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ABSTRACT

A STUDY OF THE DAY-AHEAD ENERGY MARKET AUCTIONS FROM A
MULTI-OBJECTIVE PERSPECTIVE

Ceyhan, Gokhan
Ph.D., Department of Industrial Engineering
Supervisor: Assist. Prof. Dr. Banu Lokman

Co-Supervisor: Prof. Dr. Murat Koksalan

July 2020, pages

In this study, we develop approaches for the market clearing problem in European
day-ahead electricity markets. We first present the surplus maximization problem and
extend it with pricing constraints that limit market loss or missed surplus associated
with paradoxically accepted and rejected bids. We develop a Benders decomposition
algorithm with price-based Benders infeasibility cuts to solve the problem. Our al-
gorithm outperforms the state-of-the-art Benders decomposition algorithms and the
primal-dual approach on practical-sized market instances. Then, we develop a multi-
objective formulation of the problem with market surplus, market loss and market
missed surplus objectives where the first one is to be maximized, and the last two are
to be minimized. We develop a cone-based search algorithm to solve three-objective
mixed-integer linear programming problems where at least one objective takes dis-
crete values, and apply the algorithm on the three-objective day-ahead electricity
market clearing problem. We examine the characteristics of the nondominated set
of the problem and derive insights for market operators related to the design of the

market rules.



Keywords: Combinatorial auctions, day-ahead electricity market, electricity pricing,

multi-objective mixed-integer linear programming, Benders decomposition
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0z

GUN ONCESI ENERJI PIYASASI IHALELERININ COK AMACLI BAKIS
ACISI ILE INCELENMESI

Ceyhan, Gokhan
Doktora, Endiistri Miihendisligi Boliimii
Tez Yoneticisi: Dr. Ogr. Uyesi. Banu Lokman

Ortak Tez Yoneticisi: Prof. Dr. Murat Koksalan

Temmuz 2020 , sayfa

Bu calismada, Avrupa Giin Oncesi Elektrik Piyasalarindaki piyasa takas problemi
icin yaklagimlar gelistirdik. 11k olarak piyasa fazlas1 engoklama problemini sunuyor
ve problemi fiyatlandirma kisitlar1 altinda inceliyoruz. Fiyatlandirma kisitlari, red-
dedilmesi gerekirken kabul edilen veya kabul edilmesi gerekirken reddedilen teklif-
ler sonucu ortaya ¢ikan piyasa zarar1 veya kagirilan piyasa fazlasini sinirlandirmak
amaci ile kullanilmaktadir. Bu problem i¢in fiyat tabanli olursuzluk kesileri ile bir
Benders ayrigtirma algoritmasi gelistirdik. Gelistirdigimiz algoritma, gergek boyutlu
problem Orneklerinde mevcut Benders ayristirma algoritmalarindan ve asal-esiz prob-
lem yaklagimindan daha iyi performans gostermektedir. Sonrasinda, piyasa fazlasi
encoklama, piyasa zarar1 ve kacirilan piyasa fazlasi enazlama amaclari ile problemin
cok amacli formiilasyonunu sunuyoruz. En az bir amag fonksiyonunun kesikli deger-
ler aldig1 tic amach karisik tamsay1 dogrusal programlama problemlerini i¢in koni
tabanli bir arama algoritmasi gelistirdik, ve bu algoritmay1 giin oncesi elektrik piya-

sasi1 takas problemi iizerinde uyguladik. Baskin noktalar kiimesini inceledik ve piyasa
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isletmecisi i¢in piyasa kurallarina yonelik ¢ikarimlar yaptik.

Anahtar Kelimeler: Kombinatoryal ihaleler, giin 6ncesi elektrik piyasasi, elektrik fi-
yatlandirmasi, ¢ok amagh karisik tamsay1 dogrusal programlama, Benders ayristir-

masi
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CHAPTER 1

INTRODUCTION

In this thesis, we study a practical problem in day-ahead electricity market (DAM)
auctions. DAM auctions are held daily one day prior to the actual generation or
consumption of electricity to determine the electricity trade between the buyers and
the sellers of the market. Market players submit their bids for different hours of
the auctioned day and the market operator (MO) determines the winning bids and the
market clearing prices. The objective of MO is to maximize the total surplus resulting
from the trade between the market players while balancing the supply and demand of

electricity for each time period.

