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OPTIMAL OPERATIONSIN MIXED POOL-BILATERAL
ELECTRICITY MARKETSWITH STEP BIDDING COST
FUNCTION BY HYBRID COMPUTATIONAL METHOD

INTRODUCTION

It has been widely known that electric utilities all over the world have been
under major changes of transforming from vertically integrated utilities to deregulated
and competitive electricity markets (Loi Lel Lai, 2001; Shahidehpour et al., 2002),
however, in different places. The changes to competitive electricity markets have
been based on the ideas that generation and distribution companies could be operated
under competitive environment along with new technologies in power generation and
information technology to provide cost reduction in electricity, and the increase of
fuel availability and stability (Loi Lei Lai, 2001).

The models in the electricity markets include the pool model, the bilateral
contracts and the hybrid model where both are mixed. Although the pool is an unusual
way to trade a commodity, it has been a foundation in the coordinative operation of
monopoly utility companies with adjacent service territories (Kirschen and Strbac,
2004). The pool can be viewed as a centralized operation unit that clears the market
for electric power producers and consumers (Shahidehpour et al., 2002). The trade of
electrical energy including transmission and other ancillary servicesin the pool
(Singh et al., 1998; Fang and David, 1999; Maet al., 2002; Wang et al., 2002;

Y amina and Shahidehpour, 2003, Kumar et al., 2004; Stamtsis and Erlich, 2004;
Litvinov 2010; Maand Sun, 1998; Cheung et al., 2000; Wen and David, 2002; Lin et
al., 2003; Wu et al., 2004; Ugedo et al., 2006) is a central auction where power
producers and consumers submit bids to the pool for the amounts of power that they

arewilling to trade.

An independent operational control of transmission grid in a restructured
industry would facilitate a competitive market for power generation and direct retail
access. However, the independent operation of the grid cannot be guaranteed without

an independent entity such as the independent system operator (1SO).



The 1SO is required to be independent of individual market participants, such
as transmission owners, generators, distribution companies, and end-users. In order to
operate the competitive market efficiently while ensuring the reliability of a power
system, the 1SO, as the market operator, must establish sound rules on energy and
ancillary services markets, manage the transmission system in afair and
nondiscriminatory fashion, facilitate hedging tools against market risks, and monitor
the market to ensure that it is free from market power. The ISO must be equipped
with powerful computational tools, involving market monitoring, ancillary services
auctions, and congestion management, for example, in order to fulfill its responsibility
(Shahidehpour et al., 2002).

Unit commitment (UC) is the main function in power system operation and
control dueto electrical energy consumption in daily life has changed over the years.
In order to “commit” or “turn it on” all generating units to meet total load of the
system will result in the price of electricity is more expensive. Therefore, it must be
allocated to startup and shutdown the generating units to meet total load of the system
for the lowest price of electricity.

Unit commitment schedule is equal to total load of the system may result in
incorrect, because it did not consider total loss of the system. The results mentioned
above may not be sent through the power grid to the load due to the limits of the
system such as bus voltage limits, transmission line limits and transformer tap setting
limits etc. Therefore, to obtain the correct results and can transfer power to the load.
Unit commitment problem must incorporate optimal power flow. The above problem
is called Security-constrained unit commitment (SCUC).

Optimal power flow isimplemented by ISO to assign the amount of
dispatched power to participated generators in the market. The power producers who
bid low prices will be dispatched to sell power to the grid, but not directly to the
consumers. All the dispatched generators will be rewarded the same spot price which
isthe highest bidding price of the selected generators.



Transmission congestion management problem is the management of electric
power transfer from generating units to loads in a power system with competitive
electricity market operation when the transmission line system operates at maximum
limits. The ISO must allocate el ectric power transfer in the system by decreased the
desired power generation of some sellers and increased to the desired power

generation of some sellerswith fairly rules.

This thesis presents optimal operationsin mixed pool-bilateral electricity
markets with step bidding cost function by hybrid computational method to solve the
complexity of security-constrained unit commitment problem and transmission
congestion management problem, where the objective isto minimize the total
generation cost consisting of severa step bidding prices, startup cost, minimum load
cost and the willingness to pay functions from participated generators within 24

hours.



OBJECTIVES

1. To find the step bidding price optimal power flow in pool electricity
markets by hybrid computational method.

2. To find the step bidding price optimal power flow in mixed pool-bilateral
electricity markets by hybrid computational method.

3. To find the step bidding price optimal power flow with transmission
congestion management in mixed pool-bilateral electricity markets by hybrid
computational method.

4. To find the daily security-constrained unit commitment in pool electricity

markets by hybrid computational method.



LITERATURE REVIEW

1. Thereason for the changes of electricity market

Many electricity markets around the world are currently in transition towards
more electricity markets. The changes wereinitiated by (Loi Lei Lai, 2001):

1.1 A redlization that generation and distribution functions need not be
monopolies.

1.2 A feeling that public service obligations are no longer necessary.

1.3 The cost reduction potential of competition.

1.4 Increased fuel availability and fuel supply stability.

1.5 The development of new technologiesin power generation and
information technology.

2. Structure and operation of electricity market

Structure and operation of electricity market consists of six parts: objective of
electricity market operation, electricity market models, kind of electricity market,
category of electricity market, key electricity market entities and el ectricity market
operations (Shahidehpour et al., 2002).

2.1 Objective of electricity market operation

There are two objectives for establishing an electricity market: ensuring a
secure operation and facilitating an economical operation. Security is the most
important aspect of the power system operation be it aregulated operation or a
restructured power market. In arestructured environment, security could be facilitated
by utilizing the diverse services available to the market. The economical operation of
the electricity market would reduce the cost of electricity utilization. Thisis aprimary
motive for restructuring, and a way to enhance the security of a power system through
its economics. To do this, proper strategies must be designed in the markets based on

power system requirements. For example, financial instruments such as transmission



congestion contracts (TCCs) and firm transmission rights (FTRs) could be considered
in hedging volatility risks. Besides, monitoring tools are being devised in severd

markets to avoid a possible market power.

2.2 Electricity market models

In order to achieve electricity market goals, several models for the market

structure have been considered. Three basic models are outlined as follows.
2.2.1 Pool model
A Pool is defined as a centralized marketplace that clears the market
for buyers and sellers. Electric power sellers/buyers submit bids to the pool for the
amounts of power that they are willing to trade in the market. Sellersin a power
market would compete for the right to supply energy to the grid, and not for specific
customers. If amarket participant bids too high, it may not be able to sell. On the
other hand, buyers compete for buying power, and if their bids are too low, they may
not be able to purchase. In this market, low cost generators would essentially be
rewarded. An 1SO within a Pool would implement the economic dispatch and produce
asingle (spot) price for electricity, giving participants a clear signal for consumption
and investment decisions. The market dynamicsin the electricity market would drive
the spot price to a competitive level that is equal to the marginal cost of most efficient
bidders. In this market, winning bidders are paid the spot price that is equal to the
highest bid of the winners.
2.2.2 Bilateral contracts model
Bilateral contracts are negotiable agreements on delivery and recelpt

of power between two traders. These contracts set the terms and conditions of
agreements independent of the ISO. However, in this model the ISO would verify that
a sufficient transmission capacity exists to compl ete the transactions and maintain the
transmission security. The bilateral contract model is very flexible as trading parties
specify their desired contract terms. However, its disadvantages stem from the high
cost of negotiating and writing contracts, and the risk of the creditworthiness of

counterparties.



2.2.3 Hybrid model
The hybrid model combines various features of the previous two

models. In the hybrid model, the utilization of a Pool is not obligatory, and any
customer would be alowed to negotiate a power supply agreement directly with
suppliers or choose to accept power at the spot market price. In this model, Pool
would serve all participants (buyers and sellers) who choose not to sign bilateral
contracts. However, allowing customers to negotiate power purchase arrangements
with suppliers would offer atrue customer choice and an impetus for the creation of a
wide variety of services and pricing options to best meet individual customer needs.

In our discussion of market structure, we assume the use of a hybrid model.

2.3 Types of electricity market

Types of electricity market can be divided into three parts. energy market,
ancillary services market and transmission market as follows.

2.3.1 Energy market

The energy market is where the competitive trading of electricity

occurs. The energy market is a centralized mechanism that facilitates energy trading
between buyers and sellers. The energy market’s prices are reliable prices indicators,
not only for market participants but for other financial markets and consumers of
electricity as well. The energy market has a neutral and independent clearing and
settlement function. The market participants must submit extensive information
similar to that required by aregulated industry, such as energy offer, start-up cost, no-
load cost, ramp rates, and minimum ON/OFF time. From these data, the ISO
implements security-constrained unit commitments that maximize social welfare. The
SO will either set transmission congestion prices as dual variables corresponding to
the transmission capacity constraints or obtain locational marginal prices (LMPs) as
the dual variables corresponding to the load balance constraints as in the PIM market
(PIM Independent system operator, 2012).

2.3.2 Ancillary services market

Ancillary services are needed for the power system to operate

reliably. In the regulated industry, ancillary services are bundled with energy. In the
restructured industry, ancillary services are mandated to be unbundled from energy.



Ancillary services are procured through the market competitively. In the United
States, competitive ancillary services markets are operated in California, New Y ork,
and New England. In general, ancillary services bids submitted by market participants
consist of two parts. a capacity bid and an energy bid. Usualy, ancillary services bids
are cleared in terms of capacity bids. The energy bid represents the participants’
willingnessto be paid if the energy is actually delivered.
2.3.3 Transmission market

In arestructured power system, the transmission network is where
competition occurs among suppliers in meeting the demands of large users and
distribution companies. The commodity traded in the transmission market isa
transmission right. This may be the right to transfer power, the right to inject power
into the network, or the right to extract power from the network. The holder of a
transmission right can either physically exercise the right by transferring power or be
compensated financially for transferring the right for using the transmission network
to others. The importance of the transmission right is mostly observed when
congestion occurs in the transmission market. In holding certain transmission rights,
participants can hedge congestion charges through congestion credits. The auction is

conducted by the SO or an auctioneer appointed by the 1SO.

2.4 Category of electricity market

Category of eectricity market can be divided into two parts. forward
market and real-time market as follows.

2.4.1 Forward market

In most electricity markets, a day-ahead forward market is for

scheduling resources at each hour of the following day. An hour-ahead forward
market is amarket for deviations from the day-ahead schedule. Both energy and
ancillary services can be traded in forward markets. Whenever energy schedulesin a
forward market can be accommodated without congestion management, the 1SO
would procure ancillary services through a systemwide auction. However, if a
congestion exists somewhere in the system, the auction for ancillary services would

be implemented on a zonal basis.



2.4.2 Real-time market
To ensure the reliability of power systems, the production and
consumption of electric power must be balanced in real-time. However, real-time
values of load, generation, and transmission system can differ from forward market
schedules. Therefore, the real-time market is established to meet the balancing

requirement.

2.5 Key dectricity market entities

The restructuring of electricity has changed the role of traditional entities
in avertically integrated utility and created new entities that can function
independently. Here, we categorize market entities into market operator (1SO) and
market participants. The 1SO is the leading entity in a power market and its functions
determine market rules. The key market entities discussed here include GENCOs and
TRANSCOs. Other market entities include DISCOs, RETAILCOs, aggregators,
brokers, marketers, and customers as follows.

251150

A competitive eectricity market would necessitate an independent

operational control of the grid. The control of the grid cannot be guaranteed without
establishing the 1SO. The ISO administers transmission tariffs, maintains the system
security, coordinates maintenance scheduling, and has arole in coordinating long-
term planning. The SO should function independent of any market participants, such
as transmission owners, generators, distribution companies, and end-users, and should
provide nondiscriminatory open access to al transmission system users. The ISO has
the authority to commit and dispatch some or all system resources and to curtail loads
for maintaining the system security (i.e., remove transmission violations, balance
supply and demand, and maintain the acceptable system frequency). Also, the ISO
ensures that proper economic signals are sent to all market participants, which in turn,
should encourage efficient use and motivate investment in resources capabl e of
alleviating constraints.

2.5.2 GENCOs

A GENCO operates and maintains existing generating plants.

