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Abstract 

 

The liberalization process of the electricity industry in many countries leads to new rules and 

new challenges for the grid management. System reliability is a major concern, mainly 

because of (a) the high level penetration of renewable energy sources and (b) the growing 

peak load and environmental regulations 

In most electricity markets, peak resources operate only during a short period, and at a high 

operating cost, jeopardizing their return on investment, while low-cost base resources make 

the most revenues on the market.  

Forward capacity markets, introduced by American operators such as PJM and ISO New 

England in 2007, aim at coping with this issue by providing the necessary financial incentives 

towards enough generation investments to meet future electricity needs. Since its first auction 

4 years ago, the mechanism has proven to attract and retain competitive capacity on the 

market. The key characteristics are a single buyer structure, a fair pricing mechanism and a 

long term commitment from the TSO.  

But the development of such market is not meant to be constrained to American countries. In 

Europe, the so-called law NOME (New Organization of the Electricity Market) has been 

adopted in France in November 2010, representing a new step in establishing a fair, 

transparent and efficient energy market in France. It enforces market participants and operator 

to design a fair and transparent mechanism for long-term capacity procurement.  

This thesis introduces regulatory requirements from European countries which are in the 

process of designing forward capacity markets. These requirements are then compared to the 

mechanism brought in by PJM. Based on these specifications an adaptation of this mechanism 

to France is done, and a mathematical program simulating a forward capacity market is built 

using the software Aimms. Computational simulations are then led, based on a realistic 

dataset representing the French electricity market.  

The fairness, competitiveness and transparency of the proposed mechanism is afterwards 

demonstrated based on the analysis of simulations. 
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Glossary 

 
BRA – Base Residual Auction – The main PJM capacity market auction, in which most of 

the capacity is provided.  

CETL – Capacity Emergency Transfer Limit – The import limit of a LDA as modeled by 

PJM prior to the auctions 

CONE – Cost of New Entry – The cost of building a new peaking unit (Combustion 

Turbine), taking into account only the fixed cost, and not the operating variable costs. It is a 

main element for the calculation of the VRR curve.  

CT – Combustion Turbine  

CRE – Commission de Régulation de l’Energie – The Energy Regulation Committee is an 

independent administrative authority in charge of the regulation of electricity and gas trading 

in France.   

DY – Delivery Year – In PJM, the year concerned by a certain auction, starting in June and 

finishing in May.  

DR – Demand Response – A DR resource is a capacity resource provided by the demand 

side: Instead of an increase of production, it is a decrease of the load, through a contract 

between a consumer and a market participant.  

E&AS – Energy and Ancillary Services – The Energy & Ancillary services refers to the 

production and distribution of electricity, with all ancillary services associated (frequency and 

voltage control, black start, etc…) 

FCM – Forward Capacity Market 

FERC – Federal Energy Regulatory Commission – The FERC regulates the transmission 

and trading of electricity, natural gas and oil between states of the USA. The French 

equivalent would be the CRE 

FRR – Fixed Resource Requirement – An alternative for a participant to hedge the risk 

linked to RPM. A LSE can provide capacity by itself and meet a certain fixed requirement 

instead of participating in RPM which uses a variable requirement.  

IA – Incremental Auction – The 3 secondary RPM auctions used by PJM. They allow the 

adjustment of capacity procured, and the trading between participants.  

ICAP – Installed Capacity – The theoretical capacity of a unit, based on its rated power. It 

does not take into account the outages.  

ISO-NE – ISO New England – ISO New England is a regional transmission organization 

(RTO), serving Connecticut, Maine, Massachusetts, New Hampshire, Rhode Island and 
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Vermont.  

IRM – Installed Reserve Margin – It is the margin, determined by PJM, that allows meeting 

the reliability requirement i.e. a LOLE not exceeding 1 event in 10 years. Its value is varying 

around 15%.  

LDA – Locational Deliverability Area – A modeled region for PJM’s capacity market, 

RPM. Depending on the result of the auction, it can have a different clearing price, equal or 

higher to the system price.  

LOLE – Loss of Load Expectation – An estimation of the expected frequency of outages in 

the system. PJM aims at a LOLE of not more than 1 event in 10 years.  

LOLP – Loss of Load Probability – The probability for a shortage event to occur on the 

system i.e. that the demand will exceed the capacity. It is usually expressed as the estimated 

number of days over a long period, typically 10 years.  

LSE – Load Serving Entity – A Load Serving Entity is a company securing energy and 

transmission service to serve the electrical demand of its end-use customers, hence making 

the link between them and the producers.  

NOME – New Organization of the Electricity Market – The law NOME has been adopted 

in France in November 2010, aiming at enforcing the competitiveness of the electricity 

market. It represents a new step in establishing a transparent and efficient energy market in 

the country, and it also plans the elaboration of a capacity mechanism.  

PJM – PJM Interconnection is a regional transmission organization serving all or parts of 

Delaware, Illinois, Indiana, Kentucky, Maryland, Michigan, New Jersey, North Carolina, 

Ohio, Pennsylvania, Tennessee, Virginia, West Virginia and the District of Columbia.  

RPM – Reliability Pricing Model – The capacity market implemented by PJM in 2007.  

RTE – Réseau de Transport d’Electricité – The french TSO.  

RTO – Regional Transmission Organization – An organization responsible for moving 

electricity over large interstate areas. The equivalent in Europe is the TSO (Transmission 

System Operator).  

TSO – Transmission System Operator – An organization responsible for the coordination 

of electricity transmission on a national or regional level.  

VRR – Variable Resource Requirement – Is it the name of the demand curve used by PJM 

in RPM. Based on the CONE and the IRM, its objective is to allow more procurement of 

capacity if the price is low, and less when it is high. It also considerably reduces price 

volatility 
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Nomenclature 

 
Indices 

l Zone of the system 

k Participant in the market 

r Resource in the market 

p Product (peak, base) 

q Requirement to meet (peak, total) 

s Segment of a resource offer 

i Part of the demand curve (constant, variable) 

j Discrete interval of the demand curve 

 

 

Parameters 
     Minimum of capacity of resource r on segment s (MW) 

     maximum of capacity of resource   on segment   (MW) 

     Bid price of resource  ,segment   (€/MW.day) 

     Bidded storage ratio of resource  , segment   

         The size of the discrete interval   of the segment   of the demand curve 

(MW) 

       The quantity breakpoint of the demand curve of zone l, requirement q, 

part i (MW) 

       
 

  price on the demand curve corresponding to the discrete interval j of 

part i (€/MW.day) 

       price breakpoint of the demand curve of zone l, requirement q, part i 

(€/MW.day) 

       Transmission limit from zone    to zone    (MW) 

    Total resource cost calculated in the main program 

      Cleared demand calculated in the main program for zone  , 

requirement   

  Sensitivity of the analysis 
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Variables 

     Cleared capacity on segment s of resource r (MW) 

          Cleared capacity on the discrete interval j of part i of demand curve l,q 

      Cleared capacity on the demand curve l,q (MW) 

        
     Export from zone    to zone    of product p (MW) 

        
     Import of zone    from zone    of product p (MW) 

          Capacity transfer from zone    to zone     of products satisfying 

requirement q (MW) 

    Amount of Capacity of the largest cleared resource (MW) 

   Market share of participant k 

 

 

Binary variables 

     Binary variable for resource r, segment s 
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1  

Introduction 

 
1.1  Presentation of Alstom Grid 

Present in 100 countries, with 91,300 employees and sales amounting to €20.9 billion during 

year 2010/2011, Alstom is a world leader in power transmission and generation, and transport 

infrastructure.  