Different MOs may employ different pricing mechanisms to solve the market clearing
problem. In European DAMs, the common approach is to find the surplus maximizing
trade such that every bidder is exposed to the same market prices. The problem is a
mixed-integer linear program (MILP) or mixed-integer quadratic problem (MIQP)
depending on the type of bids allowed in the auction and contains partial market
equilibrium constraints as well as supply-demand balance constraints. Solving the
problem requires specially developed approaches to be able to generate optimal or
at least high quality solutions under strict time limits that MOs have to follow. The
occurrence of suboptimal solutions is not rare in practice. Although there is an on-
going progress in the literature towards more efficient solution methods, it seems that
more has to be done to be able to solve optimally the real-life problems of growing

size.

As we discuss the current studies on combinatorial auctions, and day-ahead electricity
markets in particular in the next chapter, it seems that there is no single best pricing

rule for combinatorial auctions. The nonconvexity of the winner determination prob-



lem prevents the auctioneer from having the best values at all desired outcomes. This
has caused auctioneers in different parts of the world to trade-off between the desired

auction outcomes in different ways.

Under the uniform pricing scheme employed by the European DAMs, the market
clearing prices at the surplus maximizing solution may not guarantee the market equi-
librium. Bidders may incur financial losses as a result of their accepted bids or they
may be exposed to missed surpluses due to their rejected bids when those bids are
favorable with respect to the market clearing prices. These side effects of surplus
maximization needs to be included in the market clearing algorithm. The current
market designs associate constraints that prevent the occurrence of exactly one of
the side effects to guarantee feasibility, but also may lead to very poor solutions in
terms of other criteria. Therefore, multi-objective modeling of this problem can re-
veal important insights about the characterization of the solutions that might be more

appealing for the market designers and operators.

In this thesis, we contribute to the literature in the following areas:

o We develop an efficient Benders decomposition algorithm to solve the surplus
maximization problem under pricing constraints. The existing methods to solve
the surplus maximization problem in European markets construct pricing con-
straints that ensure none of out-of-the-money bids is accepted. That is, the
model guarantees to yield market clearing prices under which each bidder does
not have any financial loss. Differently, the model developed for the market
clearing problem in Turkish market generates a solution such that there does
not exist any rejected in-the-money bids, hence total missed surplus is guaran-
teed to be zero. In this thesis, we define more general pricing constraints such
as setting upper bounds on the total loss or the total missed surplus associated
with the auction outcome. We develop price-based Benders infeasibility cuts
for the special cases. We show that the price-based cuts are stronger than the
no-good cuts used in the literature and improve the performance of the Benders

decomposition algorithm on the real-size problem instances substantially.

e We develop a criterion-space search algorithm to generate nondominated sets

of a class of three-objective MILPs. The three-objective MILP formulation of

2



the day-ahead market clearing problem that we present in Chapter [5] has the
property that the surplus maximization objective function takes discrete values
only. Hence, nondominated sets of the problem can only include points or edges
in parallel planes of feasible surplus values. Motivated by this problem and also
the consideration of similarly structured problems in other domains, we develop
a cone-based search algorithm (CBSA) to solve three-objective MILPs of this
class by exploiting the special structure. We generate problem instances by
following a common instance generation schema in the literature and show that
CBSA is able to generate the nondominated set and the set of efficient integer
variable vectors in finite number of steps. CBSA is one of the few studies that
aim to generate nondominated sets of three-objective MILPs and is the first one
that considers this special structure. We compare our algorithm to the state-
of-the-art bi-objective MILP (BOMILP) algorithms as well as multi-objective
integer programming (MOIP) algorithms and show that CBSA is competitive
to those algorithms although it is designed to solve a special case of three-

objective MILPs.

o We formulate a multi-objective day-ahead electricity market clearing problem.
There exist several criteria in day-ahead energy market clearing problem in ad-
dition to market surplus such as market loss, market missed surplus and maxi-
mum difference in the prices that two different players are settled for the same
unit energy. The smaller these amounts are the better for the market with re-
spect to the competition in the market, the fairness among the players and the
transparency of prices. The existing methods maximize total surplus by elim-
inating exactly one of the market loss or missed surplus and leaving another
unrestricted. However, the generated solutions may perform poorly in unre-
stricted criteria. In this thesis, we formulate a three-objective mixed-integer
linear program for the market clearing problem and analyze the nondominated
set with market surplus, market loss and missed surplus criteria. We apply
CBSA to generate the nondominated sets. We examine the degree of compro-
mise from the market surplus to improve the market loss and missed surplus at

different regions of the criterion space.