GENCOs are formed once the generation of electric power is segregated from the
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existing utilities. A GENCO may own generating plants or interact on behalf of plant
owners with the short-term market (power exchange, power pool, or spot market).
GENCOs are not affiliated with the ISO or TRANSCOs. A GENCO may offer
electric power at several locations that will ultimately be delivered through
TRANSCOs and DISCOs to customers. In the restructured power market, the
objective of GENCOs is to maximize profits. To do so, GENCOs may choose to take
part in whatever markets (energy and ancillary services markets) and take whatever
actions (arbitraging and gaming). It is a GENCQO’s own responsibility to consider
possible risks.
2.5.3 TRANSCOs
A TRANSCO transmits electricity using a high-voltage, bulk
transport system from GENCOs to DISCOs for delivery to customers. The use of
TRANSCO assets will be under the control of the regiona 1SO, athough the
ownership continues to be held by original ownersin the vertically integrated
structure. TRANSCOs are regulated to provide non-discriminatory connections and
comparable service for cost recovery. A TRANSCO has the role of building, owning,
maintaining, and operating the transmission system in a certain geographical region to
provide services for maintaining the overall reliability of the electrical system.
2.5.4 DISCOs
A DISCO distributes the electricity, through its facilities, to
customersin a certain geographical region. A DISCO is aregulated (by state
regulatory agencies) electric utility that constructs and maintains distribution wires
connecting the transmission grid to end-use customers. A DISCO is responsible for
building and operating its el ectric system to maintain a certain degree of reliability
and availability. DISCOs have the responsibility of responding to distribution network
outages and power quality concerns. DISCOs are also responsible for maintenance
and voltage support aswell as ancillary services.
255 RETAILCOs
A RETAILCO isanewly created entity in this competitive industry.
It obtains legal approval to sl retail electricity. A RETAILCO takestitle to the
available electric power and re-sellsit in the retail customer market. A retailer buys
electric power and other services necessary to provide electricity to its customers and
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may combine electricity products and services in various packages for sale. A retailer
may deal indirectly with end-use customers through aggregators.
2.5.6 Aggregators
An aggregator is an entity or afirm that combines customersinto a
buying group. The group buys large blocks of electric power and other services at
cheaper prices. The aggregator may act as an agent (broker) between customers and
retailers. When an aggregator purchases power and re-sellsit to customers, it actsasa
retailer and should initially qualify as aretailer.
2.5.7 Brokers
A broker of electric energy servicesis an entity or firm that acts as a
middleman in a marketplace in which those services are priced, purchased, and
traded. A broker does not take title on available transactions, and does not generate,
purchase, or sell electric energy but facilitates transactions between buyers and
sellers. If abroker isinterested in acquiring atitle on electric energy transactions, then
it isclassified as a generator or amarketer. A broker may act as an agent between a
GENCO, or an aggregation of generating companies, and marketers.
2.5.8 Marketers
A marketer is an entity or afirm that buys and re-sells electric power
but does not own generating facilities. A marketer takestitle, and is approved by
FERC, to market electric energy services. A marketer performs as awholesaler and
acquires transmission services. A marketer may handle both marketing and retailing
functions.
2.5.9 Customers
A customer is the end-user of electricity with certain facilities
connected to the distribution system, in the case of small customers, and connected to
transmission system, in the case of bulk customers. In arestructured system,
customers are no longer obligated to purchase any services from their local utility
company. Customers would have direct access to generators or contracts with other
providers of power, and choose packages of services (e.g., the level of reliability) with
the best overall value that meets customers’ needs. For instance, customers may
choose providers that would render the option of shifting customer loads to off-peak

hours with lower rates.
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2.6 Electricity market operations
Electricity market operations consist of two parts. 1SO operation and
GENCOs operation as follows.
2.6.1 1S0O operation
The responsibilities of the ISO are to operate the market securely and
efficiently, and to monitor the market free from market power. SO operation consists
of three parts: market forecasting, market operation and market monitoring as follows.
2.6.1.1 Market forecasting
ISO needs to forecast the system load accurately to guarantee
that there is enough energy to satisfy the load and enough ancillary servicesto ensure
the reliability of the physical power system. Load forecasting has several applications,
including generation scheduling, prediction of power system security, generation
reserve of the system, providing information to the dispatcher, and market operation.
Price forecasting for the SO is the same as determining MCP. That is the casein the
National Energy Market (NEM) in Australia and the Power Pool in Albert in Canada.
Price forecasting for the ISO is not a true forecasting process because, once the 1ISO
receives the participants’ bids, it can calculate the MCP numerically.
2.6.1.2 Market operation
The operational responsibilities of the ISO include the energy
market, the ancillary services market, and the transmission market. The ISO must be
equipped with powerful toolsto fulfill those responsibilities. Thus, first, security-
constrained unit commitment (SCUC): 1SO plans the day-ahead schedule using
SCUC. IS0 collects detailed information on each generating unit including
characteristics such as start-up and no-load costs, minimum start-up and shut-down
times, minimum and maximum unit outputs, and bids representing incremental heat
rate and 1SO also obtains information from TRANSCOs viathe OASIS on
transmission line capability and availability. Then, the ISO uses the SCUC model to
determine the optimal allocation of generation resources. Second, ancillary services
auction: ancillary services are necessary to support the transmission of power from
sellers to buyers given the obligation of control areas and transmission utilities to
maintain areliable operation of the interconnected transmission system. In the
restructured power market, ancillary services should be procured competitively
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through market auctions. Third, transmission congestion management and pricing: the
transmission network plays avita rolein competitive electricity markets. In a
restructured power system, the transmission network is the key mechanism for
generators to compete in supplying large users and distribution companies. A proper
transmission pricing scheme that considers transmission congestion could motivate
investors to build new transmission and/or generating capacity for improving the
efficiency. In a competitive environment, proper transmission pricing could meet
revenue expectations, promote an efficient operation of electricity markets, encourage
investment in optimal locations of generation and transmission lines, and adequately
reimburse owners of transmission assets.
2.6.1.3 Market monitoring
Power market authorities must identify and correct situations
in which some companies possess market power. Methodol ogies based on game
theory, which can be used to identify noncompetitive situations in the restructured
energy marketplaces.
2.6.2 GENCOs operation
GENCOs are key playersin the power market. The sole objective of
a GENCO isto maximize its profit. GENCOs operation consists of three parts:
forecasting, bidding strategy and risk management as follows.
2.6.2.1 Forecasting
GENCO must make an accurate forecast about the system,
including its load and its price. In most situations, load forecasting is the basis for
price forecasting since the load is the most important price driver. Price forecasting is
most important for the GENCO in the restructured power industry, since the price
reflects the market situation. Priceisasignal that should lead every action the
GENCO may take.
2.6.2.2 Bidding strategy
To achieve the maximum profit, the GENCO should have a
good bidding strategy based on the forecasted system information. In the restructured
power market, the price-based unit commitment (PBUC), replacing the traditional unit
commitment, would be the basis for a good bidding strategy. In addition, identifying
arbitrage opportunities in the market and exploiting those opportunities to achieve
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maximum profit should be one of the capabilities of the GENCO. In most cases, the
identification of arbitrage opportunities depends on PBUC. Because of the uncertainty
and the competitiveness of the market, a game strategy would be an indispensabl e tool
for the GENCO.
2.6.2.3 Risk management

Enough attention must be paid to risk management, and the
various risk factors. Asset valuation is an important issue in risk management, and
this would utilize PBUC, arbitrage, and gaming. There are two types of valuation for
generating units. One is the valuation based on the daily scheduled generation. The
other is the valuation based on the available capacity of generating units. Generation
asset valuation is based on the spot market price and not on a forecasted market price.
In addition to the market price, the bidding strategy (i.e., commitment and bidding of
units) has amajor impact on the value of generating units. Generation capacity
valuation is based on the available capacity for trading in the market. Hence, the
physical characteristics of the units such as maximum/minimum capacity, force
outage rate (i.e., availability), fuel consumption function (i.e., efficiency), and ramp
rate (i.e., response capability) are among factors used in determining the value of

generating units.

The details of a market design for restructured electricity market

operations as shown in Figure 1.
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Figure 1 Restructured electricity market operations

3. Security-constrained unit commitment methods

Security-constrained unit commitment is utilized by SO to clear the
daily/weekly-ahead market. The objective of SCUC isto minimize the system
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operating cost while meeting the prevailing constraints, such as power balance,
system spinning and operating reserve requirements, minimum on/off time limits,
ramping up/down limits, limits on state and control variables including real and
reactive power generation, controlled voltages, settings of tap-changing and phase-
shifting transformers, and so on (Shahidehpour et al., 2002). Such SCUC problemisa
nonconvex, nonlinear, large-scale, mixed-integer optimization problem with alarge
number of 0-1 variables, continuous and discrete control variables, and a series of
prevailing equality and inequality constraints. Various optimization techniques
(Shahidehpour et al., 2002; Wood and Wollenberg, 1984; Senjyu et al., 2003; Fu and
Shahidehpour, 2005; Guan et al., 2005; Martinez-Crespo et al., 2006; Fu and
Shahidehpour, 2007; Eslamian et al., 2009; Lotfjou et al., 2010) were applied to solve
this problem. However, lagrangian relaxation (LR) and mixed-integer programming
(MI1P) methods are the most widely applied methods to solve SCUC.

(Sioshans et al., 2008) state that lagrangian relaxation (LR) algorithm was the
practical means of solving a commercial-scale unit commitment. However, (Johnson
et al., 1997) demonstrate that centralized scheduling of resources owned by multiple
parties by means of an LR agorithm may face difficulties that do not arise when
resources are centrally owned. A case study based on load data and a stylized
generator set from Pacific Gas and Electric Company shows that variations in near-
optimal unit commitments that have negligible effects on total system costs could
yield significantly different payoffsto individual resources—meaning the details
underlying the solution methodology could impact which generators are “winners”
and “losers” in dispatch determination. (Guan et al., 2003) state, for example, that the
1%—-2% duality gaps achieved with LR were sufficient for monopoly utilities but that
the development of competitive markets in which generators compete to provide their
products has increased the need for more accurate unit commitment solutions.
(Streiffert et al., 2005) demonstrate, however, that recent advances in computing
capabilities and improvements in optimization agorithms now allow MIPto be a
viable aternativeto LR. Even if the B& B algorithm times-out before finding an
optimum, one is still left with a primal-feasible solution and a bound on the optimality
gap. These intermediate solutions are often found within the same amount of time an
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L R-based a gorithm takes, and they typically have optimality gaps of the same size or
smaller than LR commitments. Moreover, (Streiffert et al., 2005) and (Li and
Shahidehpour, 2005) note that B& B benefits more in comparison to LR from having
additional solution time, asthe B& B algorithm is able to find better solutions or
tighten the optimality gap with additional time. (Sioshansi et al., 2008) state that A
MIP-based solution algorithm allows ISOs to easily introduce new types of unit-
operating and system constraints to the formulation of the problem, whereas L R-based
techniques generally require extensive reprogramming of the feasibility heuristics to
ensure that the final commitment satisfies al the necessary conditions. The advantage
and the tractability of MIP algorithms have led several 1SOs, such as PIM, to
implement M1P-based solution methods as opposed to LR. Moreover, the California
ISO’s Market Redesign and Technology Update and the new ERCOT nodal market
will feature centralized commitment solved using MIP, and SO New England

(ISONE) is similarly exploring the switch from LR to MIP.

4. Bidding prices based optimal power flow

4.1 Optimal power flow with continuous quadratic cost functions

Optimal power flow (OPF) is the problem to minimize the total generation
cost of the power system and satisfied the power system security in normal operation.
(Carpentier, 1962) proposed the first concept of optimal power flow problem in 1962.
After that, there have been several methods (Happ, 1997; Momoh et al., 1999;
Momoh et al., 1999) proposed to improve the performance to find the results and to
solve the complexity of optimal power flow problem due to the modern power system
models. The methods can be classified as:

4.1.1 Nonlinear programming

Nonlinear programming (NLP) (Dommel and Tinney, 1968; Shen

and Laughton, 1969; El-Abiad and Jaimes, 1969; Sasson, 1969; Sasson, 1970; Sasson
et al., 1973; Alsac and Stott, 1974, Billinton and Sachdeva, 1972; Barcelo et al.,
1977; Housos and Irisarri, 1982; Shoults and Sun, 1982; Divi and Kesavan, 1982;
Talukdar et al., 1983; Momoh, 1989; Lin et al., 1987; Rehn et al., 1989;
Habiabollahzadeh et al., 1989; Ponrgjah and Galiana, 1989) deals with problems
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involving nonlinear objective and constraint functions. The constraints may consist of
equality and/or inequality formulations. The inequality can be specified by being
bounded both above and below. Several methods such as Sequential Unconstrained
Minimization Technique (SUMT) and Lagrange multiplier based. The OPF
formulations employed general purpose packages applied for both real-time on-line
and off-line operational problems.
4.1.2 Quadratic programming
Quadratic programming (QP) (Reid and Hasdorf, 1973; Wollenberg
and Stadlin, 1974; Giras et al., 1977; Burchett et al., 1982; Aoki and Satoh, 1982;
Contaxis et al., 1983; Talukdar et al., 1983; Burchett et al., 1984; El-Kady et al.,
1986; Aoki et al., 1987; Papalexopoulos et al., 1989) is a specia form of nonlinear
programming whose objective function is quadratic with linear constraints. Several
QP methods have been used to solve OPF (loss, voltage economic dispatch) type of
problems. Quasi-Newton and sensitivity-based methods have been employed for
solving real on-line OPF problems.
4.1.3 Newton-based solution of optimality conditions
In this approach (Rashed and Kelly, 1974; Happ, 1974; Sun et al.,
1984; Pereira et al., 1987; Sanders and Monroe, 1987; Monticelli et al., 1987), the
necessary conditions of optimality commonly referred to as the Kuhn-Tucker
conditions are obtained. In general, these are nonlinear equations requiring iterative
methods of solution. The Newton method is favored for its quadratic convergence
properties.
4.1.4 Linear programming
Linear programming (LP) (Wells, 1968; Shen and Laughton, 1970;
Stott and Hobson, 1978; Stott and Marinho, 1979; Stadlin and Fletcher, 1982; Irving
and Sterling, 1983; Housos and Irisarri, 1983; Farghal et al., 1984; Mota-Palomino
and Quintana, 1984; Mota-Palomino and Quintana, 1986; Santos-Neito and Quintana,
1987) treats problems with constraints and objective function formulated in linear
forms with non-negative variables. The ssmplex method is known to be quite effective
for solving LP problems. The most commonly used technique is the revised simplex
method. The objective functions (voltage, loss, economic dispatch and VAR) are
linearized to enable an LP solution.
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4.1.5 Hybrid versions of linear programming and integer programming

Mixed integer programming (MIP) is a particular type of linear
programming whose constraint equations involve variables restricted to being integer.
Integer programming and mixed integer programming, like nonlinear programming
are extremely demanding of computer resources and the number of discrete variables
isan important indicator of how difficult an MIP problem will be to solve. Literatures
(Nabona and Ferris, 1973; Contaxis et al., 1986) in this section employ a mixture of
linear and mixed integer programming used to solve typical OPF problems such as
VAR planning. The mathematical optimization technique assumes linear objectives
and the constraints are a combination of linear and nonlinear with discrete or integer
variables.

4.1.6 Interior point methods

The interior point method (Clements et al., 1991; Ponnambalam et
al., 1991; Vargas et al., 1993; Momoh et al., 1992; Momoh et al., 1992; Lu and
Unum, 1993; Granville, 1994; Momoh et al., 1994; Granville, 1994; Wu et al., 1994
Torres and Quintana, 2000; Castronuovo et al., 2001; Jabr et al., 2001; Qiu et al.,
2005), recently re-discovered by Karmarkar, has stunned the operational research
community since the scheme solves linear programming faster and is perhaps better
than the conventional simplex algorithm. The extension of the interior point method
to apply to NLP and QP problems has shown superior qualities and promising results.

