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ABSTRACT 

Resource adequacy is the ability of a system to meet the load at all times. A 

critical issue in the restructured electric utility industry is the capacity deficiency 

problems, with the events in the California electricity crisis in 2000–2001 being 

particularly notable. The capacity situation in California was further aggravated by the 

physical withholding of capacity. Several short-term resource adequacy programs have 

been established to address the issue. To date, the effectiveness of these programs is 

limited. In this thesis, we focus on the short-term resource adequacy problem in a 

competitive environment. The emphasis is on the understanding of the modeling needs 

and analytical aspects of the problem, and the development of requirements for an 

effective program. 

We propose a design of a short-term resource adequacy program based on the 

specified capacity requirements formulated in terms of available capacity. This is the first 

proposed design with an explicit linkage between the associated economics and the 

reliability outcome. The design uses a carrots and sticks approach that gives incentives 

for providing capacity to markets and metes out penalties for nonperformance situations. 

The design allows the tuning of key design parameters including requirements 

formulation and penalty coefficient. The analysis of the proposed program shows that it 

results in improved reliability. We illustrate the impacts of the program using three 

different test systems. We test each system under a wide variety of conditions to study a 

large number of cases. In each case of each test system, the implementation of the design 

results in reliability improvements. Extensive sensitivity studies show that reduced total 

system costs can be attained with the proposed program when the tunable parameters are 
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judiciously selected. The design and analysis work of this thesis serves as a useful aid in 

the assessment and enhancement of short-term resource adequacy programs. 
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CHAPTER 1 

INTRODUCTION 

In this chapter we set the stage for the work presented in the thesis. We start out 

with a definition of adequacy and provide a rationale for requiring a resource adequacy 

program in the design of electricity markets. Then we present a literature survey of 

publications relevant to the problems investigated, with an emphasis on the advantages 

and disadvantages of the resource adequacy programs that have been proposed and 

implemented. We outline the scope of this report and the contributions made, and provide 

a brief summary of the remainder of the thesis.  

1.1 The Resource Adequacy Problem 

The electric system is said to be reliable when consumers receive all the 

electricity they demand with the desired quality [1]. Electric system reliability is 

addressed by two basic aspects, adequacy and security. Adequacy is the ability of the 

system to meet the aggregate demand of electricity of all customers at all times, while 

security is the ability of the system to withstand sudden disturbances [1]. Adequacy is 

related to system planning and steady-state conditions; security is related to system 

operation, system stability, and transient conditions. We concentrate on the adequacy 

aspects of reliability. 

Resource adequacy is concerned with meeting the adequacy target subject to 

supply and demand resource characteristics, load distribution, and player behavior in the 

market. The adequacy target is typically expressed in terms of the loss of load probability 

(LOLP) index [2] and a widely used value is one day in 10 years. When the time horizon 
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is long, on the order of years, the decision variables are the installed capacities of the 

supply and demand resources. For a short-term focus on the order of months, any 

capacity additions/reductions are determined a priori, and so are independent of the 

decisions made during the period of interest. The only decision variables are therefore the 

offered/used capacities of the existing supply and demand resources. Our focus in this 

report is on short-term resource adequacy. 

Adequacy is a system characteristic in that adequacy, when it exists, allows all 

consumers to have their loads met. Due to curtailment policies in place, the lack of 

adequacy may subject any consumer to loss of load events. Therefore, the benefits of 

having resource adequacy and the consequences of resource inadequacy are shared by all 

consumers. The economics literature refers to goods that no user can be prevented from 

using as common-access goods [3, p. 683]. Thus, adequacy is a common-access good. 

In the market design of commodities other than electricity, there are no analogies 

to resource adequacy considerations. So, the question arises as to why the resource 

adequacy problem exists in electricity markets. The answer is related to the salient 

characteristics of electricity and its markets which make electricity a commodity unlike 

any other. Electricity is an essential commodity; modern society depends upon the use of 

electricity. In fact, regulatory requirements impose an obligation to serve on load serving 

entities [4].  

The storage of electricity on a scale commensurate with market needs is not 

economically feasible today. Therefore, for all practical purposes, the generation of 

electricity cannot take place before the time of consumption. As such, electricity 

generation is the prototypical just-in-time manufacturing process, and electricity may be 
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viewed as a highly perishable commodity. Consequently, electric energy cannot be 

delivered at time t if there is not enough available capacity to generate at time t. Hence, 

although the traded commodity in electricity markets is electric energy, the underlying 

product is available generation capacity. 

The available capacity is inherently uncertain due to forced outages of generation 

units. On the demand-side, there is high demand variability and uncertainty in the 

forecasting of loads because of daily/seasonal consumption patterns, weather conditions, 

and general economic trends. These uncertainties are difficult to handle due to the long 

lead times — on the order of years — for adding new generating facilities. Furthermore, 

the financial risks associated with the construction of these facilities are very large 

because of the capital-intensive nature of those facilities. Moreover, the lack of real-time 

metering for most consumers leads to little demand responsiveness to price, and makes 

the issue of demand participation of little practical interest.  

High demand variability and supply uncertainty make a just-in-time process, 

without storage, not optimal [5]. The infeasibility of storage leads us to conclude that in 

the case of electricity, the optimal solution is the existence of adequate capacity at all 

times, and it is of critical importance for the well being of society.  

The radical transformations in the electric power industry have brought to 

prominence the adequacy problem. Prior to the restructuring in the 1990s, the electric 

energy industry was considered a natural monopoly [6]. An electric utility was granted a 

“franchise territory” to provide electric service, in return for which the utility had the 

obligation to serve all existing and future customers on a nondiscriminatory basis at tariff 

rates. Utilities were vertically integrated, i.e., a single owner was responsible for all 
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phases of electricity generation, transmission, distribution, and customer service. The 

nature of regulation made the electric utility a cost plus enterprise, and utilities were 

allowed to earn up to their regulated rate of return of their investments. Thus, the utilities’ 

interests were in making the investments which led to a steady stream of revenues. 

Utilities had no incentives to underinvest, perform inadequate maintenance, physically 

withhold capacity, or to take any other measures which would harm the system 

reliability.  
Competitive markets were introduced to make the industry more efficient. In the 

1990s, legislative and regulatory initiatives led to the establishment of competitive pool 

electricity markets. These markets are run by an independent entity named the 

Independent System Operator (ISO). The pool players sell and buy energy directly to and 

from the ISO by submitting sealed offers and bids to the ISO. Each offer specifies the 

amount of energy per hour the player is willing to sell and the minimum price per unit of 

energy it is willing to accept. Similarly, each bid specifies the amount of energy per hour 

the player is willing to buy and the maximum price per unit of energy it is willing to pay. 

Whenever the load is not responsive to price, the maximum price per unit of energy the 

buyer is willing to pay is set equal to a high price value. The ISO determines the 

successful bids and offers by maximizing the social welfare [7].  

Under the new structure, there is little central planning, and generation, 

transmission, and distribution are functionally unbundled. Load serving entities (LSEs) 

remain saddled with the obligation to serve at regulated rates even though they may no 

longer own resources [4]. Since the generation resources are owned, by and large, by 

profit maximizing entities, such firms have incentives to take actions that increase their 
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profits even when such actions may hurt system reliability. The negative impacts on 

reliability of such actions are due to strategic reductions in capacity offered to the market 

and/or deliberate strategies to not add new capacity. Examples of specific actions are: 

• physical capacity withholding from the markets 

• delay in performing required maintenance activities 

• lack of investment in new capacity 

• unit retirement / mothballing 

The generation firms’ profit maximization objectives may hurt system reliability 

for a number of reasons. The principal sources of revenue for such firms are sales in the 

hourly commodity (MWh) markets and the ancillary services markets. The uniform price 

payment for generation used in many markets results in the hockey stick shapes of the 

aggregated supply curves. When reserve capacity is tight, any decrease in capacity 

offered for generation results in attaining substantially higher market clearing prices. 