It has 3 subsidiaries of which Grid is the one specialized in power transmission and 

distribution solutions. Worldwide leader in its domain, it provides among others high voltage 

products, automations solutions, and network management solutions to a number of customers 

across the globe, such as EDF (France), Svenska Kraftnät (Sweden), Duke Energy (USA) 

Dewa (Dubai), or Electrobras (Brazil).  

Alstom Grid is present in all domains of energy transmission, including the energy markets 

which are of an increasing importance in Europe. 

 

1.2  Motivation of the project 

With an increasing worldwide demand for energy and environmental issues, the electricity 

sector is facing new challenges that require new solutions and new approaches. While the 

liberalization of energy markets in many countries has brought many concerns about prices, 

fairness and competitiveness, it also leads to the question of the reliability of the grid. Indeed, 

in a liberalized market a producer’s objective is the maximization of the profit, instead of the 

deliverability of energy to all consumers. Experience showed that in those markets, producers 

lack of incentives to invest in new units, especially peak resources.  

Electricity markets most of the time already comprises more than one mechanism: a day-

ahead market, an intra-day market for adjustments, and an ancillary services market. The aim 

of this thesis is to analyse the benefit of an additional mechanism focusing on electric capacity 

and reliability on the long-term. 

 

1.3  Objectives 

In France, the recently adopted so-called law “NOME” (New Organization of the Electricity 

Market) states the new organization of the energy market, enforces among others market 
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participants and operators to design a fair and transparent capacity mechanism to ensure 

system reliability.  

The objective of the thesis at first is to analyse the most advanced centralized market 

implementing a reliability mechanism, namely the Reliability Pricing Model, from PJM in the 

USA  

Afterwards, an adaptation of this mechanism to the French context will be detailed, and a 

dataset representing the French market structure will be elaborated in order to simulate the 

market with realistic characteristics. 

Finally, the proposed mechanism will be evaluated based on its fairness, competitiveness and 

transparency. 

 

1.4  Overview of the report 

The report will in the first part the context in which capacity markets have been elaborated: 

the reason why it is needed, the existing solutions, their performances. Then, it will describe 

more precisely the most complex design (forward capacity markets), taking example on 

PJM’s Reliability Pricing Model.  

Then in the next two parts, the adaptation to the French framework will be done, starting by 

the analyses of the French energy context, and then the elaboration of the model.  

Finally simulations will be led, and followed by discussions on the results. 
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2  

Background 

 
This chapter will first summarize a few electricity markets fundamentals, and will then state 

the context in which capacity mechanisms have been elaborated, and what are the existing 

solutions.  

 

 

2.1  Market Fundamentals 

The power demand follows a cyclical evolution on a daily, weekly, and seasonal basis, and is 

affected by the current economy and the weather. In most states of the USA, the most extreme 

demand for power happens during the hottest days of the year, when the high use of air 

conditioning systems dramatically increase the load. Figure 0.1 shows a typical Load 

Duration Curve, illustrating how many hours in the year are different levels of load reached.  

 

 
Figure 0.1: Load Duration Curve 

Adapted from [1] 
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The reliability of the system is defined by 2 properties: 

- Resource adequacy: At any time, the generation should be equal to the load plus losses 

in the system. That means, there must be sufficient generation and transmission 

capacity in the electric system to supply the entire demand, taking into account the 

possible outages (forced and unforced) which can occur. 

- System security: it is the ability of a power system to avoid equipment overload, 

withstand sudden disturbances, such as a short-circuit or unanticipated loss of 

generation or demand.  

 

In a vertically structured market, the electricity price is based on average total costs (i.e 

operating costs, fuel costs, maintenance costs and investment costs), and the resource 

adequacy is ensured. However, in a restructured market, the investment incentives depend 

directly on the market revenue. As we will see later, cheapest units quickly recover their 

investments compared to expensive units. As a matter of fact, participants are not incentivized 

to invest in risky project to satisfy the highest peak load. This problem is known as the 

“missing money” problem, and is the main target of capacity markets.  

 

2.2  The “Missing Money” Problem 

In a liberalized marginal pricing market, the price is determined through the intersection of 

the demand curve and supply curve. Generating units are selected by merit order: the cheapest 

units are selected first, the most expensive last, as represented on Figure 0.2.  

 

Figure 0.2: Market price cross 

 

As it appears directly, the benefits for cheap units are really high, and those recover easily 

their investment costs. However, the most expensive units are rarely used, and at a price close 

to their variable costs, which makes them unprofitable.  

In fact, as the load evolves, the price evolves with it, at a high variance. During most of the 
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year, there will be more generating capacity than needed. The market price will tend to be 

equal to the marginal cost of the most expensive unit dispatched. On some occasions 

however, typically such as a sudden weather fluctuation, or an unexpected outage, the supply 

becomes scarce, producers will raise their bids, and the energy prices will rise above marginal 

operating costs to include a “scarcity premium”, as to recover fixed costs of both base and 

peaking units. This feature is intentional. If those spikes would not exist, resources would exit 

the market without being replaced, which leads to more frequent spikes. This means that the 

scarcity prices have to be frequent and high enough to attract and retain investment [2].  

However, to minimize the potential high risk for consumers, it is common that a market has a 

price cap (the French one is 3000€/MWh [3]), which creates a lack of revenue for the high-

cost units. This deficiency is called the “missing money” problem. 

 

2.3  The importance of Demand Response 

Price spikes also motivate demand-side resource: they induce adjustments in consumption, 

which leads to a decrease in the frequency and level of those spikes: it “flattens” the curve of 

prices in time. As stated in [4], demand price response is hence essential, because it is a form 

of reserve, providing an additional flexibility.Without a demand response, a shortage does not 

lead a load reduction, and it becomes very difficult to bring supply and demand into 

equilibrium 

However in current electricity markets most customers are not flexible and their consumption 

is fixed. Hence the demand curve representing the price consumers are prepared to pay in 

function of the quantity of power they use, is near vertical. Because of this complexity, the 

market becomes vulnerable to price volatility and market power. Indeed, a small change in 

load or generation can tremendously increase the price.  