4.2 Optimal power flow with step bidding prices
Despite the advancements being made, the full AC OPF has not been

widely adopted in real-time operations of large-scale power systems. Instead, system
operators often use simplified OPF tools that are based on linear programming (L P)
and decoupled (DC) system models (PIM Energy Market Manuals, 2012).
Historicaly, thisis mainly due to the lack of powerful computer hardware and
efficient AC OPF agorithms. With the advent of fast low-cost computers, however,
speed has now become a secondary concern, after algorithm robustness. The
remaining prevalent argument for using LP-based DC OPF instead of NLP-based AC
OPF isthat LP algorithms are deterministic and always yield solutions, albeit not
necessarily the desired ones, while NLP algorithms are less robust and often
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experience convergence problems. OPF computation is now part of the core pricing
mechanism for electricity trading in deregulated markets, where real energy, reactive
energy, voltage support, and other system resources and services can al be traded in
discrete bids and offers (PIM Energy Market Manuals, 2012; Australian Energy
Market Operator, 2012; California Independent System Operator, 2012; New Y ork
Independent System Operator, 2012; Murillo-Sanchez, 2000; Federa Energy
Regulatory Commission, 2005). In order to meet their legal obligations of providing
timely market settlements and to ensure market fairness and efficiency, independent
system operators (1SOs) must adopt OPF tools that provide a) deterministic
convergence; b) accurate computation of nodal prices; ¢) support of both smooth and
nonsmooth costing of a variety of resources and services, such as real energy, reactive
energy, voltage support, etc.; d) full active and reactive power flow modeling of large-
scale systems; and €) satisfactory worst-case performance that meets the real-time
dispatching requirement. Most prior research on OPF has focused on performance
issues in the context of regulated systems, without giving much emphasisto
requirements a)—c). For bidding prices based optimal power flow, there have been
several methods proposed to optimally dispatch real power generations from
participated generators when the bidding power and prices are step functions, and not
continuous quadratic functions. (Wang et al., 2007) showed that the alocation of redl
power produced with discrete bids using nonlinear programming methods may be
unable to find the results in some cases. When such cases arise, the formulations for
objective functions need to be improved. (Gomes and Saraiva, 2008) proposed the
activelreactive bid based dispatch models which divide the calculations into two steps.
Thefirst step isthe allocation of power generation at each bus with the simple bidding
prices submitted to the market operator where the power system operational
conditions and limits are not yet considered. The second step is the alocation of
power generation at each bus with the adjustment bidding prices submitted to the
market operator where synchronous generator capability diagram and the power

system operational conditions and limits are considered.
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5. Transmission congestion management in electricity market

Existence of transmission system constraints dictates the finite amount of
power that can be transferred between two points on the electric grid. In practice, it
may not be possible to deliver al bilateral and multilateral contractsin full and to
supply all pool demand at least cost as it may lead to violation of operating constraints
such as voltage limits and line over-loads (congestion). The presence of such network
or transmission limitation is referred to as Congestion. With difficultiesin building
new transmission lines due to problem of right-of-the-way and financial crunch and
the significant increase in the power transactions associated with the competitive
electricity markets, maintaining system security has become one of the main concerns
for market and system operators than ever. Transmission congestion may prevent the
existence of new contracts, lead to additional outages, increase the electricity pricesin
some regions of the electricity markets, and can threaten system security and
reliability.

Transmission congestion occurs when available, | east-cost energy cannot be
delivered to all loads for a period because transmission facilities are not adequate to
deliver that energy. When the |l east-cost available energy cannot be delivered to load,
higher cost units must be dispatched to meet that |oad. Transmission congestion
management methods in electricity market can be divided into four methods (Kumar
et al., 2005) asfollows.

5.1 Senditivity factors based methods

In this method, power system is divided into groups. Each group hasthe
order. By order of the sensitivity factors to consider in each group was calculated in
each case with atransmission line in the power system operates at maximum limits.
Then sort the order of the various groups in the power system in ascending value.
Generator in the group with the lower order must decrease the power generation at
bus first and then consider the power generation of the generator in the group with the
next higher order (Kumar et al., 2004; Yu and Ilic, 1999; Bialek et al., 2000;
Vlachogiannis, 2000; Overbye and Weber, 2001; Kumar et al., 2003).
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5.2 Auction based congestion management
This method is based on the financial approach. The power producer in the

system can buy the transmission line credit of the expect transmission line that
operates at maximum limits, in order to offset the financial when that transmission
line operates at maximum limits. But the power producer is not the credit of the
transmission line that operates at maximum limits, it will be charged according to the
ISO rating (Hogan, 1992; Chao and Peck, 1996; Bushnell, 1999; Alomoush and
Shahidehpour, 2000; Chao et al., 2000; Hogan, 2000; Yu and Ilic, 2000; Liu and
Gross, 2004; Tuan et al., 2005).

5.3 Pricing based methods

In this method, 1SO allows the power producers can send the bidding
prices many times. From the second onwards, before the power producers send the
new bidding prices, 1SO will announce the transmission congestion prices. Then, the
power producers send the new bidding pricesto 1SO for their increasing the profit and
decreasing the transmission congestion prices. And then, ISO announce the
transmission congestion prices and aloop like this until the last sending (Finney et al .,
1997; Glavitsch and Alvarado, 1997; Stoft, 1998; Glavitsch and Alavardo, 1998;
Gedra, 1999; Bompard et al., 2000; Chen et al., 2000; Chen et al., 2002;
Papal exopoul os, 2002; Hao and Shirmohammadi, 2002). Another method uses
locational marginal price (LMP) based congestion management which 1SO allows the
power producers can send the bidding prices one time only and cal cul ates congestion
prices thought the congestion component of LMP (CLMP) such as PIM (PIM Energy
Market Manuals, 2012; Ott, 1999; Bamat and DiCapiro, 2002).

5.4 Re-dispatch and willingness to pay methods
In this method, the buyer at each bus sends the willingness to pay to avoid
curtailment both the pool and the bilateral contracts. The buyer that sends the higher
willingness to pay to avoid curtailment will be not decreased the power generation of
the according seller. While, the buyer that sends the lower willingness to pay to avoid

curtailment will be decreased the power generation of the according seller when the
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system can not transfer power equals the desired power generation (Fang and David,
1999; David, 1998; Fang and David, 1999; Lie et al., 2001; Grgic and Gubina, 2001,
Grgic and Gubina, 2002; Phichaisawat et al., 2002; Y amin and Shahidehpour, 2003;
Canizares et al., 2004; Talukdar et al., 2005).
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MATERIALSAND METHODS

Materials
1. Notebook computer
2. MATLAB program
3. Printer

Methods

To find the results of security-constrained unit commitment within 24 hoursin
pool electricity markets in thisthesis, we need to get the results from step bidding
price optimal power flow in each hour. Therefore, this thesis proposes hybrid
computational method (HCM) to solve step bidding price optimal power flow
(SPOPF) in eectricity markets; and hybrid computational method for step bidding
price security-constrained unit commitment (SP-SCUC) in pool e ectricity markets.
The HCM for SPOPF proposed in this thesis can be categorized in to three types
based on electricity market modelsi.e. @) HCM for SPOPF in pool electricity markets
b) HCM for SPOPF in mixed pool-bilatera electricity markets and c) HCM for
SPOPF with transmission congestion management (SPOPF-TCM) in mixed pool-
bilateral electricity markets.

1. HCM for SPOPF in pool, mixed pool-bilateral and SPOPF-TCM

The section presents asingle set of problem formulation that can be used for
all HCMsfor SPOPF in pool eectricity markets, SPOFP in mixed pool-bilatera
electricity markets and SPOPF-TCM in mixed pool-bilateral electricity markets. This
general set of problem formulation is created based on HCM for SPOPF-TCM in
mixed pool-bilateral electricity markets, which is the most complicated formulation,

where asit can be simply modified to solve SPOPF in other market models as well.
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The objective of SPOPF-TCM isto minimize the total generation cost
consisting of severa step bidding prices from participated generators and the total
willingness to pay functions from participated loads in pool, bilateral and multil ateral
contracts. For ssimplicity of developing the hybrid computational method, the rea
power demands in the system are forecasted and assumed to be constant in the model.
There are direct power purchased agreements between power producers and
consumers that are bilateral contract and multilateral contract. Bilateral contract is the
direct power purchased agreement between a power producer and a consumer, while
multilateral contract is direct power purchased agreement between one or more power
producers and a group of two or more consumers or between a group of two or more
power producers and a consumer. 1SO requires the amount of purchased power from
both sides (generation side and demand side) of bilateral and multilateral contracts
and power losses according to the transactions are compensated by generatorsin pool.
The hybrid computational method separates the calculations into two parts: the market
dispatch part; and the power flow dispatch part. The market dispatch part gives the
resultsin terms of allocation of the bids of real power generations at each bus based
only on the price offered and real power generation from both bilateral and
multilateral contracts without considering physical limits of the power systems. The
power flow dispatch part minimizes the changes of real power generations resulting
from the market dispatch part and the willingness to pay functions while satisfying
power balanced equations and system operating limits. The hybrid computational
method finds the optimal solution when the results from the market dispatch part no
longer violate power system limits. The market clearing price (MCP) (Kirschen and
Strbac, 2004) can then be obtained from the highest price of selected bidding blocks.

The proposed hybrid computational method separates the problem formulation
into two parts: the market dispatch part and the power flow dispatch part, which are
explained in details as follows.

1.1 Market Dispatch
In the market dispatch part, the alocation of real power generation at each
bus is computed based on the bidding prices submitted to the market operator and real
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power generation from both bilateral and multilateral contracts. Several blocks of
bidding prices offered by participated generators are listed from the lowest to the
highest ones. Initialy, the blocks of real power generations will be dispatched from
the lower prices upward plus real power generation from both bilateral and
multilateral contracts until the amount of forecasted system load and estimated |osses
are met. At this point, the power system operational conditions and limits are not yet
considered. The mathematical model for dispatching the blocks of real power
generations and real power generation both of bilateral and multilateral contracts by

the market operator can be expressed as.

Minimize > > (csxPus) 1)

ieNG beNB
Subject to

[ZK ZPGi,b}ﬁ;@v HPP o @

ieNG| \ beNB;

( ZPGi,bJ <P, ;VieNG (3)

be NB;

0< Py, <Py,,:VieNG,Vbe NB (4)

Note that for thefirst iteration, P

is set to be the capacity of generator i, or
Py ma» Ps 1S Set to be the real power generation schedule of the generator that trades
in bilateral at busi, or P>>", P)' is set to be the summation of real power generation

schedule at busi for every multilateral contract, or ZPG“Q*F“ and B, isequal to

keNM

Z€Ero.

The optimal results from the market dispatch are P, , and ¢, which are the

generation dispatch of chosen bidding blocks and their bidding prices, respectively.
The market dispatch results, which yield the minimum cost of power generation, must
be checked to seeif they satisfy the system operating constraints in the following
power flow dispatch.
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1.2 Power Flow Dispatch

The power flow dispatch problem is similar to the standard optimal power
flow where the constraints are power balanced equations and system operating limits.
However, instead of a quadratic generation cost function, the objective function is
now the total penalty cost of some slack variables, willingness to pay functionsin
demand side of pool, bilateral and multilateral contracts and penalty cost of red
power load for bilateral and/or multilateral contract to buy real power from pool due
to congested transmission lines. Since the parameters used in the power flow dispatch
problem are obtained from the market dispatch, they may not satisfy the required

constraints, and the power flow dispatch problem may not converge. Therefore, some

slacks for real power generation (Pgi ,P; and PG?) must be added to the power

balanced equations along with their corresponding penalty costs (c,+ ,C

andé,) inthe

objective function.

The slack variables B, and P; represent the increasing and decreasing
real power generation needed for generator at busi in order to satisfy the power

balanced equations. It is obvious that P;; and R; will not be nonzero at the same time
in the power balanced equation at busi. The extradack variable, PS, only exists

when R or B; hasreached its upper limit but the power balanced equation is not yet

satisfied. These slack variables, if being nonzero, will send the signal to the market
dispatch to adjust the optimal results in order to satisfy the power flow constraints.
The penalty costs corresponding to these slack variables are the chosen block bidding
prices expressed as follows:

ct = maX(C.,b; z PGi,b = PGi,maxJ (5)

i beNB;
mm(cl,b;oS Feip < PGi,bA)

c = min[ci; forR, = PGi,bAJ (6)
i,b
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From (5), if the power dispatch of generator i from market dispatch

reaches its maximum limit, the penalty cost for increasing real power (¢ ) is set to the

highest bidding price of generator at busi so that the increasing slack variable (F;;)

will always be zero. In other cases, the penalty cost is equal to the bidding price of the

last chosen block of generator i, or the next block if the last chosen block is full.

The penalty cost for decreasing real power (¢ ) isequal to the inverse of

the block bidding price of the last full chosen block as expressed in (6).

Thereal power generation from generator at busi, R, whichisset to be

constant in the power flow dispatch, comes from the market dispatch with some
modification. It is equal to the sum of al the full chosen blocks of real power

generation as expressed in (7).

P(.‘:i = z PGi,b; for PGi,b i PGi,bA (7)

be NB;

The slack variables for real power generation must be nonnegative and

and P

have upper limits, P i max » @ Shown in (8) and (9). The upper limitsof R}

Gi, max
and R; arethe sizes of real power generation of bidding blocks b corresponding to
their chosen pendty ¢" and ¢, respectively. In the case where ¢ = ¢, or the real
power generation reaches its maximum limit, the upper limit of P iszero. However,

the extraslack variable, P, hasno limit and can be any positive or negative number.