In Chapter |2} we provide the basics of the day-ahead electricity markets and examine

3



the characteristics of the common market designs. Then, we present a review of
the literature in day-ahead electricity market pricing and multi-objective optimization

techniques.

In Chapter [3| we develop a Benders decomposition algorithm to solve the market
clearing problem in European day-ahead electricity markets (DAMs). The problem
is a large scale mixed-integer linear or quadratic program (depending on the types of
bids available in the market) and the problem needs to be solved in about 10 minutes
in order to implement the results within the tight time frame the market is operating

in.

Benders decomposition is the most studied solution approach for this problem in
the literature (Martin et al., 2014; Madani and Van Vyve, 2014, 2015; Madani and
Van Vyvel 2018; Euphemia, 2016). This is mainly because of the complexity of solv-
ing a compact formulation when there are hundreds or thousands of binary variables,
complex bid types and the equilibrium constraints that have to be satisfied. Ben-
ders decomposition algorithm reduces the complexity by solving simpler models and
introducing constraints (cuts) as necessary to enforce the feasibility of the original
model. However, the performances of the Benders decomposition algorithms are not
up to the task of solving the problem within the required time frame. This is mainly
due to the use of “no-good” cuts (Martin et al., 2014) that cause weak relaxation
bounds or locally-valid cuts that can only be used in the sub-trees (Madani and Van

Vyvel 2015;|Madani and Van Vyvel 2018)).

We develop a Benders decomposition algorithm based on price-based cuts that we
generate utilizing the market clearing prices associated with an integer solution. We
prove that the price-based cuts are valid and stronger than the “no-good” cuts. We test
the performance of our algorithm on practical-sized instances and show that our al-
gorithm is superior to the existing Benders decomposition algorithms and the primal-
dual approach. The improved performance implies substantial surplus increases in
European DAMs with millions of Euros of daily trade and provides an efficient algo-
rithm for MOs that operate under strict timelines. We also evaluate the performance
of our algorithm using two leading commercial mixed-integer programming solvers,

IBM ILOG Cplex and Gurobi. We show that our algorithm outperforms the compared



algorithms in both cases, and performs best when Gurobi is employed as the solver.

We develop CBSA in Chapter §] CBSA picks one of the discrete valued objectives
and generates nondominated points or edges in non-increasing order of their values
in the selected objective. The search space is projected to the two-dimensional fea-
sible criterion space and partitioned into cone-based convex search regions. CBSA
searches these regions to find the next nondominated point and solves a slice problem
to generate the nondominated edges if any. We show that CBSA terminated in fi-
nite number of iterations generating the nondominated set and all the efficient integer

vectors.

We test the performance of CBSA on BOMILPs and three-objective binary knapsack
problem instances as well as generated instances for TOMILPs. We show that CBSA
is competitive both to the state-of-the algorithms for BOMILPs (Boland et al., [2015;
Fattaht and Turkay, 2018; Soylu, 2018) and to the one of the best performing algo-
rithms to solve MOIPs (Kirlik and Sayin, 2014). We also extend the algorithm as
an approximation algorithm to generate a representative set with less computational

effort.

In Chapter[5] we present a multi-objective formulation of the European DAM clearing
problem and apply CBSA to solve the problem. We consider three objectives: surplus
maximization, loss minimization and missed surplus minimization. We show that a
feasible integer variable vector determines the market surplus, but alternative market
clearing may exist and lead to trade-offs between market loss and market missed
surplus. As a result, the nondominated set may include both points and edges in
parallel planes. We generate the nondominated sets of 20 instances from Turkish

DAM and examine the characteristics of the nondominated sets.






