative effect to the
conventional generators mostly due to the decrease of their
load factors and therefore opportunity for sufficiently revenues

to cover total production costs. Volatility of electricity
price, whether the seasonal or short-term increases
by inclusionof wind power productioninto generation

portfolio and is highly dependent on countless number of
factors in mid and long-term perspectives such as structure,
disposition and availability of power sources, level of
commercial capacities of cross-border lines and also structure
and level of demand. The long-term effect (years) of wind
integration have positive impact on reliability level of system
regarding the generation and transmission adequacy, where
wind power has a positive contribution to entire power system
adequacy by wind capacity credit.
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