Psina ; Whereb correspondsto ¢
GI e for Z PGI Gl max (8)

beNB;

= P, »a » Whereb correspondsto ¢ 9)

G| max
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When al necessary parameters from market dispatch are redefined, the

power flow dispatch problem is therefore computed by the following optimization

problem.

vinimize > pe)e o xr) etV

ieNG
_{Z Z(\NlE; X PDBi,j):|_[ Z Z(VVKMJ 2 PDNIl,j):|
ieNg jeNS keNM jeNM

Subject to
PL+Ps—Py+PS+PS+ Y Py —P(V,3,T)-Py =0;VieN

keNM

Qs _Q(V’a’T)_QDi =0;VieN

SR [Wé”m . ZPD%]‘PD; =0;vi e NZ,¥j € ND

keNM jeNmD

Ps— D Py, =0;VieNg

jENiE}D
M M _A- M
> PRi— D Py;=0:;vkeN
ieNmG jENMD

PGi*mi” S(Péi i Pgl B PG_' it I:)Gsi + PGBi + ZPG'\I/:JJS PGi,max ;Vi e NG
keNM
O0<P5 <Pj nax s Vie NG
0< P5 <Py ma s Vie NG

~0< PP <w;Vie NG
0<PZ<PE™:vie N
0<PS, <Py ;VieNg,VjeN
0< Py, <Pu™;VieNYs,vke N"
0< Py <PW™;Vje Ny, Vke N
0< PR <Py ;VjeND

(V,T,Q,S)eB,

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)
(18)
(19)
(20)
(21)
(22)
(23)
(24)

(25)
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The objective function as expressed in (10) isthe total penalty cost of
slack variables of real power generation and willingness to pay functions in demand
side of bilateral and multilateral contracts. Willingness to pay functions are offered
prices for avoid curtailment of real power load in the case of transmission congested.
The power flow dispatch will be allowed to move the real power generation from the
optimal market dispatch as small as possible in order to satisfy the power flow
equations and to choose from the higher willingness to pays downward until satisfy
the transmission congestion management. The equality constraints, (11) and (12) are
modified power balanced equations including necessary slack variables and real

power generation from both bilateral and multilateral contracts.

Equation (13) represents the real power load balance at each bus of pool,
bilateral and multilateral. In the case where rea power load for bilateral and/or

multilateral contracts cannot be met at their schedules due to transmission lines

congestion, they must buy real power from pool through the variable, PD'j , which

represents real power load of pool.

Thereal power balance of bilateral contracts in each power producer is
expressed as (14), while the real power balanced of each multilateral contract is
expressed as (15).

The limits on rea power generation are expressed as (16), while the limits
of slack variables are written as (17)-(19).

The limit on real power generation of the generator that trades in bilateral
is expressed as (20), while the limit on real power load of bilateral contract is
expressed as (21).

The limits of each multilateral contract are expressed as (22)-(23).
The limit of real power load in pool is expressed as (24).
The other secure operating limits such as voltage and line limits, reactive

powers limits and tap changer settings, are included in (25).
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The results from this power flow dispatch part show the minimal adjusting
of real power generations and the minimum willingness to pay functions while
satisfying power flow balanced equations and other system security constraints.
Resulting of nonzero slack variables implies that the optimal market dispatch has not
yet satisfied power flow constraints. The adjusting of real power generations by their
corresponding nonzero slack variables however may not be the optimal dispatch
solution since the power flow dispatch part does not take into account the order of the
bidding price blocks. For example, the adjusted amount of real power generation from
generator “i” may require two more bidding blocks, but the price of the second block
may not be next to the first one. In this case, the market dispatch should not redispatch
generator i by the whole amount given from the power flow dispatch since the chosen
blocks of bidding prices may not be in the right order, i.e. some blocksin the middle
may be skipped. Therefore, the market dispatch must be recomputed based on the

adjusted real power generation of each generator from the power flow dispatch, which

is defined by P, and given as followed:

. Gi,max 26
¢ Py —P5.forP; >0 (0)

1y {Pgi + P for P < P
From (26), the adjusted real power generation for each generator allows

the increasing or decreasing of only one bidding block sincethe P; and B are

bounded by (8) and (9), respectively. If the market dispatch needs more real power

generation to cover total load and losses, it will determine to dispatch the generation
of the next bidding block.

Thereal power generation of the generator that trades in bilateral can be

updated from the power flow solution and given back to the market dispatch as a

parameter P2, which comes from:

Po =P (27)
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Thereal power generation of the generator that trades in multilateral can

be updated from the power flow solution and given back to the market dispatch as a

parameter P)" , which comes from:

R = 2P (28)

keNM

In addition, the system losses can be updated from the power flow solution

and given back to the market dispatch as followed.

R = z R (29)

ieN

The whole hybrid computational method will end when the following
convergence criteriafor power flow dispatch part are met simultaneously.

1. The slack for decreasing real power generation of the generator that trades
in pool isequal to zero, PY™ =0.

2. Theextraslack variable is equal to zero, PS =0.

Theincreasing slack variable, P;; , needs not be zero for the convergence

criteriasince it isrequired for system losses compensation. The optimal dispatch for
each generator is therefore the summation of its real power generation blocks

resulting from market dispatch, P, theincreasing slack variable, P;;, the real power

generation of the generator that tradesin bilateral, PS, and the summation of real

power generation for every multilateral contract, Z P » of thelast iteration.
keNM

The steps in proposed hybrid computational method are as follows:
Step 1: For thefirst iteration, P, is set to be the capacity of generator i, or

P

Gi,max !

P, isset to bethe real power generation schedule of the generator that trades
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in bilateral at busi, or P>>", P)' is set to be the summation of real power generation

schedule at busi for every multilateral contract, or ZPG“Q*F“ and B, isequal to

keNM

zero.

Step 2: Solve optimization problem for market dispatch according to equations
(1-(4).

Step 3: Define parameters for solving optimization problem of power flow
dispatch according to equations (5)-(9).

Step 4: Solve optimization problem for power flow dispatch according to
equations (10)-(25).

Step 5: The whole hybrid computational method will end when the following
convergence criteriafor power flow dispatch part are met simultaneoudly i.e. 1) The

slack for decreasing real power generation is equal to zero, P, =0, and 2) the extra

dack variable is equal to zero, PS = 0; otherwise define parameters for solving

optimization problem of market dispatch according to equations (26)-(29), and go to
step 2 for the next iteration.

Once HCM for SPOPF-TCM with mixed pool-bilateral electricity marketsis
formed, it can be modified to solve for SPOPF in mixed pool-bilateral electricity
markets by eliminating those parameters related to transmission congestion
management. In power flow dispatch part, W and W'} in equation (10) is then set
to zero, while market dispatch part stays the same since it does not contain those
parameters. Therefore, the equation (10) of the HCM for SPOPF-TCM with mixed
pool-bilatera electricity markets must be modified to solve for SPOPF in mixed pool-

bilateral electricity markets as follows.

[Z((Cf x P J+ (6 x Py )+ (6. <(PSf ))} (10-a)

ieNG

Finally, the HCM for SPOPF-TCM with mixed pool-bilateral electricity
markets can be modified to solve for SPOPF in pool electricity markets by
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eliminating those parameters related to transmission congestion management, and

bilateral and multilateral contracts. In market dispatch part, P and P in equation
(2) must beinitially set to zero. In power flow dispatch part, W" and W,"| in
equation (10), PS*" ineguation (20), P in equation (21), Ry in equation (22)
and PD“ﬁ;f‘:h in equation (23) must be set to zero. Moreover, in the case where the

convergence criteriafor power flow dispatch part are not met simultaneously as we

said above, P’ inequation (27) will always equal to zero because the lower and
upper limitsof P2 are equal to zero and P in equation (28) will aways equal to

zero because the lower and upper limits of PG'\I/:,i are equal to zero.

Therefore, equation (2), equation (10) and equations (20)-(23) of the HCM for
SPOPF-TCM with mixed pool-bilateral electricity markets must be modified to solve
for SPOPF in pool electricity markets as follows.

P[] R o

[Z((cr P56 xRy )+ (6 (RS ))} (10-b)

ieNG

0<P{<0;VieNg (20-b)
0<P;,<0;VieNg,VjeN? (21-b)
0< Py, <0;Vie N, vke N" (22-b)
0< PN, <0;Vje N/, vke N" (23-b)

2. HCM for SP-SCUC in pool éectricity markets

This section presents a set of problem formulation for solving HCM for SP-
SCUC within 24 hoursin pool electricity markets, where the objectiveisto minimize
the total generation cost within 24 hours consisting of several step bidding prices,



35

startup costs and minimum load costs in each hour from participated generators. For
simplicity of developing the hybrid computational method with mixed integer
programming, the real power demands in the system within 24 hours are forecasted
and assumed to be constant in the model. Moreover, thereis no direct power
purchased agreement between power producers and consumers. The proposed hybrid
computational method with mixed integer programming separates the calculation into
two parts: the part that calculates the daily security-constrained unit commitment of
dc load flow with approximate losses (DC-SCUC); and the part that cal culates SPOPF
in each hour. The DC-SCUC gives the results in terms of the generating unit status
(online or offline) and allocation of the bids of real power generations at each bus
based on the price offered while considering physical limits of the power systemsin
dc load flow with approximate losses within 24 hours. The HCM for SPOPF in each
hour is computed based on the generating unit status (online or offline) in each hour
resulting from the DC-SCUC part. This part gives the results in terms of allocation of
the bids of real power generations at each bus based on the price offered while
considering physical limits of the power systemsin full ac load flow model in each
hour. If the results of the generating unit status (online or offline) within 24 hours
from current iteration are the same as those from previous iteration, they are optimal
solutions for HCM for SP-SCUC. If the results of the generating unit status from the
current iteration are different from al previous iterations, al transmission line loss
factors for each hour, all transmission line operation factors and maximum limits of
transmission lines must be updated from the results of SPOPF and sent back to the
DC-SCUC part.

The proposed hybrid computational method with mixed integer programming
separates the calculation into two parts: the DC-SCUC part and the SPOPF in each
hour part as follows.

2.1 TheDC-SCUC
In the part of daily security-constrained unit commitment of dc load flow
with approximate losses, the allocation of the generating units status (online or
offline) and real power generation at each bus are computed based on the startup cost,
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minimum load cost and the bidding prices submitted to the market operator while
satisfying minimum up time limits, minimum down time limits, dc load flow model
with transmission line losses of power balanced equations and system operating limits
within 24 hours. Several blocks of bidding prices offered by participated generators
are listed from the lowest to the highest ones.

The objective function of this part consists of startup cost, minimum load
cost and the bidding prices submitted to the market operator within 24 hours. The
term of startup cost represents the cost for starting up the generating unit when the
generating unit is offline at the previous hour. The term of minimum load cost
represents the cost for the generating unit to be running at minimum limits in each
hour. And the term of the bidding prices represents the bidding prices of the
generating unit in each hour. The mathematical model for this objective function can
be expressed as followed.

33 |(suc x(1-u,, ,)xU, )+ (MLC,, in'h)—i-[ > (Con X PGibh)ﬂ (30)

heT ieNG beNB;

The constraints of this part consist of the followings:
a) Real power balanced.
Thereal power balanced at each busis based on dc load flow model
including minimum limits of committed generator indicated by binary variables as

follows.

beNB

((PGi,min XUi,h)+ > PGibhj_ Ph—Fin=0;VieN,VheT (31)

Theinjected real power at busi in hour h in equation (31) can be
expressed as.

P,= Y P, :VieN,vheT (32)

meN,izm
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b) Variable on real power generation of each generator.

A variable on real power generation, F; , isintroduced in order to

simplify the function of real power generation of each generator as follows.

PGi'h—((P xU; )+ > PGibhj:O;VieNG,VheT (33)

Gi,min i,h
beNB;

c) Approximate real power losses in transmission lines.
This thesis proposes a way to include approximate real power |osses of

dc load flow model asfollows.
Phw+Pin—P.m=0;Vi,meNl,VheT (34)

Thereal power flowing in transmission line from busi to bus min hour

h in equation (34) can be expressed as.
P = PGy %0 (8, =8, ) ;Vi,meNI,vheT (35)

Thereal power flowing in transmission line from bus mto busi in hour

h in equation (34) can be expressed as.
Poin = PCoin X0y X (3, =8,y ) i Vi,me NI, VheT (36)

Thereal power lossin transmission line connecting between busesi and
min hour h in equation (34) can be expressed as.

2 .
P - \/((pm <y (8, =510 ) “Vi.meNl,vheT (37)
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d) Minimum up time.
The minimum up time of each generator isthe group of equations
controlling the generator minimum run time for changing the status of generator from

offline to online as follows.

h+Ty; -1
> U, 2Tyx[U;,-U;,, | iVieNG,vh=1. T-T, +1 (38)
n=h

.

YU <[(T-h+1)xU,,, | ;VieNG,Yh=T-T,+2,...T (39)

h

>
]

€) Minimum down time.
The minimum down time of each generator is the group of equations
controlling the generator minimum shutdown time for changing the status of

generator from online to offline as follows.

;ZF;Ui‘h:O , for IF, >0;Vie NG (40)
heTp 1 :
zh [1-U,, |2 Ty x[U; -V, | 5Vie NG,
vh=IF +min(IF ) +1,...,T-T, +1 (41)
2[1—% ~(Uipa=Uis)|20;VieNG, Vh=T-T,+2..,T (42)

Equation (42) specifiesthat thefinal T, —1 period in which if the

generator at busi is shut down, it remains offline until the end of its time span.

The number of periods for generator at bus i which must beinitially

offline due to its minimum down time constraint in equation (41) can be expressed as.

IF, =max[ 0,(T,, —RF )x(1-U,,) ] ; Vie NG (43)
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f) Limits of real power generation.
Thereal power generation for each generator at each hour is controlled
by not only the limits of generator but also the status of generator (online or offline)

asfollows.
[PGIH’IHXUIh:|< Gth[PGlmax U ] VIENGVhET (44)

g) Bidding block limits.
The size of real power generation at each bidding block of the generator
can be expressed as.