CHAPTER 2

BACKGROUND AND LITERATURE REVIEW

Day-ahead electricity markets have been at the core of the liberalized energy systems
as the deregulation of the sector has spread all over the world in last 30 years. The
aim of deregulation process has been claimed to build secure, reliable and low-cost
energy systems. To achieve those targets, privatization, market-based mechanisms
and competition was put forward as the key elements. The deregulation process has
led to vertical unbundling of state-owned large utility companies into single or multi-

ple companies at four main layers: generation, transmission, distribution and retail:

e Generation layer was opened to competition for private investment and state-
owned assets were privatized. Investment decisions and the resulting technol-
ogy mix was left to the hands of market-based incentives. A typical technol-
ogy mix combined capital-intensive nuclear and coal power plants having low
marginal costs, less capital-intensive natural gas power plants having higher
marginal costs and renewable energy generation assets like hydro, solar and

wind power plants.

e Transmission system operations were left to a single state-owned or regulated
private company due to its natural-monopoly characteristic. The system oper-
ator has to provide non-discriminatory access of all parties to the grid. In the
long term, it is supposed to make necessary transmission capacity expansion
investments. In the short term, it has to ensure that real-time electricity demand

can be satisfied in a reliable and efficient manner.

e Distribution systems exhibit local monopoly situation and operated by single

regulated private or state-owned company. Distribution companies have to pro-
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vide non-discriminatory access to end consumers and to small producers con-
nected to the distribution grids. They have to make necessary investments in the
region they operate. Distribution companies’ main operations include measur-
ing and recording of end-user electricity consumption, and transfer of the data
to retailer companies. The regulatory authority determines a tariff for each dis-
tribution region to cover the costs incurred by the distribution companies plus

a reasonable profit margin.

e Retail companies are the suppliers of end customers. If the retail layer is not
opened to competition, then the price of the electricity consumed by the end-
users is regulated and the regulatory authority determines the tariffs. Else, many
retail companies can compete in the market and consumers are free to choose

their suppliers.

The cost of consuming a unit energy in a particular geographical area includes elec-
tricity generation costs, transmission costs, distribution costs and retail operations
cost. A regulatory authority issues all the necessary regulatory framework to be able
to operate the whole system in an effective and efficient manner. It designs the mar-
ket structure and organizes the market places. A market structure defines the type of
agents, their functions and interactions with each other. Market places are where the

sellers and buyers of electricity come together and trade with each other.

Day-ahead electricity markets are organized market places for the wholesale of elec-
tricity for the next day. They are spot markets in the sense that physical delivery and
financial settlement is realized in a short period of time. Figure [2.1] exhibits the main
features of long and short term energy trade. Since spot market prices are generally
volatile, traders try to hedge their price risks by means of forward and future contracts
and determine their positions in the long term. As the contract time approaches, they
try to close their positions by participating to the short-term electricity markets like

day-ahead, intra-day and real-time electricity markets.

Day-ahead markets have prevailed in spot wholesale markets. Since thermal gener-
ators have constituted a significant part of the generation mix in many markets and
their operational constraints required advance planning, it has been necessary to give

the commitment decisions for those plants at least one day before the delivery day.
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Figure 2.1: Long term vs short-term electricity trade (Europex, 2017

Those plants could generate power in a steady and continuous manner. Hence, the
main generation-consumption schedule is determined in day-ahead stage and minor
deviations from the plan are handled in intra-day and real-time markets. Those de-
viations are regarded as minor contingencies and the wholesale price of electricity is
based on the marginal cost resulted in the day-ahead markets. Although the growing
share of renewable energy generation, the uncertainty and the intermittency associ-
ated with them can disrupt day-ahead markets in the long-term, their current role is

still prominent.

2.1 Day-ahead electricity markets

Day-ahead electricity markets provide short-term physical trading possibilities for
energy traders. Traders have the obligation to realize their traded volume in the real
time. Otherwise, they incur penalty costs based on the real-time energy prices and
their imbalances. It is the main function of day-ahead markets to balance the electric-

ity supply and demand in the most efficient way at a short-time before the real-time
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balancing. This requires an effective market design which mostly covers the auction

design, bidding mechanisms and pricing rules.