Such an outcome can be brought about through physical and economic capacity 

withholding. Physical withholding is the deliberate action of a generation unit controller 

to reduce the offered output below the available capacity, whereas economic withholding 

is the action of offering the generation output at offer prices above marginal costs [8, p. 

454]. We illustrate physical and economic withholding in an energy market in Figure 1.1. 

The supply (demand) curve is the result of sorting the offers (bids) by price in increasing 

(decreasing) order and aggregating them in one curve. 

Physical and economic withholding have identical impacts on a market clearing 

outcome in terms of the price and the quantity when the offer price of the unit 

economically withheld is sufficiently high and when the offered quantities in the market  
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Figure 1.1: Physical and economic withholding in an energy market: (a) reference case with no 
withholding; (b) seller is  economically withholds a unit; (c) seller is  physically withholds the same unit. 

are considerably larger than the demand. However, physical withholding has an 

additional important impact on the system. If capacity is scarce in the electricity market, 

physical capacity withholding may explicitly prevent the market from clearing due to a 

supply shortage. This shortage precludes some loads from being served regardless of 

their willingness to pay, thereby hurting system reliability. We illustrate the reliability 

impacts of physical withholding in Figure 1.2. The incentives for physically withholding 

are exacerbated when economic withholding is limited due to mitigation schemes, since 

from the point of view of a firm both types of withholding can serve a similar purpose.  
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Figure 1.2: Reliability impacts of physical withholding: (a) reference case with no withholding; (b) seller 
is  economically withholds a unit; there is no capacity shortage; (c) seller is  physically withholds the same 

unit and there is capacity shortage. 
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implications of such decisions. As a result, the system adequacy is left captive to the 

whims of profit maximizing entities. In these systems the LSEs and their consumers, 

which are directly impacted by reliability or lack thereof, do not have any tools to choose 

the service reliability that they need. 

In fact, as physical capacity withholding, lack of investment in new supply 

sources, and early unit retirement are occurring in various jurisdictions with increased 

frequency, the issue of resource adequacy has become a critical concern for the industry 

and regulators [9]. Generation owners assert that they are not collecting sufficient 

revenues from their sales of MWh and services to recover their investment costs on a 

timely basis. As a result, several firms have applied to retire units which are critically 

important for system reliability [10, p. 27], [11]. Moreover, political uncertainties have 

deterred investment in new generation capacity. In some jurisdictions, physical capacity 

withholding was exercised to manipulate market prices, resulting in insufficient supply-

side market participation1 [14], [15]. These problems played a major role in the 

California electricity crisis in 2000 – 2001. The lack of resource adequacy presents a 

problem of present and critical importance and explicit steps are required to ensure that 

appropriate levels of capacity are provided around the clock in competitive electricity 

markets. We next examine the scope of the resource adequacy programs implemented in 

some jurisdictions and assess their ability to address this problem. We also provide a 

brief survey of the publications relevant to resource adequacy. 

                                                 

1. A prohibition on physical and economic withholding was discarded by FERC [12, p. 32], explicitly 
stating that generation companies do not have the obligation to offer [13, p. 7] unless they acquire that 
obligation in a special contract.     
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1.2 Status of Programs to Address Resource Adequacy 

The objective of any resource adequacy program is to ensure the system has the 

desired reliability level2 using methods compatible with the rest of the market design. 

Contrary to the case of security, which is provided in the form of operating reserves, 

adequacy has not been effectively linked to economics. Hence, the specific goals of a 

program are to provide 

• the reliability level required by the regional reliability council 

• appropriate economic signals and incentives for adequacy 

• effective means to curb the exercise of physical capacity withholding by 

generation entities 

• a linkage between reliability improvements and market economics 

The scope of the programs must effectively address such objectives by incorporating 

appropriate rules of the road to ensure that they can be achieved in practice. 

There are two approaches for preventing the underprovision of any common-

access good: (i) centralized regulation through taxation, and (ii) clear definition of 

property rights [3, p. 680]. The definition of property rights approach has not been used 

for adequacy because it is in conflict with nondiscrimination regulatory clauses. So, the 

typical approach to ensure system adequacy is to have a central authority impose a 

mandate for payments. This approach has been implemented in three different ways: 

through capacity payments, financial options requirements, and capacity requirements. 

We briefly describe each of these approaches and evaluate their advantages and 

shortcomings. More detailed descriptions of the approaches are provided in [17] and [18]. 
                                                 

2. A discussion on the specification of reliability levels is provided in [16]. 
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In the capacity payments implementation, administratively set hourly payments 

are given to all generators providing service [19]. In effect, the energy and ancillary 

service prices are increased, with payments being fixed or dependent on the estimated 

marginal outage costs. The rationale for capacity payments, a method for their evaluation, 

and some of the key limitations are discussed in [20]. While this approach 

administratively links adequacy and economics, no market mechanism is employed. The 

practical implementation of this approach has led to over-investment [10] and large-scale 

market gaming (pre-NETA UK design) [21]. The major advantage of the capacity 

payments approach is its simplicity. 

In the option requirements implementation, LSEs are required to buy financial 

call options for energy [22], [23]. A financial call option for energy is a financial 

instrument that gives its holder the right but not the obligation to buy or sell a fixed 

amount of energy at a specified price on a given date [24]. The key assumption is that 

energy prices can be used as a proxy of reliability. This is not true in general, since prices 

may change due to other causes besides changes in the reliability levels; in particular, 

prices are highly dependent on the market design. Once we reject prices as a measure of 

reliability, the options requirement just turns into a mandate for price hedging. 

Capacity requirements have been implemented in NYISO [25], ISO-NE [26], and 

PJM [27]. The requirements are based on the use of ICAP or capacity credits.3 ICAP is a 

contract for one unit of capacity sold by an entity physically able to deliver energy and 

ancillary services. The key terms of the ICAP contract are: 

                                                 

3. ICAP stands for installed capacity. Other terms used in the literature similar to ICAP are UCAP and 
ACAP, which stand for unforced capacity and available capacity, respectively. 
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• Duration: one month. 

• Obligations on the sellers: to submit offers in the day-ahead markets for 

each hour of the month and deliver the services in the successful offers; 

the offers must be backed by the same (physical) capacity backing the 

ICAP. If the capacity is unavailable and the ISO is not notified, the seller 

is assessed a prespecified penalty; otherwise, the seller is not penalized. 

• Obligations on the buyers: to pay the ICAP market clearing price. 

The key idea is that for sellers to submit offers in the day-ahead markets and not 

physically withhold capacity, LSEs are required to purchase ICAP. An LSE nb  is 

required to have ( )1 nR+ ^  MW of ICAP, where R is the required capacity margin and 

n^  is the forecasted contribution of the LSE nb  to the system peak load. Once a month4 

there is an ICAP market where the LSEs buy ICAP to fulfill their requirements and the 

generation companies sell ICAP. ICAP markets use a double auction mechanism to set 

the market clearing price and quantity. While the resource adequacy requirements are 

imposed on the LSEs, the participation of the generation firms in the ICAP markets is 

purely voluntary. LSEs that buy less than they required ICAP must pay a preset penalty 

proportional to the amount of ICAP by which they fall short. The specified penalty on 

deficient LSEs acts as a de facto price cap on the ICAP market. 