0< Ry, < Pypa :Vie NG, Vbe NB,VheT (45)

h) Line flow limits.
The limits of real power flowing in the transmission line equations are
used to control the maximum real power flowing in the transmission linein

bidirectional flow.

;Vi,me NI,VheT (46)

;Vi,me NI,VheT 47)

1) Limits of slack variables.
The limits of dlack variables are used to control the value of real power

flowing in the transmission line and in the range between zero and one.

0<Pc,, <1;Vi,meNI,VheT (48)

0<Pc,,<1;Vi,meNI,VheT (49)
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Therefore, the whole optimization problem of mixed integer programming
for the daily security-constrained unit commitment in pool electricity markets can be
summarized as:

Min S S {(SUCi x([L-U,,,)xU,, )+ (MLC,, XUi,h){ 2 (Gen Peibh)ﬂ

heT ieNG be NB;

Subject to

((Pa min X ) Z (3,th ih PDi’hZO;ViEN,VhET

beNB

PGi,h _(( I:)GI mm ) Z Glbhj 0 ,VI € NG,VhGT

beNB;

P.+P.—P. =0;VimeN|,vheT

h+Ty; -1

Z U,2Tyx[U, -V, | iVieNG, vh=1. T-T, +1

iui'n <[(T-h+1)xU,,, ] :VieNG,vh=T-T;+2,...,T

n=h

IF,

i

DU, =0 ,forlF >0;VieNG

h=1
h%fl[l—ui‘n] >Ty x[U s -U,, ] ;Vie NG,
n=h

Vh=IF +min(IF ) +1,...T-T, +1

i[l—um ~(Uina=U;4)|20;VieNG,Vh=T-T, +2..,T

n=h
[Py XUip | < Psn <[ Pyac xUi | Vi €NG, VheT
0< Py, <Ryma ;Vie NG,Vbe NB,VheT
“Prnma < P S P 2 Visme NI, VheT
~Prnma < Prin £ P 3 Vi,me NILVheT
0<Pc,, <1;Vi,meNI,VheT

0<Pc,,<1;Vi,meNI,VheT
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where

P = PClmhxairrhx(éi,h_ém,h) ;Vi,meNI,vheT

P = PthXO(th(ém,h_éi,h) Vime NI, VheT

P :\/((pumh X %(3, -5m,h))2) vi,meNI,vheT

Pi,h: Z PIrT’h ,V|€N,Vh€T

meN,izm

IF, = max| 0,(Ty; - RF )x(1-U, ) | ; Vie NG

Note that for thefirst iteration, p,,,, isequal to zero, 0., iSset to bethe
inverse of transmission line reactance connecting between busesi and m, or (1/x,)

and the limits of real power flowing in the transmission line in equations (46) and (47)
are not considered. Moreover, due to the limit on the efficient mixed integer nonlinear
programming tools, this thesis uses mixed integer linear programming techniquein
CPLEX version 12.4 (The IBM ILOG CPLEX Optimizer Website, 2011) as the solver
for mixed integer programming. The appendix shows the converting of optimization
problem for the DC-SCUC in pool electricity markets into linear formulation for
CPLEX solver.

The optimal results from mixed integer programming for the DC-SCUC in
pool electricity markets are the generating units status (online or offline) and
allocation of the bids of real power generations at each bus based on the price offered
with considering physical limits of the power systemsin dc load flow model within 24
hours. We use only the generating units status (online or offline) as the input to the
SPOPF by HCM (step bidding price optimal power flow by hybrid computational
method) for every hour. The results of that part are used in the case that there are no
the duplicated results of the generating units status (online or offline) within 24 hours
from the first whole iteration to the current whole iteration. Therefore, we must run

two wholeiterations at |east.
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2.2 Hourly SPOPF by HCM
The calculation of this part is the same as the cal culation of hybrid
computational method for step bidding price optimal power flow in pool electricity
markets (SPOPF) in section 1 to find the optimal solution in each hour where the
input are the generating units status (online or offline) in each hour, which are
obtained from DC-SCUC part.

The whole hybrid computational method for SP-SCUC in pool electricity
markets will end when the results of the generating units status (online or offline) for

24 hours at the end of the whole iteration repeat themselves.

In the case where generating units status (online or offline) from the current
iteration are different from all previous iterations, the results from hourly SPOPF are
used to update hourly transmission lines loss factors, hourly transmission lines
operation factors and maximum limits of transmission lines. The updated parameters
are then sent back to DC-SCUC part. The updating procedures for those parameters

are detailed as follows.

a) Updating hourly transmission lines |oss factors.
The loss factor for transmission line between busesi and mfor hour h,

PLimn » CaN be updated by the following equation.

I:)L' h
—=m forr,, = 0and/or B, #0
M iimh =9 Poimn m (50)
0 ,forr,,=0and/or B, =0

b) Updating hourly transmission lines operation factors.
The operating factor for transmission line between buses i and m for hour

h, a., , can be updated by the following eguation.
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Pt forr,, = Oandior 5, —3,,,|# 0
= ‘6i,h - 6m,h‘ (51)
xi Jfor r,, = Oand/or |5, , —8,,,[= 0

¢) Updating maximum limits of transmission lines.

Since dc load flow does not include reactive power, the maximum line
limitsin DC-SCUC must consider the maximum real power flow resulting from
maximum apparent power flow in SPOPF. |f the transmission lines do not violate
their apparent power flow limits in SPOPF, the maximum real power flow in DC-
SCUC could be assumed to be the maximum apparent power flow limits. Therefore,

the maximum limits of transmission lines are updated by:
(52)

P = Poimn + fON Soiy = Sty mex
imh, max Srrh,max ,fOI' SPimh < Srrh,max

The algorithm for proposed HCM for SP-SCUC in pool electricity markets are
summarized as follows:

Step 1: For thefirst iteration, p,;.,, iISequal to zero, a,,, is set to betheinverse

of reactance of transmission line connecting between busesi and m, or (1/x,,) and the

limits of real power flowing in the transmission line in equations (46) and (47) are not
considered.

Step 2: Solve optimization problem of the DC-SCUC according to equations
(30)-(49).

Step 3: Set the generating units status (online or offline) in each hour
according to DC-SCUC for solving hourly SPOPF.

Step 4: Solve hourly SPOPF as explained in section 1 for 24 hours.

Step 5: Check for convergence of the SP-SCUC by comparing the results from
previous iterations with the current one.

o If theresults of the generating unit status from the current iteration are the
same as those from any previous iteration, the whole algorithm for SP-SCUC

converges.



e If theresults of the generating unit status from the current iteration are
different from all previousiterations, al transmission line loss factors for each hour,
all transmission line operation factors and maximum limits of transmission lines must

be updated according to equations (50)-(52), and go to step 2 for the next iteration.
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RESULTSAND DISCUSSION

Results

The proposed hybrid computational method for step bidding price optimal
power flow and transmission congestion management (HCM for SPOPF-TCM) in
electricity markets and hybrid computational method with mixed integer
programming for the daily security-constrained unit commitment (HCM for DC-
SCUCQC) in pool eectricity markets are tested on a modified IEEE 30 bus system as
shown in Figure 2. One of the synchronous condensersin the original system at bus 5
ismodified to be agenerator. All generators are capable of producing reactive power
in arange between -40 to 80 MVar. The ranges of reactive power generated from all
synchronous condensers are as given in the original IEEE 30 bus (Department of
Electrical Engineering at University of Washington, 2008). V oltage magnitudes for all
buses are bounded between 0.95 and 1.05 pu. Transformer tap ratios are all bounded
between 0.9 and 1.1 pu. Transmission line limits are modified from the origina |IEEE
30 bus as shown in Table 1.

Figure2 Modified IEEE 30 bus test system



Table 1 Branch rating data of modified IEEE 30 bus test system
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Branch Bus Rating Branch Bus Rating
No. No’s MVA No. No’s MVA
1 1-2 120 22 15-18 16
2 1-3 100 23 18-19 16
3 2-4 100 24 19-20 32
4 34 100 25 10-20 32
5 2-5 65 26 10-17 32
6 2-6 65 27 10-21 32
7 4-6 65 28 10-22 32
8 5-7 100 29 21-22 32
9 6-7 65 30 15-23 16
10 6-8 32 31 22-24 16
11 6-9 65 32 23-24 16
12 6-10 32 33 24-25 16
13 9-11 65 34 25-26 16
14 9-10 65 35 25-27 16
15 4-12 65 36 28-27 65
16 12-13 65 37 27-29 16
17 12-14 32 38 27-30 16
18 12-15 32 39 29-30 16
19 12-16 32 40 8-28 32
20 14-15 16 41 6-28 32

21 16-17 16

1. Test resultsof HCM for SPOPF-TCM in electricity markets

MW.

In Figure 2, al generators are capable of producing real power from 30 to 200
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1.1 Test results of HCM for SPOPF in pool electricity markets
Besides the modified |EEE 30 bus system data, The additional data
required in this case study is the bidding price-power block of the system, which are
givenin Figure 3, where G; , is the bidding price of block b for generator at busii.

THB/MWh THB/MWh THB/MWh
. A A 26.64
27 27 259p 27
26 26 26 ﬁ
24.73Gsy
23 237 23.95%-;3 237 =S
24+ 24 244 2.0|G)
234 234 22.26|G, 23+ 7
22 27 Ty 22 21.23Gs;
20.95)/
214 214203 @ 214203
20 20 - 20 3,3
G.’.I G‘.’u.l
MW MW MW
v . v -
0 45 90 130 165 200 0 45 85 125 165 200
v v
P(,'.’.mm 'P(.'Smnm

Figure 3 Data of bidding price-power block for the system generators in pool

electricity markets

Four interesting case studies are presented. The differences among the four
cases are transmission line limits. In order to illustrate the proposed algorithm, the

transmission line limits are modified from the original basecase as followed:

Case 1l.1.a Transmission linelimits are as shownin Table 1, whichis

considered basecase.

Case 1.1.b: The maximum limit of transmission line between buses 2 and 4
is changed to 40 MVA.

Case 1.1.c: The maximum limit of transmission line between buses 2 and 5
is changed to 30 MVA.

Case 1.1.d: The maximum limit of transmission line between buses 3 and 4
is changed to 43 MV A, and between buses 4 and 12 is changed to 32 MVA.
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THB/MWh

A

27
26
25+
24
23
22
21
20-F7

Figure4 Result of market dispatch in pool electricity markets

The real power generations obtained from the first iteration of market
dispatch are shown in Figure 4, where Figure 5 shows the optimal dispatch from
SPOPF for basecase with calculated system losses. The results from HCM for
SPOPF are the same as the market dispatch except for the additional losses. Thisis
due to the redundant in transmission line capacity in the IEEE 30 bus system. In other
words, the redundant in transmission line capacity allows the system to dispatch real

power generators in the most economical way.
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Figure5 Results of basecase market and power flow dispatch in pool electricity

markets

It would be interesting to modify some transmission line capacities to illustrate
how the algorithm works when power flow constraints are met. In Case 1.1.b, the
transmission line limit between buses 2 and 4 is changed from 100 MV A to 40 MVA.
The power flow in that transmission line now violates the capacity limit and the
optimal real power generations must be adjusted. The optimal results of Case 1.1.b are
shown in Figure 6.

In the next case study, the transmission line limit between buses2 and 5 is
changed from 65 MV A to 30 MV A, while the limit on line 2-4 is back to 100 MVA.

The optimal results of Case 1.1.c are shown in Figure 7.

In the last case study, the transmission line limit between buses 3 and 4 is
changed from 100 MV A to 43 MVA, and the line limit between buses 4 and 12 is
changed from 65 MV A to 32 MV A, while the other line limits are the same as those

from basecase. The optimal results of Case 1.1.d are shown in Figure 8.
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Figure 6 Results of market and power flow dispatch when limit of line 2-4 is 40

MVA in pool electricity markets
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Figure 7 Result of market and power flow dispatch when limit of line 2-5is30 MVA
in pool electricity markets
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Figure 8 Result of market and power flow dispatch when limit of line 3-4 is43 MVA
and line 4-12 is 32 MVA in pool electricity markets



52

1.2 Test results of HCM for SPOPF in mixed pool-bilateral electricity markets
Two interesting case studies are presented to illustrate this algorithm. The
differences among the two cases are power purchase agreement. The additional data
for these case studies are the purchase agreements for bilateral and multilateral

contracts, and bidding price-power block in the system.

The details for case studies are as followed:
Case 1.2.a: There are one hilateral contract and multilateral contracts from one

generator to severa loads.

Power purchase agreement on the pool for Case 1.2.aisequal to 173.4 MW.
The datafor bilateral contract and multilateral contracts for Case 1.2.aare given as
shown in table 2 and table 3, respectively. The datafor bidding price-power block in
Case 1.2.aare given as shown in Figure 9, where G; ;, is the bidding price of block b

for generator at busi.

Table2 Dataof bilateral contract in Case 1.2.ain mixed pool-bilateral electricity

markets

Power purchase agreement
(MW)
1 9 94.2

Gen. at bus Load at bus
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Table3 Dataof multilateral contractsin Case 1.2.ain mixed pool-bilateral electricity

markets
Power Power
purchase purchase .
Contract Gen. Load Curtailment
agreement agreement _
No. at bus at bus weight
(Gen.) (Load)
(MW) (MW)
24 0.1519
1 1 4 15.8 7.6 0.4810
10 5.8 0.3671
THB/MWh THB/MWh THB/MWh
A A 30.85
31 31 31
30 30 29.17 30 EGS,H
29— 28.15 29- ;q 29 27.95 T
284 25.80 28+ 26.62 G_zﬁ 28
G
274 l 13 274 27 £
223 eV 26+ 2 :; 26 i
25-l 25- ) 25 23.70
236, 234 kB
22 205 22 KK
et 5%
21 21455 21455
20 20558 20F55
e [52%
ietely o252
§o N
020 60 90 0 30 70 130 170 200 0 io 65 120 165 200
PGimin PGi,min

Figure 9 Dataof bidding price-power block for the system generatorsin Case 1.2.a

in mixed pool-bilateral electricity markets

Case 1.2.h: There are several bhilateral contracts and multilateral contracts from

one generator to severa loads.
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Power purchase agreement on the pool in Case 1.2.b is changed to 83.4 MW.
The datafor bilateral contracts and multilateral contracts for Case 1.2.b are given as
shown in table 4 and table 5, respectively. The datafor bidding price-power block in
the system in Case 1.2.b, which are given as shown in Figure 10, where G; , isthe

bidding price of block b for generator at busi.