 

Figure 0.3: Price volatility 
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Figure 0.3 represents a vertical demand curve, and a hypothetical supply curve for a real-time 

electricity market. The second supply curve is calculated by removing 10% of the cheapest 

generation unit. As seen, the price raises considerably, which is an incentive to exercise 

market power through retaining a generator from the market.  

 

2.4  Existing Solutions 

The aim of this part is to list the existing capacity mechanisms designs, and weigh their 

advantages and drawbacks. 

 

2.4.1 Energy-Only Markets 

This is the most common market design. There is no particular capacity mechanism, the 

investment costs of a generating unit are recovered only through market prices [1]. Suppliers 

can still enter into bilateral contracts for capacity if other participants are willing to enter in 

such contracts. 

The attractiveness of energy-only markets resides in its simplicity, and the fact that the level 

of reliability is determined through the market, and not regulatory units.  

However, the risk is high for both suppliers, who cannot be certain about the cost recovery of 

their investments, and consumers, who face a really high volatility.  

Examples: Alberta, Australia’s NEM, UK, Nordpool 

 

2.4.2 Administratively determined capacity payment 

An energy market with capacity payment is basically an energy-only market, but with an 

administratively-determined additional capacity payment, increasing the market-based 

revenues [2]. This payment allows the full recovery of fixed costs and also allows for low 

price caps. The payment can be fixed, or variable (i.e decreasing with increasing available 

capacity), as done in Spain.  

As this mechanism allows regulatory forces to easily retain and attract needed capacity and 

reduces price risk, it also creates market distortions, because of its untransparency.  

Examples: Argentina, Chile, Colombia, Peru, Spain 

 

2.4.3 Energy Markets with reserve requirements 

This market design has been a standard design for many US power markets, which later 

evolved into current TSO (ISO-NE, PJM, New York ISO). Instead of adding a capacity 

payment to attract and retain investment, the resource adequacy can be ensured by imposing a 

reserve margin requirement to all power providers. Each of them has to acquire enough 

capacity rights so it equals at least its predicted peak load plus the required reserve margin. 

The resources must be obtained through self-supply or bilateral contracts [2]. The required 

reserve margin is administratively-determined for each provider, based on its peak load.  
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This creates a demand for capacity, and thus, an entire separated bilateral market. The 

“missing money” problem is therefore solved, since the revenue deficiency is now covered by 

the participation on this new market. It also creates an incentive to reduce peak demand 

through implementation of efficiency and demand response plans.  

However, without a centralized market, this design lacks liquidity and transparency. Small 

providers face higher costs and risk, and may have difficulties to meet the requirements, and 

market monitoring as well as market power mitigation is difficult.  

Examples: 

- Without centralized market: New York Power Pool, New England Pool 

- With centralized market: Prior PJM (until 2007), Current NY-ISO 

 

2.4.4 Energy markets with forward reserve requirements 

When a system-wide deficiency is detected, there may be too little time to respond to it 

properly and change requirements [2]. This leads to price volatility, market power and 

reliability concerns, because it may be impossible to supply new capacity on short notice, no 

matter how high the price is. To address this issue, forward reserve requirements have been 

introduced in some power markets. This means that power providers must procure sufficient 

resources one or several years ahead of delivery. 

However, it creates a risk associated with forward commitment: events can change the 

schedule of new projects or increase its cost. This is especially the case with demand-side 

resources: consumers can realize after a few months the reality of being interrupted, and ask 

for a higher reward. That is why the commitment period should not be too long, as to not 

increase too much this risk.  

Examples: 

- Without centralized market: California 

- With centralized market : PJM (2007), ISO-NE (2007), Brazil   
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3  

Forward Capacity markets 

 
3.1  Introduction 

Unlike energy (the generation of electrical power over a period of time), traded usually during 

the day-ahead and real-time market, on an hourly basis, capacity is traded on a daily, monthly 

or yearly basis. It is a commitment of a resource to provide energy during emergency under 

the capped energy price and is paid whether or not it produced energy [2]. 

The purpose of a forward capacity market is the procurement of enough capacity to meet a 

certain reliability level. The concept of a forward requirement emerged with the experiences 

about capacity mechanisms. Indeed, when a deficiency is detected there may be not enough 

time to respond to it, because it may be impossible to provide new capacity on such short 

notice. With a 2 or 3 years forward requirement however, the loss of a project a few months 

after the auction is easily replaceable.  

The mechanism can also comprise a centralized market, as this is the case for PJM or ISO-

NE. The aim here is to increase the transparency and liquidity of the market, by standardizing 

products, creating organised trading auctions, and therefore providing a better price signal. 

This facilitates the task for small providers, which sometimes may not have the same risk 

expertise as large providers.  

One of the important issues is how the demand for capacity is created. Either each provider 

should procure capacity based on its share of peak load, or there could be a unique buyer, in 

charge of determining the necessary capacity, buying it from market participants, and re-

distributing the cost of it to electricity providers. This second solution is the one adopted by 

PJM and ISO-NE. Indeed, it reduces the error compared to the first case, where each provider 

makes its own forecast, and it also reduces the incentive to play on the mechanism. A 

provider could indeed underestimate on purpose its forecast as to decrease its obligation.  

The capacity is hence bought by the TSO, based on its own forecasts and data about the state 

of the system. It builds its own demand curve, based on the reliability requirement and a 

reference price, the Cost of New Entry, which is the estimated entrance price for building a 

new combustion turbine. Exact market rules differ between PJM and ISO-NE, but the main 

elements (single buyer, forward auctions) remain the same. In addition, they both consider 
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demand response resources as a real capacity product. Such a resource is a commitment of a 

consumer to reduce its consumption if needed during a peak period. 

 

3.2  The European Context 

Currently Europe has a reduced experience with capacity markets, because the liberalization 

process started later than in American countries. But with the present context the interest 

towards those mechanisms is escalating.  

First, the liberalization process in Europe has made progress, and with it comes the “missing 

money” problem and its reliability concerns. In Germany, the market became fully liberalized 

in 1998, but the competition did not succeed to occur before 2005 [5]. In France, the history 

of market deregulation shown in [6] states that it started in 2000, with the opening to really 

large consumers and reached a turning point in 2007, with the opening to all consumers. 

However, competition did not develop, and in december 2010 the so-called “law NOME” 

(New Organization of the Electricity Market) has been voted. As to create a more favourable 

context for competition development, this law requires EDF (Electricité de France), the 

largest provider, to sell up to 100TWh of its nuclear power to competitors, at a fixed price.  