                                                 

4.  Shorter term capacity requirements, such as hourly requirements, have been proposed [28] and 
implemented in the early stages of the New England market. The high price volatility of the capacity 
product and large scale market manipulation led to the cancellation of the hourly requirement in ISO-NE in 
2001 [29]. 
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ICAP’s underlying product is unforced capacity [25, p. J-1], which is essentially a 

forecast of the available capacity, and not actual available capacity. This is why ICAP 

sellers are not explicitly penalized if the unit is unavailable at any particular hour of the 

month. ICAP is tied to particular generating units. The amount of ICAP a given unit can 

provide is given by the expected available capacity of that unit.5 As a unit becomes 

unavailable more frequently, the amount of ICAP the unit can provide decreases.  

In [29], the authors present various considerations that need to be taken into 

account in the design of capacity requirements: forecasted loads, requirement timing, 

reserve requirements, and penalties on deficient LSEs and uncomplying generation firms. 

In [30] the authors reach the conclusion that (i) the planning and commitment horizon 

needs to be long enough to allow new investments (long-term side of adequacy), (ii) 

ICAP prices need to be determined competitively, (iii) one capacity market is better than 

multiple sequential markets for capacity, and (iv) an open auction format is desirable. 

These conclusions are taken into account in our work. 

The major shortcomings of the capacity requirements approach are (i) ICAP’s 

underlying product is expected capacity instead of actual capacity, even though actual 

capacity and not expected capacity provides the ability to meet the demand, and (ii) 

penalties can be ignored for all practical purposes. Thus, the only mechanism to 

encourage compliance is the decrease in the amount of ICAP the unit can provide in the 

following ICAP markets if the unit is physically withheld. The expression for the 

determination of the expected available capacity is fixed; therefore, this compliance 

mechanism is not easy to tune [25, p. J-1]. Moreover, this mechanism is indirect and 
                                                 

5. The expected available capacity is the best forecast of the available capacity that can be obtained with 
the existing information. 
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uncertain because the incentives to increase the ICAP sales are the revenues from the 

ICAP market, the revenues from the ICAP market are proportional to the ICAP market 

prices, and the ICAP market prices are uncertain.  

Capacity requirements have been the preferred approach in all the U.S. electricity 

markets. The California Public Utilities Commission has decided to introduce resource 

adequacy requirements [31]; currently, there is no resource adequacy program in the 

California market. Moreover, two of the markets with capacity requirements are 

modifying them to account for the capacity providers’ locations and to increase the time 

horizon to allow new investments. ISO-NE has received an order from FERC to 

implement the LICAP6 program [32] and PJM Interconnection has proposed the 

Reliability Pricing Model program [33]. 

The implemented approaches have so far failed to provide a satisfactory solution 

to the resource adequacy problem. This is evidenced by the fact that most jurisdictions 

have been changing their resource adequacy program in the last five years. The adequacy 

problem remains an unsolved problem of critical interest to the industry. FERC has 

acknowledged the importance of the problem and the necessity to implement programs 

for resource adequacy in its SMD NOPR [9] and in the subsequent Wholesale Power 

Market Platform White Paper [34]. Thus, there is a need for the design of effective 

resource adequacy programs. Furthermore, there is a need for theoretical analysis to help 

in the design and implementation of resource adequacy programs. The lack of theoretical 

results is clearly exemplified in the discussion of LICAP design parameters, where most 

stakeholders expressed their belief in a particular parameter choice without giving a solid 

                                                 

6. LICAP stands for Locational ICAP. 
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rationale backed by theoretical analysis [35]. The aim in this work is to advance the state 

of the art in the design and analysis of resource adequacy programs. 

1.3 Scope and Contribution of this Thesis 

In this thesis, the emphasis is on the understanding of the modeling needs and 

analytical aspects of the short-term resource adequacy problem, and the development of 

requirements for an effective program. We propose a design of a short-term resource 

adequacy program for competitive electricity markets. This is the first proposed design 

with an explicit linkage between economics and reliability outcomes. The design uses a 

carrots and sticks approach that gives incentives for providing capacity to markets and 

metes out penalties for nonperformance situations. The design is based on the specified 

capacity requirements which the program formulates in terms of available capacity. The 

analysis of the proposed design shows that the program improves system reliability. We 

present a simple implementation of the proposed design to allow the assessment of the 

resulting short-term resource adequacy. The analysis provided gives a good basis for the 

selection of appropriate parameters of the proposed program. 

We assess the effectiveness of the proposed design with simulation results on 

three distinct test systems. We test each system under a wide variety of conditions to 

study a large number of cases. In each case of each test system, the implementation of the 

design results in reliability improvements. Extensive sensitivity studies show that 

improved reliability and reduced total system costs can be attained with the proposed 

program when the tunable parameters are judiciously selected. 

The rest of this report is organized as follows. In Chapter 2 we provide the 

analytical basis for the analysis of short-term resource adequacy. In Chapter 3 we 
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introduce and analyze the proposed short-term resource adequacy program design. We 

present and discuss the results of the simulation studies in Chapter 4. Chapter 5 

summarizes the key results of our studies and points out directions for future work.  

This thesis also has four appendices to provide a self-contained documentation of 

the work. Appendix A provides a summary of the acronyms and the notation used in this 

thesis. In Appendix B we give an algorithm used by the generation firms in our 

simulations to choose their offering strategy. Appendix C discusses the determination of 

the capacity credits costs. We provide a complete description of the three test systems 

used in the simulation studies in Appendix D. 



CHAPTER 2 

MODELING ASPECTS 

The analysis of short-term resource adequacy requires the modeling of the load 

demand and the generation resources for reliability evaluation, the electricity markets and 

each market player’s behavior for the incorporation of market outcome impacts on 

reliability, and the resource adequacy program that is in place. These models, together 

with the appropriate reliability and market metrics, are used to evaluate the performance 

of a resource adequacy program. In this chapter we describe the set of models and metrics 

used in such an evaluation. The model of the seller behavior presented in this chapter is 

new and so it constitutes a contribution of this thesis. 

This chapter contains six sections. We describe the modeling needs in short-term 

resource adequacy and give an overview of the models we use for the analysis of the 

resource adequacy problem in Section 2.1. In Section 2.2, we present the models of the 

resources—generation and demand—and discuss reliability evaluation without taking 

into account market outcomes. In Sections 2.3 and 2.4 we present the market and the 

sellers’ models, respectively; these models provide the market outcomes that are 

incorporated in the reliability evaluation. In Section 2.5, we discuss the impacts of seller 

behavior on reliability, and evaluate the metrics taking into account market outcome 

information. We present the modeling of resource adequacy programs in Section 2.6. 

2.1 Modeling Overview 

We define one hour as the smallest indecomposable unit of time. A resolution of 

one hour allows the representation of short-term events of interest such as intraday 
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demand and price variability. We choose the time horizon of interest to be H hours. 

Typically, H is the number of hours in a month and we use the index  for 

these hours. We focus on a single hour h to explain the problem statement. 

1 2h , ,...,H=

The problem statement uses the time frame as presented in Figure 2.1. Before the 

day-ahead markets occur, the design of the resource adequacy program is made available 

to the market players, the hour h demand is forecasted by the LSEs, and the available 

capacities are forecasted by the generation firms. The forecast of the available generation 

capacities is assumed to be equal to the values taken by the available capacities, and so 

all uncertainty on the supply side from the day-ahead on is neglected.1 The forecasts and 

resource adequacy program information are used by the market players in their offer/bid 

preparations for the day-ahead electricity market. In the hour h, the demand and available 

capacity are determined, and reserves are dispatched if needed. Whenever the demand is 

larger than the total capacity offered in the day-ahead market, there is a loss of load event 

of magnitude equal to the difference between the load and the capacity offered.2 The 

settlement of the energy, reserves, and resource adequacy program payments is 

performed, typically, 28 days after the fact. 