Table4 Dataof bilateral contractsin Case 1.2.b in mixed pool-bilateral electricity

markets
Power purchase agreement
Gen. at bus Load at bus
(MW)
2 21.7
5 94.2
1 168.7
7 22.8
8 30

Table5 Dataof multilateral contractsin Case 1.2.b in mixed pool-bilateral electricity

markets
Power Power
purchase purchase .
Contract  Gen. Load Curtailment
agreement agreement .
No. at bus at bus weight
(Gen.) (Load)
(MW) (MW)
10 5.8 0.1853
14 6.2 0.1981
1 1 313
24 8.7 0.2779

30 10.6 0.3387
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Figure 10 Dataof bidding price-power block for the system generatorsin Case 1.2.b
in mixed pool-bilateral electricity markets

The optimal results of real power dispatch for Case 1.2.aare shown in Table 6,
where system losses are compensated by the pool. Results of real power dispatch on
pool for Case 1.2.awith compensated system losses areillustrated in Figure 11. The
corresponding bilateral contract and multilateral contracts for this case could be

dispatch successfully as shown in table 7 and table 8, respectively.

Table6 Results of real power dispatch for pool in Case 1.2.a

Real power dispatch in the system (MW)

Gen. at bus
Bilatera Multilateral Pool Total
1 94.20 15.80 20 130
2 0 0 96.401 96.401
5 0 0 65 65

Tota 94.20 15.80 181.401 291.401




Table7 Result of real power dispatch for bilateral contract in Case 1.2.a

Power purchase agreement Power purchased
(MW) (MW)

Gen. at bus Load at bus

1 5 94.2 94.2

Table8 Results of real power dispatch for multilateral contractsin Case 1.2.a

Power Red Power Red

purchase power purchase power
Contract |  Gen. Load .
agreement | generated | agreement | received
No. at bus at bus

(Gen.) (Gen.) (Load) (Load)
(MW) (MW) (MW) (MW)

2.4 2.4

1 1 4 158 15.8 7.6 7.6

10 5.8 5.8
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Figure 11 Results of real power dispatch on pool in Case 1.2.ain mixed pool-
bilateral electricity markets

In Case 1.2.b, the power purchase agreement on pool is changed from 173.4
MW to 83.4 MW, bilatera contracts are changed from 94.2 MW to 168.7 MW and
multilateral contracts are changed from 15.8 MW to 31.3 MW.

The optimal results of real power dispatch for Case 1.2.b are shown in Table
9, where system losses are still compensated by the pool. Results of real power
dispatch on pool for Case 1.2.b with compensated system losses are illustrated in
Figure 12. The corresponding four bilateral contracts and multilateral contracts for

this case are dispatch as shown in table 10 and table 11, respectively.
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Table9 Results of real power dispatch for pool in Case 1.2.b

Real power dispatch in the system (MW)
Gen. at bus

Bilateral Multilateral Pool Total
1 161.147 28.639 0 189.786
2 0 0 76.633 76.633
5 0 0 30.623 30.623
Tota 161.147 28.639 107.256 297.042

Table 10 Resultsof real power dispatch for bilateral contractsin Case 1.2.b

Power purchase agreement Power purchased
Gen.atbus Load at bus
(MW) (MW)
2 21.7 20.045
5 94.2 91.718
1 168.7 161.147
7 22.8 21.133
8 30 28.251

Table 11 Resultsof real power dispatch for multilateral contract in Case 1.2.b

Power Rea Power Rea
purchase power purchase power
Contract  Gen. Load _
agreement  generated agreement  received
No. at bus at bus
(Gen.) (Gen.) (Load) (Load)
(MW) (MW) (MW) (MW)
10 5.8 5.3068
14 6.2 5.6734
1 1 313 28.639
24 8.7 7.9588

30 10.6 9.7000
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Figure 12 Results of real power dispatch on pool in Case 1.2.b in mixed pool-
bilateral electricity markets

1.3 Test results of HCM for SPOPF-TCM in mixed pool-bilateral electricity
markets
Two case studies are presented to illustrate this algorithm. The additional
data for these case studies are bilateral contracts and multilateral contracts with

willingness-to-pay and bidding price-power block.

The detailsfor these case studies are:

Case 1.3.a: Power purchase agreement on the pool isequal to 173.4 MW. The
bilateral contracts and multilateral contracts with generator at bus 1is110 MW. The
datafor bilateral contracts and multilateral contracts with willingness-to-pay in Case

1.3.aare given as shown in table 12 and table 13, respectively.

The datafor bidding price-power block are given as shown in Figure 13,

where G, is the bidding price of block b for generator at busii.
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Table 12 Dataof bilateral contracts with willingness-to-pay in Case 1.3.a

Power purchase agreement  Willingness-To-Pay
(MW) (THB/MWHh)
1 5 94.2 1.75

Gen. at bus Load at bus

Table 13 Dataof multilateral contracts with willingness-to-pay in Case 1.3.a

Power Power
Gen. Load purchase purchase  Willingness- .
Contract Curtailment
at a  agreement agreement To-Pay _
No. weight

bus  bus (Gen.) (Load) (THB/MWHh)
(MW) (MW)

24 1.45 0.1519
1 1 4 158 7.6 1.68 0.4810
10 5.8 1.55 0.3671
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Figure 13 Data of bidding price-power block for the system generatorsin Case 1.3.a

in mixed pool-bilateral electricity markets considering transmission

congestion management

Case 1.3.b: Power purchase agreement on the pool is changed to 83.4 MW.

The bilateral contracts and multilateral contracts with generator at bus 1 are changed
to 200 MW. Thedatafor bilateral contracts and multilateral contracts with

willingness-to-pay in Case 1.3.b is given as shown in table 14 and table 15,

respectively.

The data for bidding price-power block in the system, which are given as

shown in Figure 14, where G; ;, is the bidding price of block b for generator at busi.
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Table 14 Dataof bilateral contracts with willingness-to-pay in Case 1.3.b

Power purchase agreement Willingness-To-
Gen.atbus Load at bus P X J il

(MW) (THB/MWh)
2 21.7 1.68
5 94.2 1.75
1 168.7
7 22.8 1.70
8 30 1.72

Table 15 Dataof multilateral contracts with willingness-to-pay in Case 1.3.b

Power Power
Gen. Load purchase purchase  Willingness- _
Contract Curtailment
at a  agreement agreement To-Pay .
No. weight

bus  bus (Gen.) (Load) (THB/MWHh)
(MW) (MW)

10 5.8 1.52 0.1853

14 6.2 1.55 0.1981
1 1 31.3

24 8.7 1.65 0.2779

30 10.6 1.71 0.3387
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Figure 14 Data of bidding price-power block for the system generatorsin case 1.3.b
in mixed pool-bilateral electricity markets considering transmission

congestion management

The optimal results of real power dispatch for Case 1.3.aare shown in Table
16, where system losses are compensated by the pool. Results of real power dispatch
on pool for Case 1.3.awith compensated system losses areillustrated in Figure 15.
The corresponding bilateral contract and multilateral contracts for this case could be
dispatch as shown in table 17 and table 18, respectively.

Table 16 Result of real power dispatch in Case 1.3.ain mixed pool-bilateral

electricity markets considering transmission congestion management

Real power dispatch in the system (MW)

Gen. at bus
Bilateral Multilateral Pool Total
1 94.20 15.80 20 130
2 0 0 96.401 96.401
5 0 0 65 65

Tota 94.20 15.80 181.401 291.401
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Table 17 Results of real power dispatch on bilateral contract with willingness-to-pay

inCase l1l.3.a

Power purchase agreement Power purchased
(MW) (MW)
1 5 94.2 94.2

Gen. at bus Load at bus

Table 18 Result of real power dispatch on multilateral contracts with willingness-to-

pay in Case 1.3.a

Power Red Power Red

purchase power purchase power
Contract | Gen. Load _
agreement | generated | agreement | received
No. at bus at bus

(Gen)) (Gen.) (Load) (Load)
(MW) (MW) (MW) (MW)

24 24

1 1 4 15.8 15.8 7.6 7.6

10 5.8 5.8




65

THB/MWh
A
314
304
29
28 o
274 @@
264 MCP =24.57
e )
2514
MW
:-:-: >
' 310 395 455
70 155& 270 350 425 490
181.401

Figure 15 Results of real power dispatch on pool in Case 1.3.ain mixed pool-bilateral

electricity markets considering transmission congestion management

In some cases, power purchase agreements on bilateral and multilateral
contracts between cheaper generator and load buses may cause transmission
congestions in the system. In such cases, 1ISO will manage the transmission
congestions using willingness-to-pay obtained from bilateral and multilateral
contracts. Case 1.3.b isan example of such case, where the propose a gorithm can

give the results as follows.

The optimal results of Case 1.3.b for real power dispatch in mixed pool-
bilateral electricity markets considering transmission congestion management are
shown in Table 19. Results of real power dispatch on pool for Case 1.3.b with
compensated system losses are illustrated in Figure 16.
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Table 19 Result of real power dispatch in Case 1.3.b in mixed pool-bilateral

electricity markets considering transmission congestion management

Real power dispatch in the system (MW)

Gen. at bus
Bilateral Multilateral Pool Total
1 168.70 21.0864 0 189.786
2 0 0 76.633 76.633
5 0 0 30.623 30.623
Tota 168.70 21.0864 107.256 297.042

The results of real power dispatch on bilateral contracts with willingness-to-
pay for Case 1.3.b are shown in Table 20, where the amount of power purchase

agreement from generator 1 is met.

However, the real power dispatches on multilateral contracts with willingness-
to-pay in Case 1.3.b are not met with the agreement due to transmission line
congestions as shown in Table 21. The curtailment on multilateral contracts are

subject to the willingness-to-pay.

Table20 Results of real power dispatch on bilateral contracts with willingness-to-pay

inCase 1.3.b
Power purchase agreement Power purchased
Gen.atbus Load at bus
(MW) (MW)
2 21.7 21.7
5 94.2 94.2
1 168.7 168.7
7 22.8 22.8
8 30 30
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Table21 Resultsof real power dispatch on multilateral contracts with willingness-to-

pay in Case 1.3.b
Power Resal Power Resal
purchase power purchase power
Contract  Gen. Load .
agreement  generated agreement  received
No. at bus at bus
(Gen)) (Gen.) (Load) (Load)
(MW) (MW) (MW) (MW)
10 5.8 3.9074
14 6.2 4.1769
1 1 313 21.0864
24 8.7 5.8611
30 10.6 7.1411
THB/MWh
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314 i |
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Figure 16 Result of real power dispatch on pool in Case 1.3.b in mixed pool-bilateral

electricity markets considering transmission congestion management
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2. Test resultsof HCM SP-SCUC in pool electricity markets

The additiona datathat are used for HCM SP-SCUC in pool electricity
markets are bidding price-power block, minimum load and startup cost, minimum

uptime and downtime and hourly load for one day.

The datafor bidding price-power block used in DC-SCUC are given as shown
in Figure 17, where G; , is the bidding price of block b for generator at busi. The
minimum load and startup costs for generatorsin DC-SCUC are given in table 22.
The minimum uptime and downtime for generatorsin DC-SCUC are given in table
23. Finally, the hourly load of the system in DC-SCUC are given as shown in table
24, where Pd is the system real power load in each hour and Qd is the system reactive

power load in each hour.

THB/MWh THB/MWh THB/MWh
A A 29.95 A
30 304 304
294 2r.42 294 o 294
s 2465y | . o
274 7] 27 27
25.85
26— 26 - 26 25.45

25 25+ 25
24 24+ 24—
# 2275
23 D) 23+ :( = 23+
22

22+ G, 22+ 21.15
21+ @ 21+ 21+
204 G 204 20 = szQ:
5,
( MW ( MW ( MW
>
041020 40 50 0 &20 45 80 100 0 30 65 115 150
Minimum Load Minimum Load Minimum Load

Figure 17 Dataof bidding price-power block for the system generatorsin DC-SCUC
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Table22 Dataof minimum load and startup cost for generatorsin DC-SCUC

Minimum load Minimum |load cost Startup cost
Gen. at bus
(MW) (THB/h) (THB)
1 10 275 65
20 600 150
5 30 750 185

Table 23 Data of minimum uptime and downtime for generatorsin DC-SCUC

Minimum uptime Minimum downtime
Gen. at bus
(h) (h)
1 2 2
2




Table24 Datafor hourly load within 24 hours of the modified IEEE 30 busin DC-

70

SCUC
Hour no. P d Hour no. P <
(MW) (Mvar) (MW) (Mvar)
1 190.577 84.865 13 289.198 128.782
2 185.439 82.577 14 293.602 130.743
3 177.718 79.139 15 289.198 128.782
4 189.285 84.290 16 283.297 126.154
5 184.147 82.002 17 256.256 114.113
6 195.243 86.943 18 252.381 112.387
7 191.722 85.375 19 271.700 120.990
8 240.754 107.209 20 272.992 121.565
9 265.270 118.126 21 263.978 117.551
10 280.713 125.004 22 247.243 110.099
11 293.602 130.743 23 226.632 100.921
12 279.451 124.441 24 195.128 86.892

Four interesting case studies are presented. The differences among the four

cases are transmission line limits in some hours. In order to illustrate the proposed

algorithm, the transmission line limits are modified from the original basecase as

followed:

Case 2.a Transmission line limits are as shown in Table 1 for every hour,

which is considered basecase.

Case 2.b: In hour 1, the maximum limit of transmission line between buses 5

and 7 is changed to 50 MVA.