There are two main day-ahead market designs across the world and we can categorize

them as pool-type and exchange-type:

e Pool-type: Participation of the generation units into the market is compulsory.
All generating units state their cost functions and operational constraints in a
detailed way like minimum up/down times, minimum and maximum generation
limits, start-up costs, no-load costs and variable costs. They can freely bid
on these cost items and are expected to be truthful bidders under an effective
auction design. On the other hand, demand function can be either elastic or
inelastic depending on the market. Given the demand function, independent
system operator (ISO) schedules the units in a way to minimize total electricity
generation cost. In this type of markets, physical constraints on the electricity
flow and voltage/frequency stability requirements of the transmission system
are included in the problem in detail. This cost minimization problem is called
security-constrained unit commitment and economic dispatch problem and US

regional markets is a good example for this type of day-ahead markets.

e FExchange-type: Electricity is more regarded as a commodity than an entity with
its specific physical properties. Market participation is not compulsory and the
participants can pool their assets and form portfolios. They bid in the auction
to buy or sell electricity not necessarily associated with a particular asset, but a
portfolio. Consumption units can also participate into the market and bid their
valuations of electricity consumption. Market participants can use multiple of
different types of energy bids which are assumed to include fixed costs and
operational constraints of the underlying assets. The market operator solves
market clearing problem and generates surplus maximizing energy trade. It is
then market participants’ problem to schedule their assets to realize their day-
ahead trade in the real-time. We see many examples of exchange-type markets

in the European countries.
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2.1.1 European day-ahead electricity markets

Norway and UK are the leading countries in Europe in deregulation of energy mar-
kets. Norway established its day-ahead electricity market in 1993, NordPool. From
then, the design of the Norway day-ahead market has dominated the other European

day-ahead markets.

The distinguishing feature of this market design is that the market participants self-
schedule their power generation assets according to their trading volumes in the en-
ergy and capacity markets. Their bids in the day-ahead market are not necessarily
associated with a particular unit among their power generation assets. By using the
set of available bid types in the market, the bidders form a portfolio of bids. This is
called portfolio-based bidding. In addition, not all the transmission network capac-
ity constraints are included into the market clearing problem in the day-ahead market,
except some critical transmission lines. The transmission system operator defines bid-
ding zones which are separated by those critical transmission lines. The configuration
of the bidding zones are to be determined such a way that the intra-zonal transmission
capacity constraints are non-binding for any possible production-consumption sched-
ule in the day-ahead stage. In case the inter-zonal transmission lines are congested,
the day-ahead market clearing prices are differentiated between the bidding zones in

addition to the market time unit.

2.1.2 US day-ahead electricity markets

A large part of the transmission system in the US is administered by the regional
transmission organizations (RTOs), as Pennsylvania-New Jersey-Maryland (PIM),
New York ISO (NYISO), New England ISO (ISO-NE), Midcontinent ISO (MISO),
Southwest Power Pool (SPP), Electricity Reliability Council of Texas (ERCOT), Cal-
ifornia ISO (CAISO). Independent system operators of RTOs provide grid services
to the users in a non-discriminatory way and operate the energy pools to generate a
least cost unit commitment and dispatch to satisfy the demand. The generating units
bid their cost functions and operational constraints to the ISO and the ISO solves

the security-constrained unit commitment and economic dispatch problem. The con-
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straints imposed by the transmission system on the electricity flow and transmission
losses are modelled in a granular way so that the cost of energy can be differentiated
between the the small nodes of the grid like buses. The approach is called nodal

pricing and the prices are referred as locational marginal prices (LMPs).

2.1.3 Turkish day-ahead electricity market

The Turkish day-ahead electricity market is an exchange-type market being operated
since 2011-2012. In 2001, the first electricity market law was issued and Turkish
electricity sector has undergone the deregulation process onward. The law enacted
the energy market regulatory authority (EMRA) to provide all the necessary regula-
tory frameworks throughout the deregulation process. The Turkish Electricity Trans-
mission Company (TEIAS) was founded as the grid operator company in the role of
system operator and was also put in charge of planning the day-ahead production/-
consumption schedule. In 2015, Energy Exchange Istanbul (EXIST), a public sector
undertaking, was established and given the market operator role. Since then, EX-
IST operates day-ahead and intra-day markets whereas TEIAS operates the real-time

market.