In the remainder of this section we give an overview of the main modeling 

assumptions made in this report. We consider an isolated system with no interconnections 

to any other system. We assume that this isolated system has a transmission network 

which has ample transfer capability for accommodating all the desired market outcomes. 

As such, we assume that there is no congestion and ignore all other network 
                                                 

1. This simplifying assumption can be thought of as including all the available capacity uncertainty at the 
time the day-ahead market takes place in the load demand uncertainty; the rationale is that both supply and 
demand uncertainties are taken care of in the same manner: procuring operating reserves , p. 22]. [1
2. In this work, we ignore the effects of the transmission network. 
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considerations. In effect, we view all the generating buses and load buses as constituting 

a mass generation and a mass load at a single bus. 

event day-ahead hour h  

Figure 2.1: Time frame.  

We concentrate on the typical centralized pool market structure widely adopted in 

North American markets and we ignore all transactions done outside the market. The 

centralized pool markets are run by the independent system operator (ISO). The pool 

sellers indicate their willingness to sell to the ISO by submitting sealed offers specifying 

the quantities and asking price. At the same time, the pool buyers submit sealed bids to 

indicate their willingness to buy from the ISO. From the set of submitted offers and bids, 

the ISO determines the set of successful offers and bids and the market clearing prices. 

All the trades in these markets are between a pool player and the ISO.  

We further assume the energy and reserves markets are joined together as the 

single combined energy and reserves market (CERM) to avoid gaming opportunities and 

increase market efficiency [36, p. 121], [37]. We assume the sellers in the CERM are 

generation firms, i.e., entities with actual physical resources, and the buyers are the LSEs. 

demand is 
determined 

settlement 
time 

day-ahead 
electricity 

market

resource 
adequacy 

program is 
made available 

demand is 
forecasted 

and available 
capacities are 

determined 
days 28 –1   0 
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The CERM is therefore a physical market.3 Sellers’ offers are backed by deliverable 

capacity and buyers bids have the purpose of fulfilling the needs of a load.  

We assume the demand is independent of the energy and reserves market prices 

of the hour h. Market prices are limited by the administratively set market price caps eρ  

and rρ  for energy and reserves, respectively. We assume the reserves bids are sufficient 

to cover any variation in the hour h demand with respect to the demand forecast.  

Sellers are assumed to be risk neutral and profit maximizing firms, and they 

consider physical and economic withholding feasible strategies in the CERM. Sellers 

submit offers to the CERM consisting of quantities and the associated offer prices. The 

sellers’ offer prices are constrained by offer price caps. These offer price caps limit the 

feasibility of exercising economic withholding, and so sellers may have the incentive to 

physically withhold.  

2.2 Reliability Evaluation 

In this section we describe the models of the physical system resources on the 

supply and demand sides that are used for reliability evaluation together with the 

reliability metrics. 

The set of LSEs is denoted by 

{ }1 2, ,..., Bb b b=B . (2.1)

The aggregated demand of real power of all the LSEs, the system load demand, in an 

arbitrary hour in the period of interest is modeled by the random variable (r.v.) . The L
�

                                                 

3. For a discussion of such markets, see for example , p. 2-11]. Typically, such markets take place in the 
day-ahead of the hour of interest h , p. 1-6]. 

[38
[38
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system demand as expressed is independent of the hour. However, the demand in 

different hours may have very different characteristics, e.g., peak hour vs. valley hour in 

the same day, weekend hour vs. week day hour for the same time of the day, etc. To 

allow the representation of these differences, we define D classes of demands on the basis 

of certain specified demand levels. Correspondingly, we partition the set of all hours in 

the month into the nonoverlapping subsets 1 2 D, , ...,T T T , with 

{ }
1

1 2
D

d
d

, ,...,H
=

=∪T . 

The elements of  are the hours with a demand class d. The number of hours in  is 

denoted by , and so  

dT dT

dH

1

D

d
d

H H
=

=∑ . 

All hours in each demand class set have uniform demand characteristics. Throughout this 

chapter, our focus is on a snapshot of the system in hour dh∈D , 1 2d , , ..., D= .   

We model the system load demand for the hour dh∈D  by the r.v. dL
�

  

d dL L h= ∈
� �

D . (2.2)

This r.v. is the sum of a deterministic quantity  and a r.v. dA dL∆
�

 which models the 

uncertainty in the load demand, 

d dL Ld∆= +A
� �

. (2.3)

The distribution of  is given by  dL∆
�
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( )
0 with probability  

0 with probability 1 .
d

d
d d

p
L

p
∆

δ

⎧⎪= ⎨
> −⎪⎩�

 (2.4)

The cumulative distribution function (c.d.f. ) of dL
�

 is thus given by  

( ) { }
0

1
d

d

d d d dL

d d

x
F x L x p x d

x.
δ

δ

⎧ <
⎪= ≤ = ≤ < +⎨
⎪ + ≤⎩

P
A

A A
A� �

 

The system peak load  is defined as the maximum value  can take  pA L
�

{ }
1

p
d dd D

max δ
≤ ≤

= +A A . (2.5)

The system base load  is defined as the minimum value  can take  mA L
�

{ }
1

m
dd D

min
≤ ≤

=A A . (2.6)

We can express  in terms of the ’s by L
� dL

�

{ } d
d

HL L
H

= =P
� �

 (2.7)

Thus, the c.d.f. of  is given by L
�

( ) ( )
1

d

D
d

L L
d

HF x F x
H=

= ∑
� �

. 

The expected energy demanded , expressed in MWh, is given by E

{ } { }
1

D
d

d
d

HH L H L
H=

= ∑E E�E
� �

. (2.8)

The set of generation firms is denoted by  

{ }1 2, ,..., Ss s s=S . (2.9)
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Each firm  has one or more generation units. The capacity of the generator 

j of firm  in MW is denoted by , the capacity of firm  is denoted by  

1 2is , i , ,...,S=

is i
jg is

1

iG
i i

j
j

g g
=

= ∑ , 
(2.10)

where  is the number of generators of firm . The system capacity is denoted by iG is

1 1 1

iS S G
i i

j
i i j

g g g
= = =

= =∑ ∑∑ . 
(2.11)

The available capacity is the capacity that can be used to provide service. The 

available capacity of the generator j  of firm  is modeled by the r.v. is i
jA

�
, 

( )
with probability  

0 with probability 1

i i
j ji

j i
j

g a
A

a .

⎧⎪= ⎨
−⎪⎩�

 

Each parameter  is called the availability of the unit j of seller . The available 

capacity of firm  is denoted by 

i
ja is

is

1

iG
i i

j
j

A A
=

=∑� �
 

and the total available capacity in the system is modeled by the random variable  

1 1 1

iS S G
i i

j
i i j

A A
= = =

= = A∑ ∑∑� � �
. 