Case 2.c: In hour 5, the maximum limit of transmission line between buses 5

and 7 is changed to 40 MVA.
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Case 2.d: In hour 1, the maximum limit of transmission line between buses 5
and 7 is changed to 50 MV A. And in hour 5, the maximum limit of transmission line
between buses 5 and 7 is changed to 40 MVA.

The results for Case 2.a or basecase can be shown as follows.

The results of the committed schedule from hour 0 to 24 and the daily cost in
the case of SCUC without considering transmission line limits and |osses are shown
in Table 25, where U is the generator bus number. Table 26 shows the results of the
commitment schedule from hour 0 to 24 and the daily cost for SCUC in basecase,
where U isthe generator bus number. Table 27 shows the results of rea power

dispatch of each generator within 24 hours for SCUC in basecase.

Table25 DC-SCUC without considering transmission line limits and |osses

Daily cost = 143638.309 THB

Hours (0-6) Hours (7-12) Hours (13-18) Hours (19-24)

oooo0oo000O0O1T11711117111111111110

U
1 0111111111111111111111111
2
560111111111111111111111111

Table26 SP-SCUC in basecase

Daily cost = 146726.226 THB

Hours (0-6) Hours (7-12) Hours (13-18) Hours (19-24)

oooo0o000O0O1TI1I171TI1I117111111111110

U
1 0111111111111 111111111111
2
501111711111111111111111111




Table 27 Generation dispatch in basecase

72

Holr 1o, Generator at bus (MW) Totd
1 2 5 (MW)
1 44,159 0 150 194.159
2 40 0 148.921 188.921
3 40 0 140.849 180.849
4 42.850 0 150 192.850
5 40 0 147.569 187.569
6 48.893 0 150 198.893
7 45.320 0 150 195.320
8 50 45.061 150 245.061
9 50 70.197 150 270.197
10 50 86.132 150 286.132
11 50 99.494 150 299.494
12 50 84.826 150 284.826
13 50 94.921 150 294.921
14 50 99.494 150 299.494
15 50 94.921 150 294.921
16 50 88.805 150 288.805
17 50 60.933 150 260.933
18 50 56.958 150 256.958
19 50 76.822 150 276.822
20 50 78.155 150 278.155
21 50 68.868 150 268.868
22 50 51.695 150 251.695
23 40 45 145.502 230.502
24 48.777 0 150 198.777
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It would be interesting to modify some transmission line capacities to illustrate
how the algorithm works. In Case 2.b, in hour 1, the transmission line limit between
buses 5 and 7 is changed from 100 MV A to 50 MVA. The power flow in the
transmission line now violates the capacity limit and the optimal rea power
generations and commitment schedule must be adjusted. Table 28 shows the results of
the commitment schedule from hour 0 to 24 and the daily cost for SCUC in Case 2.b,

where U is the generator bus number.

Table 29 shows the results of real power dispatch of each generator within 24
hours for SCUC in Case 2.b.

Table28 SP-SCUC inCase2.b

Daily cost = 147017.961 THB

Hours (0-6) Hours (7-12) Hours (13-18) Hours (19-24)

0i110000O01I1111171711111111110

U
1 0111111111111111111111111
2
560111111111111111111111111




Table29 Generation dispatch in Case 2.b
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Holr 1o, Generator at bus (MW) Totd
1 2 5 (MW)
1 40 20 133.581 193.581
2 40 20 128.238 188.238
3 40 0 140.849 180.849
4 42.850 0 150 192.850
5 40 0 147.569 187.569
6 48.893 0 150 198.893
7 45.320 0 150 195.320
8 50 45.061 150 245.061
9 50 70.197 150 270.197
10 50 86.132 150 286.132
11 50 99.494 150 299.494
12 50 84.826 150 284.826
13 50 94.921 150 294.921
14 50 99.494 150 299.494
15 50 94.921 150 294.921
16 50 88.805 150 288.805
17 50 60.933 150 260.933
18 50 56.958 150 256.958
19 50 76.822 150 276.822
20 50 78.155 150 278.155
21 50 68.868 150 268.868
22 50 51.695 150 251.695
23 40 45 145.502 230.502
24 48.777 0 150 198.777
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In the next case study, in hour 5, the transmission line limit between buses 5
and 7 is changed from 100 MV A to 40 MV A, while the other line limits and hours are
the same as those from basecase. Table 30 shows the results of the commitment
schedule from hour 0 to 24 and the daily cost for SCUC in Case 2.c, where U isthe

generator bus number.

Table 31 shows the results of real power dispatch of each generator within 24
hours for SCUC in Case 2.c.

Table30 SP-SCUC in Case 2.c

Daily cost = 146929.441 THB

Hours (0-6) Hours (7-12) Hours (13-18) Hours (19-24)

ooo0o00111111711111111111110

U
1 0111111111111111111111111
2
501111711111111111111111111




Table 31 Generation dispatch in Case 2.c
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Holr 1o, Generator at bus (MW) Totd
1 2 5 (MW)
1 44,159 0 150 194.159
2 40 0 148.921 188.921
3 40 0 140.849 180.849
4 42.850 0 150 192.850
5 40 32.503 114.135 186.638
6 40 20 138.441 198.441
7 40 20 134.773 194.773
8 50 45.061 150 245.061
9 50 70.197 150 270.197
10 50 86.132 150 286.132
11 50 99.494 150 299.494
12 50 84.826 150 284.826
13 50 94.921 150 294.921
14 50 99.494 150 299.494
15 50 94.921 150 294.921
16 50 88.805 150 288.805
17 50 60.933 150 260.933
18 50 56.958 150 256.958
19 50 76.822 150 276.822
20 50 78.155 150 278.155
21 50 68.868 150 268.868
22 50 51.695 150 251.695
23 40 45 145.502 230.502
24 48.777 0 150 198.777




77

In the last case study, in hour 1, the transmission line between buses5and 7 is
changed from 100 MV A to 50 MV A and in hour 5, the transmission line limit
between buses 5 and 7 is changed from 100 MV A to 40 MV A, while the other line
[imits and hours are the same as those from basecase. Table 32 shows the results of
the commitment schedule from hour 0 to 24 and the daily cost for SCUC in Case 2.d,

where U is the generator bus number.

Table 33 shows the results of real power dispatch of each generator and in the
system within 24 hours for SCUC in Case 2.d.

Table32 SP-SCUC in Case 2.d

Daily cost = 147221.176 THB

Hours (0-6) Hours (7-12) Hours (13-18) Hours (19-24)

c01100111111711111111111110

U
1 0111111111111111111111111
2
50111111111111111111111111




Table 33 Generation dispatch in Case 2.d
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Holr 1o, Generator at bus (MW) Totd
1 2 5 (MW)
1 40 20 133.581 193.581
2 40 20 128.238 188.238
3 40 0 140.849 180.849
4 42.850 0 150 192.850
5 40 32.503 114.135 186.638
6 40 20 138.441 198.441
7 40 20 134.773 194.773
8 50 45.061 150 245.061
9 50 70.197 150 270.197
10 50 86.132 150 286.132
11 50 99.494 150 299.494
12 50 84.826 150 284.826
13 50 94.921 150 294.921
14 50 99.494 150 299.494
15 50 94.921 150 294.921
16 50 88.805 150 288.805
17 50 60.933 150 260.933
18 50 56.958 150 256.958
19 50 76.822 150 276.822
20 50 78.155 150 278.155
21 50 68.868 150 268.868
22 50 51.695 150 251.695
23 40 45 145.502 230.502
24 48.777 0 150 198.777
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Discussion

1. Discussion of HCM for SPOPF in pool, mixed pool-bilateral and SPOPF-TCM

1.1 Discussion of HCM for SPOPF in pool eectricity markets
The real power generations obtained from the first iteration of market
dispatch are shown in Figure 4. They are the same for every case study since they
result from selecting the combination of bidding price blocks offered by all generators
in ascending order to cover the total system demand of 286.234 MW. The system
losses have not yet taken into account in the first iteration. The MCP for thiscaseis
equal to 21.45 THB/MWh, which isthe bidding price at block 3 of generator 1.

The results from the market dispatch are checked for violations of any
operational constraints with the power flow dispatch part, where system losses are
also obtained. Figure 5 shows the results from the power flow dispatch for basecase
with calculated system losses. The chosen blocks and the M CP are the same as those
from the market dispatch part with slightly higher value in the last chosen block due

to the additional real power losses.

The optimal results of Case 1.1.b are shown in Figure 6. The power flow
dispatch part in this case limits the real power generation of generator 1 and reduces
the real power generation of generator 2 since they cause the overflow in line 2-4. The
shortfall demand must be compensated by dispatching the next available bidding
block. Unfortunately, the next bidding block is the block of generator 2, G, 3, which
has been limited as well. Clearly, the available bidding block with the lowest priceis
Gs 3, which belongs to generator 5. The power flow dispatch part thus recal cul ates the
amount of real power generation for generator 5. The redispatched amount of
generator 5 stays within the block Gs 3, which also agrees with the market dispatch
result. Therefore, the optimal results of the hybrid computational method are found.
The MCP of 23.12 THB/MWHh in this caseisthe price at block 3 of generator 5,
which is higher than the basecase's due to the redispatch to avoid the overloaded

transmission line.
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The optimal results of Case 1.1.c are shown in Figure 7. The real power
generation dispatched from generator 2 is greater than that of Case 1.1.b due to the
large capacity on line 2-4. However, it is still limited because the capacity limit on
line 2-5 ismet. Moreover, the real power generation of generator 1 is reduced.
Therefore, The additional block to compensate for the reduced real power generation
must be from generator 5 resulting in the dispatching of the block Gs 3 with the MCP
of 23.12 THB/MWh.

The optimal results of Case 1.1.d are shown in Figure 8. In this case, the
real power generations from generators 1 and 2 are limited at exactly two blocks by
the power flow dispatch part. As aresult, the real power generation from generator 5
must rise to meet the shortfall demand. The MCP of this case comes from the last
bidding price block for the real power generation requirement, which isthe block Gs 3
with the price of 23.12 THB/MWh.

1.2 Discussion of HCM for SPOPF in mixed pool-bilateral electricity markets
Thereal power dispatch for Case 1.2.ais shown in table 6. Generator 1

produces real power as power purchase agreements on bilateral and multilateral
contracts, while system losses are compensated by generatorsin pool. The total red
power generation in the system is 291.401 MW. Table 7 shows the results on the
bilateral contract for Case 1.2.a, where generator 1 and load at bus 5 have a contract
of 94.2 MW of rea power generation. Table 8 shows the results on multilateral
contract for Case 1.2.a, where generator 1 and a group of loads (buses 3, 4 and 5)
have multilateral contracts of 15.8 MW. Figure 11 shows the results of rea power
generation for Case 1.2.a with system losses. The MCP for this caseis equal to 24.57
THB/MWh, which is the bidding price at block 2 of generator 2. The generator at bus

1 produced 20 MW with Ry, , . Generator 2 produced 96.401 MW with F,,, and

Ps,,. Generator 5 produced 65 MW with R, ;. Thetota real power generation on
the pool is181.401 MW.
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The real power dispatch in Case 1.2.b is shown in table 9. Generator 1
cannot produce real power as agreed on bilateral and multilateral contracts because
transmission lines reach their maximum limits. These transmission lines are the
transmission lines between bus 1 and bus 2, between bus 2 and bus 5 and between bus
6 and bus 8. System losses are compensated by generatorsin the pool. Thetotal real
power generation in the system is 297.042 MW. Table 10 shows the results on the
bilateral contracts for Case 1.2.b, where generator 1 and load at bus 2, bus 5, bus 7
and bus 8 have hilateral contracts for real power of 20.045 MW, 91.718 MW, 21.133
MW and 28.251 MW, respectively. The total real power generation on generator at
bus 1is161.147 MW. Table 11 shows the results on multilateral contracts for Case
1.2.b, where generator 1 and the group of loads (buses 10, 14, 24 and 30) transfer the
total amount of real power of 28.639 MW. The real power purchased from
multilateral contracts at load buses (buses 10, 14, 24 and 30) are 5.3068 MW, 5.6734
MW, 7.9588 MW and 9.7000 MW, respectively. The dispatch results for multilateral
contracts are according to their curtailment weights. Figure 12 shows the results of
real power generation for Case 1.2.b with calculated system losses. The real power
generation of generator 5 is limited due to the overflow in the lines mentioned above.

The MCP for this case is equal to 24.57 THB/MWh, which is the bidding price at
block 2 of generator 2. Generator 2 produced 76.633 MW with R,,, and R, ,.

Generator 5 produced 30.623 MW with ;.. Thetotal rea power generation on the
pool is 107.256 MW.

1.3 Discussion of HCM for SPOPF-TCM in mixed pool-bilatera electricity

markets
The real power dispatch in the system in Case 1.3.ais shown in table 16.