Secondly, the increasing demand for renewable energies amplifies the reliability concern, 

because their unpredictability requires flexible means. Additionally, it becomes critical to 

develop demand response: it allows a good flexibility at a low cost, and having obviously the 

best impact for the environment. Actually, increasing demand response resources allows 

procuring less peak generation resources, which have most of the time expensive fuel costs, 

and a high CO2 emission rate.  

Thirdly, the recent decision from Germany to dismantle its nuclear power, representing 23.3% 

of its total electric energy production [7], is bringing new challenges, because it has to be 

replaced quickly without affecting the system security.  

Lastly, in France, the law “NOME” requires a capacity mechanism to be developed. RTE 

(Réseau de Transport de l’Electricité), the French TSO, produced and issued a report in 

September 2011 stating its recommendations for this mechanism. 

 

3.3  PJM’s Mechanism 

 

3.3.1 Introduction 

PJM Interconnection LLC is a Regional Transmission Organization (RTO) that coordinates 

the transport of electricity in all or parts of 13 states and the district of Columbia (Figure 0.1), 

which represents more than 170GW of power on the market.   



25 

 

 

Figure 0.1: Territory served by PJM [8] 

 

PJM’s capacity market (Reliability Pricing Model) has been created to ensure the long-term 

reliability of the electric grid through the procurement of adequate available resources while 

guaranteeing competitive energy and capacity prices. It includes locational capacity pricing to 

recognize the locational value of capacity, transparent information to all participants, and a 

three-year forward pricing which allows meeting system base load and peak load three years 

in the future. By using this system, PJM is aiming at attracting and retaining enough capacity 

to satisfy a certain level of reliability during the delivery year (DY). Since its first auction 4 

years ago, the mechanism has allowed the entrance of additional 36.3GW of gross capacity. 

With 23.2GW of retirement or derates, it represents a net increase of 13.1GW into the market, 

of which 12GW comes from demand response resources. 

 

3.3.2 Main design elements 

RPM takes into account locational constraints. This means that, based on a zone’s 

transmission limit, and reliability requirement, PJM can model it.  

  

 Supply: a resource in RPM can be either generating, demand response, but also an 

upgrade of transmission. Each product is evaluated by the capacity it procures.  

 

 Demand: PJM calculates its reliability requirement, based on a particular threshold for 

the Loss of Load Expectation (LOLE), i.e the probability for an outage in the system. 

Then, it builds a demand curve using a price reference, the Cost of New Entry 

(CONE). The curve is downward sloping, and will be detailed later. It is important to 

note that PJM buys all of the capacity, on behalf of the producers, and then 

redistributes the cost to them.  
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 Locational constraints: PJM takes into account transmission limitations, by modelling 

separately regions with not enough internal capacity or import capacity. The way PJM 

models regions is quite powerful because the structure is following a hierarchy. Figure 

0.2 shows the constrained regions defined for the 2014/2015 Delivery Year. The 

bigger the node is, the higher requirement the zone has. The advantage of this 

structure resides in its flexibility: a transmission limit is between a child and its parent, 

the transition zones are not taken into account. Therefore, if an incident occurs in a 

major line between for example one of the region within MAAC and one region which 

is not in MAAC, then the transmission limit of MAAC entirely drops. 

 

 
Figure 0.2: Regions defined by PJM for 2014/2015 DY 

Adapted from [9] 

 

 Participation: It is mandatory to participate in the auction for any available existing 

resource. However, it is possible for a producer to self-supply, i.e procure its own 

capacity, and therefore avoid the market and the risk associated with it.  

 

 Timeline: The first auction happens 3 years before delivery year, and only PJM can 

buy capacity during this one. Then, 3 other auctions occur for adjustments, during 

which any participant can freely buy or sell capacity. This allows for PJM to sell its 

surplus (if any) or buy some more resources, and electricity providers to buy capacity 

for self-supply for example.  
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3.3.3 The VRR Curve 

 

          a)  Presentation 

One the particularities of PJM’s RPM is the shape of its demand curve. As to reduce price 

volatility and market power opportunities, PJM chose to implement a Variable Resource 

Requirement (VRR), instead of a fixed target. The shape of this demand curve is presented in 

Figure 0.3.  

 

 
Figure 0.3: The VRR Curve 

Adapted from [10] 

 

The Installed Reserve Margin (IRM) is the calculated necessary margin to meet PJM’s 

Reliability Requirement. According to [10], its value is usually around 15%. The target level 

is hence situated between point (a) and point (b). The slope is steeper after the target, because 

the capacity cleared beyond this point gets always less valuable.  

The CONE is the entrance cost for building a new combustion turbine into the market, and as 

explained in [11], it takes into account only fixed costs. The estimated revenue from the 

energy market are withdrawn to get the Net CONE.  

 

          b)  Explanation 

We will explain why this model is interesting to manage price volatility and market power 

opportunities with a simplified model, constituted of only 3 segments instead of 4.  

Assume an exponential-shaped supply curve (which is in most cases close to reality), and the 

simple demand curve built above. Figure 0.4 shows the demand, supply and the price 

resulting from the maximization of total surplus, or price-cross method. 
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Figure 0.4: Demand, Supply, and Price 

 

Now suppose that a 200MW cheap unit decides not to bid in the market. The supply curve is 

drawn to the left, increasing prices. As shown on Figure 0.5, on the original demand curve, 

there is quite a large price increase. On a flatter demand curve, the price increase is not so 

high. And in the eventuality of a fixed requirement, i.e a vertical demand curve at target 

requirement, the price rises considerably.  

 
Figure 0.5: Price Volatility and VRR 

 

The same happens of course if the target increases of 200MW. Given this property of the 

demand curve, one can observe that, at a fixed requirement, the price is extremely responsive 

to event such as: 
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- Forecast uncertainties 

- Transmission limits uncertainties 

- Projects delays 

- Market power 

 

Additionally, this demand curve allows PJM to procure more capacity when it is cheap, and 

on the opposite to procure a little less when it is too expensive. Hence when capacity is at a 

high price, the reliability of the system will be decreased because consumers aren’t ready to 

pay such a cost. The VRR allows the adaptability of the market.  

 

3.3.4 Critics 

A summary of RPM’s results has been performed in [12]. Since its implementation, RPM has 

attracted 11.8GW (installed capacity) of demand-side resource, 6.9GW of increased imports 

or decreased exports, 4.8GW of new generation, 4.1GW of generation upgrades, and 0.8GW 

of reactivations. As there was 5.0 GW of retirements, 2.7 GW of derates and 7.5 GW of 

resources not participating auction, the net additions were of 13.1GW, increasing the installed 

capacity by 9.5%. It has hence showed to be efficient at attracting and retaining new capacity, 

especially on the demand response side.  