A value taken by the available capacity i
jA

�
 is denoted by i

jα , and so i
jα  is either 

 or 0.  A value taken by  is denoted by i
jg iA

�
iα , and a value taken by  is denoted by A

�

α . 
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We next focus on the evaluation of system reliability. Reliability evaluation is 

based on the assumption that all the demand is served whenever the available capacity  

is at least as large as the demand . This is clearly a probabilistic event. We use the 

following values to reflect the probabilistic nature of the event: the resource availability 

margin, the loss of load probability, the expected unserved energy, and the expected 

outage costs. The resource availability margin 

A
�

L
�

R
�

 is defined as the difference between the 

available capacity and the demand, with respect to the demand magnitude, 

( ) 1A L AR A,L
L L

Ω −
= =� � � �� � �

� �
− . (2.12)

The resource availability margin provides a relative measure of the hourly available 

reserves in the system, and as such, it is a random variable. The function  takes 

values in 

( ),Ω ⋅ ⋅

1 1m

g,
⎡ ⎤
− −⎢ ⎥
⎣ ⎦A

.  

The loss of load probability is defined as 

{ }LOLP L A= >P
� �

. (2.13)

The LOLP explicitly incorporates the uncertainty in both the demand and supply, but it 

does not take into account the magnitude of the shortfall of available capacity or any 

economic aspect. The expected unserved energy is defined as  

{ }H L A L A LOL= ⋅ − >EU
� � � �

P . (2.14)

Uncertainty in demand and supply, and the magnitude of shortages, are taken into full 

account in the computation of U, but no pricing/costing information is considered. We 

finally introduce the expected outage costs  associated with U. In , the assessment oC oC
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of the economic impacts on consumers of the expected outages are considered using an 

average value w (in $/MWh) that consumers assign to the electricity not supplied, called 

their value of lost load [39]. Thus, the expression for  is oC

{ }o wH L A L A LOLP= ⋅ − >E
� � � �

C . (2.15)

The outage costs have the advantage of having units of dollars and it is well suited for 

economic analysis. The problem  has is the difficulty in determining w with up-to-date 

information. 

oC

2.3 The CERM 

Reliability evaluation is based on the physical characteristics of the resources and 

does not consider market outcomes. However, market outcomes may have large impacts 

on reliability. To incorporate market information in the reliability evaluation, we need 

models of the market and the behavior of the market players. We introduce the market 

model in this section and the models of the seller behavior in next section.  

We focus on the CERM for the hour dh∈D . The CERM consists of buyers and 

sellers; the set of buyers is the set of LSEs { }1 2, ,..., Bb b b=B  and the set of sellers is the 

set of generation firms . The bids submitted by the buyers consist only of the amount 

of MWh of energy requested to satisfy the buyer’s demand, and not on the maximum 

prices the buyers are willing to pay. The aggregated market demand for energy is the 

quantity  in MWh, and the aggregated market demand for reserves is the quantity 

S

dA

d dε δ  in MW, where  is fixed. Both demanded quantities are fixed and so they are 

independent of the market prices.  

1d ≥ε
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Sellers submit their offers using a block format. The k-th block offer4 from 

generator j of seller  is the four-tuple is ik
jΓ  characterized by the energy and reserves 

offer prices ik
jσ  and ik

jς , respectively, and the block and reserve capacities  and ik
jκ ik

jπ , 

respectively, 

{ }ik ik ik ik ik
j j j j, , ,=Γ σ ς κ π j . 

The offer prices 0ik i
j e,σ ρ⎡∈ ⎣ ⎤⎦  and 0ik i

j , rς ρ⎡ ⎤∈ ⎣ ⎦  respectively indicate the price at which 

the seller is willing to sell each unit of energy ($/MWh) and reserves ($/MW) of the 

block. The upper limits i
e eρ ρ≤  and i

r rρ ρ≤  on the offer prices are termed offer price 

caps for seller , and their purpose is to limit the exercise of economic withholding by 

each seller.

is

5 The capacity  of the block indicates the maximum amount of reserves 

and energy that seller  offers to sell from its generator j at the prices 

ik
jκ

is ik
jσ  and ik

jς  in the 

CERM. The capacity ik ik
j ≤ jπ κ  indicates the maximum amount of reserves that seller  

offers to sell from its generator j at the price 

is

ik
jς  in the CERM. We denote by  ( ) 

the amount of energy (reserves) sold to the ISO by seller  from the offered block k of 

its unit j. 

ik
je ik

jr

is

Each seller  submits an offer consisting of β block offers. We represent the 

block offers characteristics with the vectors 

is

1 2i i i i
j j j j

'
, ,..., βσ σ σ⎡ ⎤⎣ ⎦�σ , 

1 2i i i i
j j j j

'
, ,..., βς ς ς⎡ ⎤⎣ ⎦�ς  , 1 2i i i i

j j j j

'
, ,..., βκ κ κ⎡ ⎤⎣ ⎦�κ , and 1 2i i i i

j j j j

'
, ,..., βπ π π⎡ ⎤⎣ ⎦�π . We also 

                                                 

4. The block offers may be independent of the physical characteristics of a unit. 
5. This scheme is a simplified model of the one used by NYISO ] for market power mitigation. [40
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represent the quantities sold in the vectors 1 2i i i i
j j j j

'
e ,e ,...,e β⎡ ⎤⎣ ⎦e �  and 

1 2i i i i
j j j j

'
r ,r ,...,r β⎡⎣r � ⎤⎦ . The total energy and reserves provided by generator j of seller i, 

denoted  and , are given by i
jTe i

jTr i i
jT j

'e � e1  and i
jT j

'r � r1 i , where 1  denotes the 

vector with all elements ones of the appropriate dimension.  

The offer  of seller  consists of the collection of offers from its generation 

units, 

iΓ is

{ }ki ik
j j

=Γ Γ . We order the vectors of offer prices and capacities from each 

generator in the vectors 1 2 i
i i i i

G

'' ' ', ,...,σ σ σ σ⎡ ⎤
⎢ ⎥⎣ ⎦

� , 1 2 i
i i i i

G

'' ' ', ,...,ς ς ς ς⎡ ⎤
⎢ ⎥⎣ ⎦

�  , 

1 2 i
i i i i

G

'' ' ', ,...,κ κ κ κ⎡ ⎤
⎢ ⎥⎣ ⎦

� , and 1 2 i
i i i i

G

'' ' ', ,...,π π π π⎡ ⎤
⎢ ⎥⎣ ⎦

� . We also order the vectors of 

quantities sold and form the vectors 1 2 i
i i i i

G

'' ' ', ,...,⎡ ⎤
⎢ ⎥⎣ ⎦

�e e e e  and 1 2 i
i i i i

G

'' ' ', ,...,⎡ ⎤
⎢ ⎥⎣ ⎦

�r r r r . 

The total energy and reserves provided by seller , denoted  and , are given by is i
Te i

Tr

i
T

'e � e1 i  and i
T

'r � r1 i . Also, the capacity offered to the CERM by seller  is 

denoted by 

is

i i
T

'κ�κ 1 . 