EXIST has to complete a list of tasks everyday and follows the timeline below in

doing so:

e (D-5, 12:30) Market participants submit their bids for the next day’s auction.
They can bid as early as 5 days before the delivery day, D. Bid submission

window closes at 12:30 on D-1.

e (12:30, 13:00) Bid verification and collateral check. EXIST calculates the
amount of financial guarantees to be given by each bidder to be allowed to

trade in the market.

e (13:00, 13:30) Market clearing window. The market clearing algorithm finds
the allocation and the market clearing prices. The results are announced at

13:30 as the preliminary market results.
e (13:30, 13:50) Collects objections to the preliminary market results.
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e (13:50, 14:00) Finalized market results are announced.

Day-ahead auction closes at 14:00 on D-1 if every step can be successfully com-
pleted. Otherwise, EXIST has the right to postpone gate closure times. After the
results are finalized, the market participants are supposed to schedule their assets and
nominate their production/consumption schedules. EXIST aggregates those sched-
ules and form the finalized day-ahead program which shows how much each unit
connected to the grid will generate or consume at each hour of the following day.
This program is continuously updated as trade occurs in the intra-day market. The
system operator, TEIAS, uses this program to conduct the electricity flow analysis
and may counter-trade in the real-time market to resolve real-time imbalances and

grid capacity violations.

2.2 Day-ahead market basics

Day-ahead electricity markets provide short-term physical trading possibilities for
energy traders. Traders have the obligation to realize their traded volume in the real
time. Otherwise, they incur penalty costs based on the real-time energy prices and
their imbalances. It is the main function of day-ahead markets to balance the elec-
tricity supply and demand in the most efficient way a short-time before the real-time
balancing. This requires an effective market design which mostly covers the auction

design, bidding mechanisms and pricing rules. Our study focuses on the pricing rules.

2.2.1 Players

The typical day-ahead market participants are producers, wholesalers, retailers and
large-industrial consumers. They bid in the market to sell their excess energy to the
market or buy energy from the market to meet the load of their customers. They
are assumed to be rational players acting individually and seeking to maximize their

profits resulting from their trading activities in the market.
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2.2.2 Auction

The day-ahead market operator conducts a daily auction to determine the trading
volumes to be delivered next day. The auction is done in a single-round and the bids
are anonymous. The day-ahead auctions are called double-sided when the demand
side is also allowed to participate in the market. Otherwise, the auction is called one-
sided where only supply bids are allowed and the demand function is constructed
by the system operator. The underlying product of the auction is one megawatt-
hour of energy to be delivered or consumed for a specific time period, and in some
markets, for a specific location. A unit energy in different time periods and at different
locations are considered different items so that the auction is a multi-item auction. The
time period is one hour in many markets and the definition of location can be as large
as a country or as small as a network bus. There are also some day-ahead markets
where reserve capacity products are auctioned simultaneously with energy products.

In our study, we only consider the energy products.

2.2.3 Bidding

The players reveal their valuations of energy via their bids. A simple bid consists
of unit energy price, the quantity and the time period the bid is offered. Each bid
can be associated with a portfolio or generation unit that changes according to the
underlying market design. In portfolio-based markets, players can submit multiple
bids of different types which are not required to be related with a specific generation

or consumption unit.

The technical complexities of power generation require the introduction of complex
bid types in energy markets. The generators with different technologies and fuel types
have different variable costs and operating principles. Thermal generators cannot
start generation instantaneously or be stopped immediately. They require some time
(hours) to be able to generate energy in a stable manner which may change based
on their initial state (e.g. warm-start, cold-start). They have ramping constraints
that allow only a limited amount of output change between sequential time periods.

Those generators are associated with high start-up costs that makes short period of
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commitment not economically feasible.

In U.S. markets like PJM (Pennsylvania-New Jersey-Maryland) day-ahead market,
each unit present a detailed information about variable costs at different output levels,
no-load costs (the generation cost at minimum output level), start-up costs, minimum
run time, maximum number of daily starts and maximum/minimum