However, some critics have been or can be made about PJM’s mechanism. First, the level of 

clearing prices has been quite uncertain, as shown on Figure 0.6. Those variations are mostly 

due to changes in market design along the time, and as a new type of market it can be 

understandable that adaptations are needed.  

Secondly, some stakeholders have raised concerns about the fact that few new generation has 

entered the market. But actually this isn’t an issue, because demand resources are as much 

important and provide an equivalent to generation while increasing the elasticity. The main 

reason why there was not so many new generation, is because it is not a cost-efficient solution 

today.  

Thirdly, there is a lack of long-term contracting incentive. Having no long-term price signal 

creates a large risk for investors, who will not sign a contract without a hedge. Prices would 

need to be locked up for up to 10 years. ISO-NE for example allows prices locked up up to 5 

years.  

Lastly, and this was probably the biggest concern, the untransparency of some process has 

been criticized, especially on the definition of constrained regions. The process to calculate 

import limits is unclear, and not disclosed by PJM. This causes much trouble for market 

participants, who cannot make their own forecast, and has reduced market confidence in the 

stability of RPM pricing. Moreover, the capacity mechanism design is therefore not adaptable 

to any context: regions are defined by an external treatment, and not the market itself.  
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Figure 0.6: Prices in RPM Auctions 
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4  

A new centralized capacity 

market mechanism: the French 

Forward Capacity Market 

 
4.1  Introduction 

The liberalization of energy markets in France reached a turning point very recently, with the 

application of the law NOME which aims at improving the competitiveness of the electricity 

market. The most stringent action is to force EDF (Electricité De France) to sell up to one 

fourth of its nuclear power to its competitor at a fixed price supposed to represent the 

marginal production cost. EDF, the historical French producer and operator, still supplies 

more than 80% of the total French demand.  

The law NOME also anticipates the need for a capacity mechanism, so the reliability of the 

system does not get affected by the new liberalized structure of the market. Because of this 

element, capacity markets are a hot topic in France, and discussion currently happen between 

many stakeholders:  

- In April 2010 two senators (B. Sido and S. Poignant) were to hand in a report 

exposing how to handle peak demand. The development of demand resource is seen as 

a necessary element of the new electricity market.  

- In December 2010, the law NOME is promulgated 

- February 2011: the minister in charge of energy (E. Besson) asks RTE to start the 

discussion about capacity mechanism, and to write their recommendations 

- September 2011: RTE publishes its recommendations. Interested stakeholders, such as 

electricity producers, consumers or utilities providers start giving their opinions and 

remarks about RTE’s report. 

Forward capacity market must be designed taking great care of the particular market structure 

and history of country. The main reasons are that it deals with long term contract and few 

auctions are cleared per year (maximum 4 runs per year).  
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In the context of this thesis, the proposed forward capacity market design is highly tailored to 

fit the French market constraints. Furthermore, a centralized capacity market in France would 

be first one in Europe, as stated in [13]. Moreover, the availability of data issued, among 

others, by RTE makes it easier to build requirements and of course a dataset related to the 

subject.  

 

4.2  Overview of the French market 

 

The current French electricity market is an “energy-only” design, with a price capped at 

3000€/MWh [3]. Most of the electricity market is controlled by EDF, which produces more 

than 80% of the total electric energy. In order, the most important retailers, as listed in [14] 

are:  

 EDF: 401 TWh sold in 2009 (80%) 

 GDF Suez: 34.2 TWh sold in 2009 (7%) 

 Compagnie National du Rhône: 13TWh sold in 2009 (2.6%) 

 E.ON: 10.5 TWh sold in 2009 (2.1%) 

 

Market-wide, the installed capacity is of 123.3GW [15], from which 51% of nuclear power, 

20% of hydro power, 22% of thermal power, and about 7% of renewable energy. However 

this is the installed capacity. The actual energy produced is about 75% of nuclear, 10% of 

thermal, 12% of hydro and 3% of renewable energies [16].  

 

The total average demand for electricity is 513.3 TWh, plus 30.5 TWh of net exports and 6 

TWh used for pumping. The peak load is rising each year, and reached 96.7GW on December 

15
th

, 2010 as show the data in [17]. This rise of peak load is linked to the high share of 

demand from private individuals in France, due to the large use of electric heating in winter. 

Actually, RTE (the French Transmission System Operator) estimates in [18] that for a 

decrease of 1°C of the average temperature, the electricity consumption would raise by about 

2300MW during the evening peak, i.e an increase of 2.5%. of the maximum recorded load.  

This increase in peak load year after year is a concern regarding the reliability of the system. 

RTE assesses in [15] that if no new investment is made in generation, the Loss of Load 

Expectation (LOLE) per year should increase from 5 minutes in 2013 to 8 hours and 50 

minutes in 2016, which is way above the reliability threshold of 3 hours a year.  

 

The French market presents many particularities that must be taken into account for the 

elaboration of a capacity market: 
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 One retailer (EDF) offers about 65% of the global production (taking into account that 

EDF will sell about 20-25% of its production to its competitors), which makes the 

market really prone to market power abuses.  

 Moreover, it increases the risks for small producers to invest, since the price could 

become highly volatile, and driven mostly by the decisions of EDF 

 There is much base-load generation units (nuclear power), in comparison of peak-load 

means. In fact, even though France is exporting over the whole year, it is more than 

frequent that much energy is imported from Germany during winter.  

 The European environmental regulations impose requirements on CO2-emissions, and 

the amount of wind and solar power on the French grid is expected to rise. As this 

kind of production is difficult to regulate, it is necessary to invest in new peak plants at 

the same time or to be able to efficiently manage the demand. 

 Two regions are posing a real threat to the reliability of the system: Bretagne (west 

end of France) and Provence-Alpes-Côtes d’Azur (also called “PACA”, South-East). 

Those 2 regions gather a really small generation capacity but have a huge demand. 

Indeed, in the region Bretagne in 2010 there was 2.06 TWh of production (including 

906 GWh of wind power), and 21.7 TWh of consumption. In region PACA, there was 

19,1 TWh produced for 39,9 TWh consumed [19].  

 

Figure 0.1 shows the repartition of production and demand in the country. The striped parts 

represent the demand. The rectangle next to each pie chart represents the part from industrial 

(purple) and residential (grey) consumption. A region with the most demand coming from the 

residential sector will surely have a higher response to weather fluctuations, and thus high 

levels of peak load. This map highlights the high disparity between the French regions in 

terms of power sustainability.  
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Figure 0.1: Production and Demand by Region in France [19] 

 

 

4.3  Requirements  

 

In October 2011 RTE handed in a report [20] to the minister in charge of industry and energy, 

exposing its recommendations for a capacity mechanism. Different stakeholders gave their 

feedbacks about the proposed design, which are included in the report.  