Generator 1 can produced real power at the amount of power purchase agreements on
bilateral and multilateral contracts, while generators on the pool compensated for
system losses. The total real power generation in the system is 291.401 MW. Table
17 shows the results on a bilateral contract for Case 1.3.a, where generator 1 and |oad
at bus 5 successfully transfer real power of 94.2 MW as agreed on the bilatera

contract. Table 18 shows the results on multilateral contracts for Case 1.3.a, where
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generator 1 and the group of loads (buses 3, 4 and 5) have multilateral contracts of
15.8 MW. Figure 15 shows the results of real power generation for Case 1.3.awith
calculated system losses. The MCP for this caseis equal to 24.57 THB/MWh, which
isthe bidding price at block 2 of generator 2. Generator 1 produced 20 MW with

P11 - Generator 2 produced 96.401 MW with R,,, and R, ,. Generator 5 produced

65 MW with R, . Thetotal real power generation on the pool is 181.401 MW,

The real power dispatch in Case 1.3.b is shown in table 19. Generator 1 can
produce real power at the amount of power purchase agreements on bilateral
contracts, but not on multilateral contracts because some transmission lines reach their
maximum limits. These transmission lines are the transmission lines between bus 1
and bus 2, between bus 2 and bus 5 and between bus 6 and bus 8. The total real power
generation in the system is 297.042 MW. Table 20 shows the results on bilateral
contracts for Case 1.3.b. Generator 1 and load at bus 2, bus 5, bus 7 and bus 8
successfully transfer real power of 21.7 MW, 94.2 MW, 22.8 MW and 30 MW
respectively as agreed on the bilateral contracts. The total real power generation on
generator 1is168.7 MW. Table 21 shows the results on multilateral contracts for
Case 1.3.b, where generator 1 and the group of loads (buses 10, 14, 24 and 30)
transfer the total amount of real power of 21.0864 MW. The power purchased at load
buses (buses 10, 14, 24 and 30) are 3.9074 MW, 4.1769 MW, 5.8611 MW and 7.1411
MW, respectively. The dispatch results for multilateral contracts are according to
their curtailment weights. Thisis because the load at bus 10 and bus 14 send their
willingness-to-pay lower than the others. Therefore, the amount of real power
agreement in multilateral contracts that cannot be met by generator 1 is equal to
10.214 MW. Figure 16 shows the results of real power generation from generators for
Case 1.3.b with calculated system losses. The real power generation of generator 5 is
limited due to the overflow in the lines mentioned above. The MCP for this caseis

equal to 24.57 THB/MWh, which isthe bidding price at block 2 of generator 2.
Generator 2 produced 76.633 MW with F;,, and R, ,. Generator 5 produced 30.623

MW with R ,. Thetotal real power generation on the pool is 107.256 MW.
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2. Discussion of HCM for SP-SCUC in pool electricity markets

The commitment schedule obtained from the first iteration of the DC-SCUC is
shown in Table 25. It isthe same for every case study since it results from selecting
the combination of bidding price blocks in ascending order, startup cost and minimum
load cost offered by all generators to cover the total system demand in each hour. The
system losses and transmission line limits have not yet taken into account in the first
iteration. The daily generation cost for this case is equal to 143638.309 THB, which is
the least daily cost compared to every case study. The generator at bus 2 is offline at

hour 24 because it follows the condition in equation (42). Therefore can be offline for

hequatoT-T,+2toT.

The commitment schedul e of the whole SP-SCUC for basecase (Case 2.a) is
shown in table 26. The daily generation cost is equal to 146726.226 THB. Therea
power generations of all generators within 24 hours are shown in table 27, which they
are considering transmission line limits and losses. In hours 11 and 14, the
transmission line between buses 6 and 8 is congested since the total loads in these

hours are the peak 1oad of the day.

The commitment schedule of Case 2.b is shown in table 28. Generator 2 must
be started in hour 1 because it makes the power flow in the transmission line between
buses 5 and 7 remain within its capacity limit. However, generator 2 must stay on
until hour 2 because of its minimum uptime. The daily cost is equal to 147017.961
THB. Therea power generations of all generators within 24 hours are shown in table
29 with considering transmission line limits and losses. In hours 11 and 14, the
transmission line between buses 6 and 8 is congested the same as in basecase.
Generator 2 produces real power at its minimum load in hours 1 and 2.

The commitment schedule of Case 2.c is shown in table 30. Generator 2 must
be started in hour 5 because it makes the power flow in the transmission line between
buses 5 and 7 stay at its capacity limit. Generator 2 must continue running in hour 6

because of its minimum uptime. It must continue running in hour 7 because it has to
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satisfy its minimum downtime while it must be online again in hour 8 for requirement
of real power generations to meet the total load at that hour. The daily cost in this case
isequal to 146929.441 THB. The real power generations of al generators within 24
hours are shown in table 31 with considering transmission line limits and losses. In
hours 11 and 14, the transmission line between buses 6 and 8 is congested the same as
in basecase. Generator 5 is limited because the overflow in the lines that explained
abovein hour 5. Generator 2 produces real power at its minimum load in hours 6 and
1.

The commitment schedule of Case 2.d is shown in table 32. Generator 2 must
be started at hour 1 and continue running to hour 2 asin Case 2.b. It must be shut
down in hours 3 and 4 due to the economic reasons, however satisfying its minimum
downtime. Moreover, it must be restarted in hour 5 and run continuously to hours 6,
7, 8 and so on until hour 23 asin Case 2.c. The daily cost is equal to 147221.176
THB. Therea power generations of all generators within 24 hours are shown in table
33 with considering transmission line limits and losses. In hours 11 and 14, the
transmission line between buses 6 and 8 is congested the same as in basecase.
Generator 5islimited itsreal power generation in hour 5 while generator 2 produces

real power at its minimum load in hours 6 and 7 as we explained in Case 2.c.
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CONCLUSION AND RECOMMENDATION

Conclusion

1. Conclusion of HCM for SPOPF in pool, mixed pool-bilateral and SPOPF-
TCM

1.1 Conclusion of HCM for SPOPF in pool electricity markets

The proposed hybrid computational method is based on the deterministic
methods, for optimal power dispatch in electricity markets with objective function of
nonderivative step bidding prices. The hybrid computational method separated
problem formulation into two parts: the market dispatch part and the power flow
dispatch part. The market dispatch and the power flow dispatch worked coordinately
to optimally dispatch participated generators based on submitted bidding prices and
physical limits of the system. The proposed method was tested on a modified IEEE 30
bus system with four different cases of transmission line limits. The studies showed
that the proposed method gave the optimal results for every case. In the case where
there was no line limit violation, the optimal power dispatch in the system was
consistent with the ascending bidding prices. In the cases where line limits were
violated, the output from some generators may be limited due to the line flow limits,
resulting in the increasing of the generation output at other generatorsin the more
expensive bidding price blocks. The next bidding price block was chosen by the

power flow dispatch part based on the system optimal power flow.

1.2 Conclusion of HCM for SPOPF in mixed pool-bilateral el ectricity markets
This method includes the variables and functions for bilateral and
multilateral contracts into the former HCM for SPOPF. The proposed method was
tested on amodified |IEEE 30 bus system with two different cases of real power load
assigned to pool, bilateral and multilateral transactions. The studies showed that the
proposed method gave the optimal results for every case. In the case where there was
no congestion on transmission lines, generators from bilateral and multil ateral

transactions can produce the real power generations as promised, while the real power
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generations in pool were consistent with the offering prices in ascending order.
However, in the case where transmission lines were congested, bilateral and/or
multilateral contracts may not receive the amount of agreement. In this case, the
output from some generators in the pool may be limited due to the line flow limits,
resulting in the increasing of the generation output at other generators in the more
expensive bidding price blocks. The next bidding price block was chosen by the

power flow dispatch part based on the system optimal power flow.

1.3 Conclusion of HCM for SPOPF-TCM in mixed pool-bilateral electricity
markets

This method includes transmission congestion management into the HCM for
SPOPF with bilateral and multilateral contracts. The congestion management is based
on the willingness-to-pay bidding submitted by bilateral and multilateral participants.
The proposed method was tested on amodified |EEE 30 bus system with two
different cases of real power load assigned to pool, bilateral and multilateral
transactions. The studies showed that the proposed method gave the optimal results
for every case. In the case where there was no congestion on transmission lines,
generators from bilateral and multilateral transactions can produce the real power
generations as promised, while the real power generationsin pool were consistent
with the offering prices in the ascending order. In addition, the willingness to pay
does not affect the real power dispatch in the system. However, in the case where
transmission lines were congested, the willingness to pay offered by bilateral and
multilateral transactions was the indicator for optimal power dispatch. The
transactions with the higher willingness to pay were considered by 1SO to fully
generate the generation output under the power purchase agreement. Moreover, in the
case of congestions, the real power dispatch by pool may be affected. The output from
some generators may be limited due to the line flow limits, resulting in the increasing
of the generation output at other generators in the more expensive bidding price
blocks. The next bidding price block was chosen by the power flow dispatch part
based on the system optimal power flow.
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2. Conclusion of HCM for SP-SCUC in pool eectricity markets

The proposed hybrid computational method with mixed integer programming
is based on the deterministic methods, for optimal commitment schedule and power
dispatch in pool electricity markets with objective function of nonderivative step
bidding prices, startup cost and minimum load cost in each hour from participated
generators within 24 hours. The hybrid computational method with mixed integer
programming separates the calculation into two parts: the daily security-constrained
unit commitment by mixed integer programming part; and the step bidding price
optimal power flow by hybrid computational method in each hour part. The daily
security-constrained unit commitment by mixed integer programming and the step
bidding price optimal power flow by hybrid computational method in each hour
worked coordinately to optimally commitment schedule and dispatch participated
generators based on submitted bidding prices, startup cost, minimum load cost and
physical limits of the system within 24 hours. The proposed method was tested on a
modified IEEE 30 bus system with four different cases of transmission line limitsin
some hours. The studies showed that the proposed method gave the optimal results for
every case. In the case where there was no line limit change, the optimal commitment
schedule in the system within 24 hours was the same as the schedul e where there was
no considering transmission line limits and losses. However, their daily cost are
different because the effect of transmission line losses in each hour and transmission
line violations in some hours that increase the amount of real power generationsin
each hour. In the cases where line limits were changed in some hours, the output from
some generators in some hours may be limited due to the line flow limits, resulting in
the starting some generators to produce real power at its minimum load and involved
increasing of the generation output at other generators in the more expensive startup
costs, minimum load costs and bidding price blocks. Moreover, some generators must
run continuously in the next hour due to its minimum uptime. In some cases, some
generators must be run at some hours because they must satisfy its minimum

downtime, resulting in the running of the generators at that hour.



88

Recommendation

1. Recommendation of HCM for SPOPF in pool, mixed pool-bilateral and
SPOPF-TCM

The proposed hybrid computational method could be extended by considering

ancillary servicesin the future work.

2. Recommendation of HCM for SP-SCUC in pool electricity markets

The proposed hybrid computational method with mixed integer programming
could be extended by considering bilateral and multilateral contracts along with the
pool model in the system. Moreover, the optimal commitment schedule can take into
account both ancillary services and transmission congestion management in the future

work.
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The optimization problem of mixed integer linear programming for the DC-
SCUC

Due to the limited of the efficient mixed integer nonlinear programming tools.
Therefore, this thesis uses mixed integer linear programming technique in CPLEX
version 12.4 (The IBM ILOG CPLEX Optimizer Website, 2011) as the solver of
mixed integer programming. The optimization problem of mixed integer
programming for the daily security-constrained unit commitment in pool electricity
markets need to be modified to the optimization problem of mixed integer linear
programming for the DC-SCUC. The equations that need to be modified are the
objective function, real power flowing in transmission lines, real power lossin

transmission line connecting between busesi and m and limits of slack variable.

The startup cost term in the objective function is modified to a variable which

has two constraints as follows.

22 Sq,h+(MLCi,thi,h)+[ Z(thxpeibh)ﬂ (A-1)

heT ieNG beNB;

S, 2 UC x|V, -U,,, | :VieNG,vheT (A-2)

0< S, <SUC ;VieNG,vheT (A-3)

Thereal power flowing in transmission lines connecting between busesi and

m, P, and P, , aremodified to variables and have its constraint as follows.

mih?

P + PSim _(O(imh ><(5i,h _6m,h)) =0;vimeNlL,vheT (A-4)

Prin + PSqin _(airrh ><(6m,h _6i,h)) =0;vimeNl vheT (A-5)

Thereal power lossin transmission line connecting between busesi and mis

modified to avariable with bound limit which has two constraints as foll ows.



P.im=0,:;Vi,meNI,VheT
(Puinn X G % (8,5 =81 )) = P <05 Vi,me NI, Vh e T

P —(pumh X0, X(6i'h _Bm,h))g O:VimeNI,VheT

And the limits of slack variables are modified as follows.

PS.+ <0;Vi,me NI,vheT

Ps,, <0;Vi,me NI, VheT

109

(A-6)
(A-7)

(A-8)

(A-9)
(A-10)

The optimization problem of mixed integer linear programming for the DC-

SCUC can be expressed as.

Min ZZ{&,h—F(MLCi,hXUi,h)—'—( Z(ClthPGibh)]:l
heT ieNG be NB;

Subject to

((PGi,min XUi,h)+ > PGibhj_R,h —Pyipn=0;VieN,VheT

beNB

beNB,

P —((Peimin xU; )+ > PGibh]=o ;VieNG,VheT
Po + Pun—Pim =0, Vi,me NI,VheT
Pty + PSin = (G X (8, =8 )) = 05 ¥i,me NI vh e T
P+ PSyin = (i X (8100 =831, )) = 0 Vi, m e NI, wh €T
(pUmhxaimhx(qh—am,h))-am <0;Vi,meNIl,vYheT

-P. —(pumh xa. o x(éi,h —Bm’h))ﬁ O:VimeNI,vheT

S, 2 UC x|V, -U,,, | :VieNG,vheT

h+Ty, -1

> U, 2Ty x[U,~U;,, | i VieNG, Vh=1. T-T, +1
n=h
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iUmS (T-h+1)xU,,, | ;¥VieNG,vh=T-T,+2,...,T
n=h

IF
DU.,,=0 ,forlF >0;VieNG
h=1

> [1-U,, |2 Ty x[U;,,-U,, | :VieNG,
vh=IF +min(IF,)+1,...,.T-T, +1
i[l—ui —(Uina-Uis)]20;Vie NG, Vh=T T, +2,...T

n=h

0< S, <SUG, ;Vie NG,vheT

[ Paiin XUip | <Py <[ Po XUy | Vi€ NG, VheT
0< Py, <Py s VieNG,Vbe NB,VheT
Vi,meNI,VheT
—P i Py <P ;Vi,me NI,VheT
P 20;Vi,meNI,VheT
PS. <0;Vi,me NI,VheT
Ps., <0;Vi,me NI, vheT

where
Pi,h: Z Pm,h,V|€N,Vh€T

meN,izm

IF, = max[ 0,(Ty, = RF )x(1-U, ) | ; Vie NG
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