We order the offer prices and capacities of all sellers in the vectors 

1 2 S
'' ' ', ,...,σ σ σ σ⎡ ⎤

⎢ ⎥⎣ ⎦
� , 1 2 S

'' ' ', ,...,ς ς ς ς⎡ ⎤
⎢ ⎥⎣ ⎦

� , 1 2 S
'' ' ', ,...,κ κ κ κ⎡ ⎤

⎢ ⎥⎣ ⎦
� , and 

1 2 S
'' ' ', ,...,π π π π⎡

⎢⎣
� ⎤

⎥⎦
. We also order the sold quantities as 1 2 S

'' ' ', ,...,⎡ ⎤
⎢ ⎥⎣ ⎦

�e e e e  and 

1 2 S
'' ' ', ,...,⎡

⎢⎣
�r r r r ⎤

⎥⎦
. The total capacity offered in the market is denoted by T

'κ�κ 1 . 
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The ISO collects the sellers’ offers and determines the set of successful offers and 

the market prices. The ISO’s decision is based on the objective of maximizing the social 

welfare ,  ( )d ,⋅ ⋅S

( ) ( )( ) ( )1d e d d d r d d
' ', w p wδ ε δ− −e r + + e r� AS σ ς+ , (2.16)

where ew eρ>  and rw rρ>  are estimates of the benefits of the demand per unit of 

energy and reserves. As the demand for energy and reserves is fixed, the benefit term  

( )( )1e d d d r d dw p wδ ε δ−+ +A  

is constant, and so maximizing ( )d ,⋅ ⋅S  is equivalent to minimizing the costs , ( ),⋅ ⋅C

( ) ' ', +�e r e rC σ ς . (2.17)

The outcomes of the market must satisfy the CERM supply-demand balance for energy 

and reserves. Consequently, the decision-making process involves the solution of the 

following linear optimization problem,  

( )

( )

.

,

d

d d

min ,

s.t.
'

CERM '

,

ε δ

⎧
⎪
⎪
⎪
⎪ =
⎪
⎨ ≥⎪
⎪ + ≤
⎪

≤⎪
⎪ ≥⎩

e r
e r

e

r
e r

r
e r 0

A

C

1

1

�

κ
π

 (2.18)

The optimal solution (e r* *, )  of this problem determines the sales of the sellers. In the 

case the market does not clear, i.e., this problem is infeasible, and equality constraints are 

not satisfied, the demand for energy is given priority over the demand for reserves.  
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Prices are determined ex-post, when the random component of the load demand 

 is determined, and they are equal to the asking price of the most expensive block 

providing service if (2.18) is feasible. Whenever (2.18) is infeasible, the prices are 

determined from Table 2.1. Sellers (buyers) are paid (pay) a uniform price for providing 

the same service. Providers of reserves receive the energy price in addition to the reserve 

price whenever they are asked to produce energy as well. 

dL∆
�

Table 2.1: Energy and reserves prices 

condition dL∆
�

 *
eρ  *

rρ  description

0 eρ  
T dκ ≤ A  

dδ  eρ  
- energy 

shortfall 

0 
asking price for energy 
of the most expensive 
block with  0ik*

je >

d T dκ δ< ≤ +A A d         
or                     

 T d d

T d

,κ δ

π δ

> +

≤

A

dδ  eρ  

rρ  

reserves 
shortfall, 

and energy 
shortfall if 

 d dL∆ δ=
�

0 
asking price for energy 
of the most expensive 
block with  0ik*

je >

T d d

d T d

,κ δ

dδ π ε δ

> +

< ≤

A
         

or   
d d T d d d

T d d

,δ κ ε

π ε δ

+ < ≤ +

>

A A δ

 
dδ  

asking price for energy 
of the most expensive 

block with either 
 or  0ik*

je > 0ik*
jr >

rρ  reserves 
shortfall 

0 
asking price for energy 
of the most expensive 
block with  0ik*

je >
T d d d

T d d

,κ ε

π ε δ

> +

>

A δ
 

dδ  

asking price for energy 
of the most expensive 

block with either 
 or  0ik*

je > 0ik*
jr >

asking price 
for reserves 
of the most 
expensive 
block with 

 0ik*
jr >

no shortfall
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In the medium term there is uncertainty on the sellers’ offers to the CERM, and so 

the optimal value of  is modeled as the r.v. . The service costs ( ),⋅ ⋅C
�
C sC  are defined as 

{ }s H E�
�

C C . (2.19)

The service costs are a measure of the revenues the sellers receive and the payments the 

set of LSEs make in the period of H hours, and they provide a measure of the expected 

market efficiency in the period. An increase in sC  implies a decrease in market 

efficiency, and a decrease in sC  implies a market efficiency improvement.  

2.4 The Sellers’ Behavior 

In this section, we formulate the sellers offering problem in the CERM subject to 

an offer price cap. The published literature tackles the seller problem without 

consideration of offer price caps [41], [42]. The formulation of this model has not been 

reported in the electricity literature, and thus is a contribution of this thesis.  

Sellers are assumed to be profit maximizing and risk neutral firms. The profit 

maximizing assumption leads each firm to maximize its profits. Under risk neutrality, a 

firm maximizes its expected profits in the presence of uncertainty. Typically, this goal is 

met by physical and/or economic withholding. We assume that economic withholding is 

preferred over physical withholding whenever both behaviors result in the same expected 

profits.  

We consider two types of sellers, price takers and price setters [3, p. 46]. We use 

the terminology strategic seller instead as price setter, as is usually done in the power 

systems literature [36, p. 40]. Price takers are players which cannot affect the market 

price, while strategic sellers are players which have the ability to affect the market price 

 29



[3, p. 46]. Thus, price takers are “passive” players whose CERM actions have no impact 

on reliability, and strategic sellers are “active” players whose decisions may impact 

reliability.  

The production costs of each generator are modeled as a piece-wise linear 

function of the output of the generator. The production costs comprise the costs that are 

proportional to the output of the generator, such as fuel costs and variable operation and 

maintenance costs. All fixed and startup costs are ignored. The incremental or marginal 

production costs are then piece-wise constant. We ignore the minimum operating 

capacity constraint and the minimum up-time and down-time constraints of all 

generators. 

Price takers determine their offering strategies as if they could not affect the 

market clearing price [8, p. 451]. Consider the physical block k of unit j with marginal 

production costs ik
jf  owned by seller  with a price taker behavior. Price taker  

offers all the capacity of such block in the CERM because the optimal offering strategy 

of a price taker is to offer all its capacity at marginal costs [37], and the energy offer price 

is 

is is

( )1ik ik ik
j j jfσ ζ= + , (2.20)

where  is such that the product 0ik
jζ ≥ ik ik

j jfζ  covers the marginal costs which are not 

due to production costs, e.g., transaction costs. We neglect any production costs of 

reserves, and so the reserve offer price of the block is given by 

ik ik ik
j j jfς ζ= . (2.21)
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Expressions (2.20) and (2.21) are valid whenever ( )1i ik
e j

ik
jfρ ζ> +  and i ik

r j
ik
jfρ ζ> , 

which we assume hold.  

Strategic sellers determine their offering strategies taking into account the impacts 

of their offer in the market clearing price. For simplicity, we assume that there is only one 

strategic seller,6 denoted seller . The total cost for seller  as a function of the MWh 

(MW) output is denoted by  (

îs îs

( )î
eχ ⋅ ( )î

rχ ⋅ ).  

The strategic seller’s decision variables are the expected amount  of energy and 

the expected reserves  that seller  sells in the CERM. The two-tuple  is 

feasible if and only if there exists an offer 

îe

îr îs ( )ˆ ˆi ie ,r

{ }kˆ ˆi ik
j j

Γ Γ=  such that  

ˆ ˆi i
Te e= , , ˆ ˆi i

Tr r= ˆ ˆi i
eρ≤σ 1 , ˆ ˆi i

rρ≤ς 1 , î
T

îκ α≤  and ˆ ˆi i
T

îπ ξ α≤ , 

given the expected offers of seller ’s competitors and the demand. The parameter îs îξ  is 

the portion of the available capacity îα  that can be provided as reserves. Seller  

determines its offer  in two steps: first,  chooses feasible  and  so as to 

maximize expected profits, given , 

îs

îΓ îs î*e î*r

dA dδ , dp , îα , îξ , ( )î
eχ ⋅ , î

eρ , î
rρ  and the expected 

offers of seller ’s competitors. Then, seller  constructs an offer  to ensure the 

sale of  and  if the other competitors offer according to the information seller  

has. 