 

4.3.1 RTE’s recommendations 

RTE advocates a different system than PJM’s or ISO-NE’s, mainly because those designs are 

too complex, and that the context is different. Plus, the centralized structure and product 

standardization imposes too much control and regulations. As all existing energy markets in 
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France are now based on a decentralized basis, RTE prefers to stay in line with those 

concepts.  

In RTE’s design, each provider is responsible for procuring their share of capacity. There is 

no single buyer. It could be either by self-supply, or certificates acquired with other 

participants. Each provider would then have to meet a requirement based on its share of 

consumption, which would provide a better incentive to reduce its consumption and hence to 

develop demand resources. Possibly a non-mandatory centralized market could be elaborated, 

as to allow a price reference. The trading period starts 3-4 years prior to delivery, and 

continue until 1 month prior to DY.  

RTE suggests a dynamic requirement: it should be updated monthly, allowing for 

adjustments. Producers would then adjust their strategy to adapt to these new requirements.  

There would be a unique product, as to simplify the trading, and it would be evaluated based 

on the outage it allows to avoid, and not only on their MW installed capacity. Generation, 

demand response and imports from others countries are considered as eligible resources. This 

key point will allow pricing the capacity with a spot like mechanism, with a high price during 

peak hours. 

 

4.3.2 Criticisms and participant’s comments 

Different stakeholders such as electricity retailers and producers (EDF, GDF, Direct 

Energie…), local distribution companies (ERDF), consumer associations (Uniden, UFE) and 

market operators (EPEX Spot, Energy Pool) gave their opinions about RTE’s 

recommendations. Most of them agree on some points, summarized below.  

RTE wants to create a structure close to current energy markets. But in fact, capacity is a 

different product than energy, and its trading is not really similar to energy trading, because 

the reliability of the system affects everyone, and should not be put in the hand of profit 

maximizing producers. Additionally, in this design, there is a high probability to have too 

much or too less capacity, because errors are accumulating with the number of producers. 

Moreover a participant could on purpose underestimate its share of load, and retain capacity 

to raise prices.  

This structure also penalizes smaller providers, which face higher risk because they don’t 

necessary have the resources or experience to create their forecasts and trade bilaterally on a 

new market. Moreover, as a small error in forecast will not disturb much large producer’s 

strategies, it can become a real issue to small producers, for who this error does not 

necessarily represent a fraction of their available capacity. A large producer could then abuse 

from their generation portfolio to offer contracts at higher prices.  

A unique product would facilitate the trading, but seems however as a flawed element in the 

design. Indeed a peak unit such as a combustion turbine contributes more to the reliability of 

the system than a wind power or nuclear power plant, which are used as base generation. 
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Therefore the historic electricity provider is favoured by its large amount of capacity, even 

though most of it is base (nuclear) generation, whereas small providers which invested in peak 

units (CT, gas and hydro power plants) will not be paid the reliability gain they bring to the 

system.  

Most of the stakeholders agreed on the fact that a single buyer structure with a centralized 

market would reduce all mentioned problems: 

 the error associated with forecasts and external event would be decreased, because 

only one entity provides them 

 small producers would not be disadvantaged by the market structure 

 a good price signal would appear, facilitating the way for new entrants (demand 

response resources) 

 the liquidity and transparency of the market would be ensured 

Moreover, it appears that the issue of network constraints has not been treated. Yet this cannot 

be neglected, because 100MW of capacity in region “Bretagne” is much more valuable than 

in the region “Centre”, since it reduces network overload and increases security. In a 

decentralized market the only way to take into account network congestion would be to have a 

financial incentive from the government in constrained region. This means that a central 

authority (in this case, RTE) is responsible for forecasting the load in constrained regions, 

simulating and influencing the market. RTE hence becomes a highly powered market 

participant and takes the place of a governmental energy regulator.  

 

4.4  Principles of the design 

 

4.4.1 Global Design Elements 

Based on RTE’s recommendations and participants criticisms, we design a market that would 

suit the context best. First, we want this design to be easily adaptable. This means that any 

market could use this design by using their own data: the decisions taken prior to market 

clearing should be as limited as possible (regional partition, price cap…) 

Secondly, as recommended by participants and as PJM did, it will be a single buyer structure. 

This enables the transparent determination of capacity prices, while ensuring that the main 

purpose of the market is fulfilled: provide enough capacity to maintain the reliability of the 

system. Furthermore, it improves market transparency as market rules are explicitly and 

centrally managed.  

The main market elements will then be the following: 

- Full Integration of Demand Resources: This doesn’t really change the market model, 

but is a necessary element of the design, as mentioned previously.  

- Locational Constraints: PJM and ISO-NE defines locational constraints based on the 

areas served by the electricity distribution companies. An area is then modeled as a 
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constrained region if its import capacity is lower than a certain threshold. . This way, 

their market formulation can easily handle nodal price or congestion pricing. For large 

electrical network with a lot of disparities, taking into consideration spatial pricing is 

mandatory in order to build fair market rules. However in our case, regions cannot be 

defined as PJM does because the electricity distribution companies in France do not 

have a specific area. Moreover, the areas defined by PJM are not representative of the 

transmission system capabilities, as it should. It only represents the parts owned by 

each electricity distribution company. Additionally, those regions are defined prior to 

market clearing following a complex and un-transparent process, which distorts the 

market. For these reasons, regions will be statically defined based on the partition 

defined by the French authorities, and dynamically modeled as constrained by the 

market engine itself. 

- Variable Requirement: As PJM does, we will use a Variable Resource Requirement 

for each zone. In order to simplify data, the demand curve will be composed of 2 

segments, the first one being constant equal to the price cap, and the second one 

decreasing linearly to zero. Figure 0.2 shows the used demand curve, with the second 

segment bandwidth being 10% of the zone reliability requirement. This interval of 

flexibility matches approximately PJM’s VRR, which was varying between -3% and 

+5%.  

 

 
Figure 0.2: FCM Demand Curve 

 

- Integration of Imports: An import is a real capacity product. However, it must not 

exceed the import limit, nor the export limit (if the import is actually an export) 

- Two Products: The current capacity auction conducted by EDF, which sells contracts 

up to 5.4GW of capacity to other countries or competitors, introduces 2 products: a 

base-load product, and a peak-load product, at different prices and quantity [21]. The 
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European power market EPEX Spot (which handle centralized electricity transactions 

between France, Germany, Austria and Switzerland) also uses 2 products “base” and 

“peak”. This categorization is interesting in this framework, because the separation 

base load/peak load in France is really clear, due to the large amount of nuclear power. 

It also suits the context as it inherits the concepts from European electricity market. 

Therefore, in pre-treatment, the units will be assigned a requirement: “Peak” or 

“Base”. Afterwards, there will be 2 requirements: “Peak” and “Total”. The total 

requirement can be met through peak or base products. 

 

4.4.2  Extensions (storage, risk management, market power) 

 

As we presented previously the elements of PJM’s market we chose to keep and possibly 

modify, here we propose some extensions which seem important in the context of the French 

market.  

 

Storage 

The market should integrate storage resources. Storage resources are going to play an 

increasingly important role in electricity market and network stability. In the proposed market 

design, we will integrate a special case of storage resources, one which consume base load 

and produce energy during peak hours. This new type of participant (producer and consumer) 

is currently not handled in forward capacity market. This behavior can be seen as if the 

participant were transforming a given market product in another one. A storage unit will 

hence consume base load and produce peak generation. Therefore, for each MW of storage 

cleared, there should be α MW of additional base resources cleared, with α ∈ [0;1]. 

 

Contingency analysis Study 

The purpose of a capacity market is to ensure the reliability of the system through the 

selection of existing and new capacity. But once a capacity is selected, there is always a risk 

that the project does not finish on time. That is why for this market we chose to lead a 

contingency analysis. This means that the algorithm will detect the largest cleared resource, 

and ensures that even if this project is lost, the capacity cleared will still be sufficient. The 

engine will therefore clear more capacity than initially needed, but the reliability of the system 

is still enforced while ensuring economic efficiency. 

 

Market Competitiveness 

The liberalization of the French market comes as an answer to European directives, which ask 

for an enforcement of the competition on energy markets. The current situation in France is 

far from being competitive, as the latest Herfindahl-Hirschman Index has been evaluated by 
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the CRE in [6] at 4000/100000, which corresponds to a highly concentrated market. For 

comparison, it has been estimated at 2838 on the Swedish wholesale electricity market in 

2007 [24] and at 1185 in average on PJM’s hourly energy market in 2010 [25]. 

In this context, it could be interesting to try and favour the entry of new participants into the 

electricity market. As a project is selected on the capacity market, it receives funds and 

commits to be able to generate (or curtails demand) at delivery year. Therefore the selection 

of a new entrant helps the development of daily markets.  

That is why we chose to develop an extension for the market, that maximizes the competition 

(i.e minimizes the HHI) for a total cost not exceeding a certain small increase of for example 

0.1%.  
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5  

A Prospective French Forward 

Capacity Market 

 
The aim of this chapter is to introduce and describe the mathematical methods used for 

implementation and simulation of the prototype. Mathematical programming is the science 

which aims at formalizing problems and algorithms with mathematical objects. These 

programs are commonly used in industry to model real world decision problems like unit 

commitment, economic dispatch, resource allocation or market clearing engine.  

The present problem has been represented by a mathematical model, and the market clearing 

is solved through two mathematical programs: the first one (“FFCM Main”) calculates the 

prices, capacity cleared and determine the nominated resources. The second one (“FFCM 

Competition”), solved afterwards, calculates a new solution minimizing the HHI, as to 

enhance competition.  

A mathematical program is composed of: 

- Sets and indices (set of resources, zones, participants…) 

- Input parameters (resource price, resource capacity, zone reliability requirement…) 

- Variables (Resource cleared capacity, zone cleared capacity…) 

- Constraints (the model of the system) 

- An objective function to be minimized or maximized 

 

5.1  Detailed description of the model 

The problem can be seen as a two-parted system: from the supply side the amount of 

resources that will be selected in uncertain, and depends on their bidded price. From the 

demand side, the cleared capacity depends on the preferences of the buyer. Energy balances 

are then meant to create a link between those two main uncertainties and find an appropriate 

clearing point.  
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5.1.1 Supply Side 

On the supply side, the primary decision variables are the amount of capacity that clears on a 

resource offer. When submitting a bid, a participant can divide its resource offer into 

segments, with varying MW size and price. Therefore the variable refers to the capacity 

cleared on a segment of a resource offer. A resource offer bid can also stipulates a minimum 

capacity to clear on each segment if selected. Without this value, any quantity of capacity can 

clear on the segment.  

Moreover, as mentioned previously, a resource can be either a “peak” or “base” product, 

depending on its time of use. A nuclear power plant would typically be a “base” product, as 

hydropower or gas turbines are “peak”. A coal power plant would be in this context also a 

peak unit, because in France it is rarely used during base hours.  

The model takes into account storage resources: For the model, we made the assumption that 

a storage resource consumes during base hours, and generates during peak hours. Therefore, it 

must bid its consumption, corresponding to the maximum capacity it commits to use to charge 

during base hours. Instead of a MW value, this can be a ratio a ∈ [0;1] of the bidded 

generation capacity.  

 

5.1.2 Demand Side 

On the demand side, the demand curve is modelled with 2 parts: the first one is constant, 

equal to the price cap, as shown in Figure 0.2, and the second one is linearly decreasing to 

zero. Then in order to keep a linear problem, each part is cut into discrete intervals, with the 

same length but varying prices (for the 2
nd

 segment). Indeed the demand is variable and not 

linear (since there are 2 parts), and therefore it is not possible to create a linear energy balance 

constraint without referring to a variable of the system. Figure 0.1 shows how the 

discretization of the demand curve works. In the program, the lengths of the intervals vary 

with the zones and requirement, but it is made such as there are always 10000 steps. This lack 

of precision can lead to solutions which do not clear exactly on the curve, which means that 

there is a price mismatch between supply and demand. In such cases, a postprocessing 

algorithm would be needed. Its purpose would be to improve the precision of the discrete 

curve around the clearing point, and proceed to the clearing once again. This procedure would 

be iterated until the clearing point is part of the demand curve. 
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Figure 0.1: Discrete Demand Curve 

 

The primary decision variables on the demand side refer to the quantity of capacity cleared on 

a discrete interval. Then the total demand cleared is calculated as the sum of the cleared 

discrete intervals. There is a demand curve for each zone, and each requirement “total” or 

“peak”. Any resource can be used to meet the “total” requirement curve, but only peak 

resources can be used for the peak requirement. Figure 0.2 shows both peak and total demand 

curve for a zone The peak requirement is of course necessarily inferior to the total 

requirement. The band on which the demand price vary is always of 10% of the Reliability 

Requirement, which matches approximately PJM’s VRR.  

The model also takes into account capacity transfer for every traded products with additional 

variables representing the transmission from a zone to another.  