îs îs i*Γ

î*e î*r îs

                                                 

6. This is done to avoid the modeling of the interaction between players. Equivalently, we may say that 
there are many strategic sellers but they determine their strategies assuming all other player’s strategies are 
fixed. 
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We now characterize the feasible two-tuples ( )ˆ ˆi ie ,r . Denoting the energy prices 

when  and  as a function of  and  by 0dL∆ =
� dL∆ δ=

� d
îe îr ( )0ˆ ˆ ˆi i i

e e ,rλ  and , 

respectively, and the reserves price function by 

( )ˆ ˆ ˆi i i
e e ,rδλ

( )î
r ,λ ⋅ ⋅ , we have the following result: 

Theorem 2.1: The two-tuple ( )ˆ ˆi ie ,r  is feasible if and only if 

( ) ( )0ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆi i i i i i i i i
e e rr e ,r r e ,λ ρ λ⎡ ⎤− ≤⎣ ⎦ r

)

. (2.22)

■ 

Proof: First we prove the necessary condition of feasibility. Consider a feasible pair 

, with  since for ( ˆ ˆi ie ,r 0îr > 0îr =  the equality (2.22) is trivial. Suppose seller  

offers  MW in the market, and sells  MWh of energy. We show that 

because  MW are sold as reserves (from the feasibility assumption), (2.22) is satisfied.  

îs

ˆ ˆi i
T e rκ = + î îe

îr

The increment in social welfare when the ISO buys one extra MWh/h from the 

offer block { }ˆ ˆ ˆ ˆik ik ik ik ik
j j j j, , ,Γ σ ς κ π= ˆ

j  of generator j of seller  instead of buying it from 

the most expensive block that sells energy is given by 

îs

( )0ˆ ˆ ˆ ˆi i i
e je ,r ikλ σ− . (2.23)

Similarly, the increment in social welfare when the ISO buys one extra MW of reserves 

from the same offer block of generator j of seller , instead of buying it from the most 

expensive block that sells reserves, is given by 

îs

( )ˆ ˆ ˆ ˆi i i i
r je ,r kλ ς− . (2.24)

 32



Whenever (2.23) or (2.24) is positive, the ISO would buy the corresponding service from 

seller  which results in positive savings. If both are positive, the ISO would buy the 

service that obtains the larger savings. Therefore, seller  sells reserves from offer block 

k of generator j whenever  

îs

îs

( ) ( ){ } ( )00 ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆi i i ik i i i ik i i i i
e j r j r jmax , e ,r , e ,r e ,r kλ σ λ ς λ ς− − = − . (2.25)

Expression (2.25) holds, since  sells reserves. Thus,  îs

( ) ( )0ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆi i i ik i i i i
e j re ,r e ,r k

jλ σ λ ς− ≤ − , (2.26)

Since îk i
j

ˆ
eσ ρ≤  and , 0îk

jς ≥

( ) ( )0ˆ ˆ ˆ ˆ ˆ ˆ ˆi i i i i i i
e e re ,r e ,rλ ρ λ− ≤ , (2.27)

and so (2.22) holds.  

Now we prove the sufficiency condition. Without loss of generality and for 

notational simplicity, we assume that the capacity of the generator j of seller  is larger 

than , so that we only need to consider the offer blocks for generator j of seller . 

Assume . We propose the following offer made of two blocks: for the first block, 

îs

îe r+ î îs

0îr >

1 1 1 10 0ˆ ˆ ˆ ˆ ˆ ˆi i i i i i
j j r j j, , e ,σ ς ρ κ π= = = = , (2.28)

and for the second block, 

2 2 2 20ˆ ˆ ˆ ˆ ˆi i i i i
j e j j j, ,σ ρ ς κ π= = = = îr . (2.29)

By inspection, both blocks fulfill the mitigation requirement 1 2ˆ ˆ ˆ ˆik i ik i
j e j r, , kσ ρ ς ρ≤ ≤ = , . 

We will show that if (2.22) holds, then the proposed offer is successful and  
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ˆ ˆi i
Te e= ,

.

 (2.30)

ˆ ˆi i
Tr r=  (2.31)

Replacing (2.28) and (2.29) in (2.24) and (2.26), by the previous argument block 2 sells 

reserves if  

( ) ( ){ } ( )00 ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆi i i i i i i i i i
e e r rmax , e ,r , e ,r e ,rλ ρ λ λ− = . (2.32)

Clearly, 

( ) 0ˆ ˆ ˆi i i
r e ,rλ ≥ , (2.33)

since prices are nonnegative, and from (2.22), 

( ) ( )0ˆ ˆ ˆ ˆ ˆ ˆ ˆi i i i i i i
e e re ,r e ,rλ ρ λ− ≤ . (2.34)

Therefore, (2.32) holds and block 2 sells  MW of reserves. If a block has  it 

sells energy if (2.23) is positive. Then, the block 1 of the proposed offer sells energy if 

îr 0îk
j ,π =

( )0 0ˆ ˆ ˆi i i
e e ,rλ ≥ , (2.35)

which clearly holds. Then, block 1 of the proposed offer sells  MWh of energy, and so 

 is feasible. The cases when  or  is zero are straightforward.   

îe

( ˆ ˆi ie ,r ) îe îr

■ 

The determination of  and  is obtained from the solution of the following 

optimization problem:  

î*e î*r
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( )

( )

( ) ( )0

0

ˆˆ ii

ˆ ˆ ˆi i i
d

e ,r

ˆ ˆ ˆi i i

ˆ ˆ ˆi i i

ˆ ˆi i

ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆi i i i i i i i i
e e r

max e ,r

s.t.

e r
SSP

r

e ,r

r e ,r r e ,r

Π

α

ξ α

λ ρ λ

⎧
⎪
⎪
⎪
⎪ + ≤⎪
⎨

≤⎪
⎪ ≥⎪
⎪ ⎡ ⎤− ≤⎪ ⎣ ⎦⎩

 (2.36)

where 

( ) ( ) ( ) ( ) ( )( )
( ) ( ) ( )( ( ) ( ) )

0

1

ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆi i i i i i i i i i i i i i i
d d e e r r

ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆi i i i i i i i i i i i
d e e r

e ,r p e ,r e e e ,r r r

p e ,r e r e ,r e ,r r .δ

Π λ χ λ χ

λ χ λ

= − + −

+ − + − +
 (2.37)

An algorithm for the construction of the offer once ( )ˆ ˆi* i*e ,r  is determined is provided in 

Appendix B. Note that the optimal two-tuple ( )ˆ ˆi* i*e ,r  explicitly takes into account the 

uncertainty in the demand. Note also that for cases requiring a more detailed multistate 

representation of the availability and demand r.v.’s, an extension of the (SSP) is 

straightforward.  

2.5 Reliability Impacts of Seller Behavior 

We next investigate the impacts of seller behavior on reliability. In a competitive 

environment, if the total amount offered in the CERM is at least as large as the demand, 

then all the demand is served. Hence, in the assessment of the impacts of seller behavior 

on reliability we analyze the capacity offered in the CERM. The total capacity offered by 

price taker  in the CERM is given by  is

i i
Tκ α= , (2.38)
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as a price taker offers all its available capacity. Thus, we conclude that the behavior of a 

price taker does not impact system reliability. 

We now focus on the strategic seller behavior. The strategic model (2.36) 

provides the two-tuple (  of quantities to sell. Hence, we express  in terms of 

 to be able to compare 

)

)

ˆ ˆi ie ,r î
Tκ

( ˆ ˆi ie ,r î
Tκ  with îα . We consider three distinct cases which 

clearly cover the spectrum of interest:  

(a) the amount of energy and reserves to sell is large enough so that the 

corresponding market clearing prices are smaller or equal to the offer price 

caps,  

(b) the amount of energy to sell is small enough so that the market clearing price 

for energy is larger than the offer price cap for energy, and  

(c) the amount of reserves to sell is small enough so that the market clearing price 

for reserves is larger than the offer price cap for reserves.  

The conditions characterizing these three cases are stated in Table 2.2. In case (a), 

seller  can economically withhold capacity, while in cases (b) and (c) seller  cannot 

economically withhold since prices are higher than seller ’s offer price caps. From the 

assumption that seller  prefers economic withholding to physical withholding, we 

obtain that in case (a) seller  offers all its available capacity, while in cases (b) and (c) 

seller  only offers the quantities seller  expects to sell. Therefore, in such cases seller 

 physically withholds capacity and the capacity 

îs îs

îs

îs

îs

îs îs

îs î
Tκ  offered by the strategic seller  in 

the CERM is characterized by 

îs
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ˆ ˆi i
Tκ α< . (2.39)

Then, we have that 

 Tκ α< . (2.40)

Table 2.2: Offered capacity as a function of ( )ˆ ˆi ie ,r  

case conditions i
Tκ  

(a) 
( )
( )

0ˆ ˆ ˆi i i
e e

ˆ ˆ ˆ ˆi i i i
r r

e ,r

e ,r

îλ ρ

λ ρ

≤

≤
 îα  

(b) ( )0ˆ ˆ ˆi i i
e ee ,r îλ ρ≥  ˆ ˆi ie r+  

(c) ( )ˆ ˆ ˆi i i
r re ,r îλ ρ≥  ˆ ˆi ie r+  

 

If we do the analysis in the month prior to the hour h, when there are many 

uncertainties associated to the hour h available capacities, the equivalent to (2.40) is 

{ } 0P AΚ < >
� �

, (2.41)

where we denote the total offered capacity Κ
�

 as an r.v. to explicitly show the 

uncertainty. That is, the probability of physical capacity withholding is positive. There is 

a loss of load event whenever 

LΚ <
� �

 (2.42)

From (2.41) and (2.42), it follows that there may be a loss of load event even when there 

are sufficient available resources in the system, i.e.,  

{ } 0P L AΚ < ≤ ≥
� � �

. (2.43)
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The event in (2.43) is not captured by the metric values (2.12) - (2.15) and so they 

overstate the system reliability. Hence, there is a need for resource adequacy metrics that 

explicitly take into account market realities.  

We propose to modify the expressions in (2.12) - (2.15) to explicitly represent the 

market outcomes. The basic modification is the replacement of  by . We denote the 

modified values with a superscript M. The resource availability margin 

A
�

Κ
�

MR
�

, loss of load 

probability , expected unserved energy  MLOLP MU  and expected outage costs M
oC  are 

given by 

(2.44)

(2.45){ }

{ }

,

,

,

M

 M

M  M

LR
L

LOLP P L

H E L L LOLP

Κ

Κ

Κ Κ

−
=

= >

= ⋅ − >U

 � ��
�

� �

� � � �

 

(2.46)

and 

{ }M M
o wH E L L LOLPΚ Κ= ⋅ − >

� � � �
C . (2.47)

Under the assumption that all offers submitted to the CERM are backed by available 

capacity, it is straightforward to show that 

{ } 1,

,

,

M

 M

M

P R R

LOLP LOLP

≤ =

≥

≥U U

� �

 

and 
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M
o o≥C C .  

We term , and  as limiting values for , and ,LOLP U oC ,MLOLP U M M
oC , respectively. 

2.6 Resource Adequacy Program Incorporation 

At this stage, we model the resource adequacy program as a black box with the 

distributions of , and  as inputs and the incentives as a function  of the 

capacity offered by each seller  in the CERM for hour h as the outputs. The function 

 is nondecreasing and can take positive or negative values. If 

, LΚ
� �

A
�

( )iϕ ⋅

is

( )iϕ ⋅ ( )iϕ ⋅  takes a negative 

value we interpret it as a disincentive. In the next chapter, we introduce the resource 

adequacy program design and the black box turns into a white box. 

Seller  knows the incentive function is ( )iϕ ⋅  at the time of CERM offer 

preparation, and thus adds it to the profit function ( )i
d ,Π ⋅ ⋅  to be maximized to get a new 

objective function , ( )i i i i
d Te ,r ,Π κ

�

( ) ( ) ( )i i i i i i i i i
d T de ,r , e ,rΠ κ Π ϕ= +

�
Tκ . (2.48) 

In determining its offers, a price taker computes the marginal incentive and 

subtracts it from its costs. Hence, if we update the factor ik
jζ  so that it takes into account 

the marginal incentives, the model of the price taker does not change when incentives are 

provided. However, the model of the strategic seller may change when there are 

incentives for offering in the CERM. Using (2.36) and the results in Table 2.2, we 

express the strategic seller model as the three maximization problems  
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( )

( ) ( ) ( )

( )
( )
( )

0

ˆ ˆi i

ˆ ˆ ˆ ˆ ˆ ˆ ˆi i i i i i i i
d d

e ,r

ˆ ˆ ˆi i i

ˆ ˆ ˆ ˆi i i i
e e

ˆ ˆ ˆ ˆi i i i
r r

max e ,r e ,r

s.t.

NW e ,r

e ,r

e ,r

Π Π ϕ

λ ρ

λ ρ

⎧ = +⎪
⎪
⎪
⎪ ∈⎨
⎪
⎪ ≤
⎪
⎪ ≤⎩

�

F

α

 (2.49)

( )

( ) ( ) ( )

( )
( )0

ˆ ˆi i

ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆi i i i i i i i i
d d

e ,r

ˆ ˆ ˆi i i

ˆ ˆ ˆ ˆi i i i
e e

max e ,r e ,r e r

s.t.
WE

e ,r

e ,r

Π Π ϕ

λ ρ

⎧ = +
⎪
⎪
⎪
⎨

∈⎪
⎪
⎪ ≥⎩

�

F

+

 (2.50)

( )

( ) ( ) ( )

( )
( )

ˆ ˆi i

ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆi i i i i i i i i
d d

e ,r

ˆ ˆ ˆi i i

ˆ ˆ ˆ ˆi i i i
r r

max e ,r e ,r e r

s.t.
WR

e ,r

e ,r

Π Π ϕ

λ ρ

⎧ = +
⎪
⎪
⎪
⎨

∈⎪
⎪
⎪ ≥⎩

�

F

+

 (2.51)

where  is the set of solutions that satisfy the constraints in (2.36). Seller  chooses 

the result of the optimization problem in (2.49) - (2.51) that yields the highest expected 

profits. 

îF îs

In a competitive environment, all demand is served whenever the total amount 

offered in the CERM is at least as large as the demand. The amounts to offer result from 

the solution of (2.49) - (2.51), and so the distribution of Κ
�

 is obtained using the model 

(2.49) - (2.51). The distribution of Κ
�

 is a result of market economics. Moreover, the 

distribution of , together with that of , characterizes the system reliability. 

Therefore, the model (2.49) - (2.51) provides an explicit linkage between reliability and 

economics.  

Κ
�

L
�
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In this chapter, we presented the analytical basis for reliability evaluation in a 

market environment. In next chapter we present the proposed design for a resource 

adequacy program and we analyze it using the models introduced in this chapter. 
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