 
Figure 0.2: Peak and Total requirements 
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5.1.3 Capacity transfer 

The FFCM model is able to take into account local capacity procurement for every region as 

well as capacity procured from external region. The capacity flow going through region is 

also handled. The operator can define transmission limits between 2 regions, and those are 

unidirectional, which means that the flow can be higher in one of the direction. Those limits 

form a graph of possible capacity flows: it is impossible to transfer capacity between two 

regions if there is no limit. This is quite powerful compared to PJM’s RPM, because the 

system is now entirely adaptable to the need of the operator. Zones can be defined as for 

example, 230kV substations, administrative regions, etc…, and the transmission limit can be 

defined or not, based on the operator’s preferences.  

 

5.1.4 Risk Management 

Forward Capacity Markets as long term market are highly prone to project failure. Defining 

the probability of project failure is a hard task for every regulatory department, and is often 

taken into account as an expected value in the mathematical models (like in PJM where the 

project capacity is derated based on an opaque process). In order to improve transparency and 

to reduce procurement risk, we proposed to add a market rule which will impose that the 

market requirements will be fulfilled even if the most important cleared resource collapses. 

The information about project failure probability could have been used in the context of 

stochastic programming. Unfortunately, these information are very hard to estimate, in 

particular for long-term project. For this reason, the approach considering a worst case 

scenario has been chosen to deal with procurement uncertainty. This means that the market 

will still meet the requirement, even if the largest cleared project happens not to come off.  

 

5.1.5 Objective 

In a traditional electricity market using marginal pricing, the price is found through the 

maximization of the total surplus, which is the difference between the demand curve revenue 

and resource cost. The demand curve revenue represents the integral of the demand curve 

from zero up to its clearing point, as the total resource cost is the sum of cleared resources 

times their bidded price.  

In our case, as the demand is cut and discretized into segments, the demand curve revenue can 

be calculated as the sum of the cleared selected intervals length time their constant price. The 

total resource cost is calculated in the same manner.  

As an element of comparison, in a vertically integrated market (monopoly), the price can be 

calculated based on the average mean costs: the total resource cost is calculated, and divided 

by the quantity necessary to meet demand.  
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5.1.6 Competition Maximization 

The second program (FFCM Competition) implements a post-process for increasing market’s 

competitiveness. In order to ensure market rules consistency, it is based on the same 

mathematical program as the FFCM Main. This program is used to determine a capacity 

procurement which is close to the original solution, but with the aim to increase the resulting 

competition. Indeed the law NOME has been implemented, among others, to help new 

entrants to enter the market, and increase the competition. The selection on the forward 

capacity market of a new entrant’s project instead of an EDF project would later help him to 

settle its position in the electricity market. 

The Herfindahl-Hirschman Index (HHI) is the sum of participants market share, and is an 

index of the degree of competition in a market. It can range between 0 (perfect competition) 

and 10000 (monopoly). In France, it has been estimated lately at 4000, which corresponds to a 

very low competition level. Therefore, the aim of FFCM Competition is the minimization of 

this index, under additional constraints ensuring that the total cost does not exceed the original 

one plus a certain sensitivity defined by the operator, and that the total capacity cleared does 

not decrease under a certain threshold.  

 

 

5.2  Elements of the mathematical program 

 

5.2.1 Sets and Indices 

The sets are used to describe the resources (set R, index r), participants (set K, index k), and 

zones (set L, index l). But there are a few additional sets regarding more complex problems.  

 A set P of products p. In our case, it contains two elements “base” and “peak”. 

 A set Q of requirements q, which contains also two elements “total” and “peak” 

 A set S of 10 segments s, for the description of resource offer bids. 

 A set I indexed by i of 2 elements “a” and “b”, indexing each part of the demand curve 

(the flat part, or the decreasing part) 

 A set J of discrete interval j for reference to the demand curve. 

 

5.2.2 Input parameters 

Those are numerous, defined either by the participants (resource offer bids), or the market 

operator (transmission limits, reliability requirements,…). The following parameters are used: 

 The minimum      and maximum      resource segment capacity, submitted by the 

participant.  

 The resource offer bid price     , in €/MW, submitted by the participant. The higher it 

is, the lesser is the chance that the resource get selected and thus paid. 
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 The bidded storage ratio      (for storage units), submitted by the participant, 

corresponding to the maximum amount of capacity it commits to use during base 

hours. For example, if a resource r bids 100MW of peak capacity and has a ratio of 

10%; it will not be allowed to consume more 10MW during charging. Therefore, the 

higher it is, the lesser is the chance that it gets selected, since it will ask for more base 

capacity to clear.  

 Sets describing respectively all resources in a zone (     ( )), all resources belonging 

to a participant (            ( )), all resources of a certain product type (        ( )) 

or satisfying a certain requirement (            ( )).  

 A set  ( ) describing all product satisfying a certain requirement. Especially, this set 

is of 2 elements is the requirement is “total”, and 1 if it is “peak”.  

 The main parameter concerning the demand side would be the length          of a 

discrete interval of the demand curve of a certain zone, for a given requirement. It gets 

calculated in pre-process, as shown previously in Figure 0.1 

 The other ones (       for the capacity and       
 

 for the price) describe the breakpoints 

of the demand curve. There are two breakpoints: the first one is defined by a capacity 

equal to the reliability requirement less 5%, at the price cap, and the second one is at a 

null price, for a capacity equal to the reliability requirement plus 5%.  

 The last parameter        is the transmission limit between two zones, defined by the 

operator.  

 

5.2.3 Variables 

Variables will describe the uncertain parts of the model. They refer to resource offers, demand 

curves, but also capacity transfers: 

 The resource variable      represents the amount of capacity cleared on a segment of 

the offer. It cannot exceed the submitted maximum, and be less than the minimum, if 

it is selected. 

 A binary variable      is added for each resource and segment, reflecting if it gets 

selected or not. 

 The elementary demand variable          is the amount of capacity that clears on a 

discrete interval. It cannot exceed the length calculated in pre-process. 

 The total capacity cleared on the demand curve      is also a variable, calculated as the 

sum of the elementary demand variable.  

 Concerning the capacity transfers, we chose to use 2 primary decision variables: for a 

given product it is the capacity export         
  from one zone to another, and the 

capacity import         
  to this zone from another. Both variables are nonnegative, and 

one can expect that in most cases for 2 given zones, one variable will be strictly 

positive as this other one is null.  
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 A total transmission variable between two zones for a given requirement is calculated 

from the primary decisions transmission variables and is named         . 

 Finally, the variable    allows for the worst case scenario handling. It refers to the 

quantity of MW lost if the largest project cleared happens not to be able to procure 

capacity. This variable cannot be less than any resource variable.  

 

5.2.4 Constraints 

The constraints are the reflection of the model. Some are quite simple, stating the minima and 

maxima of the variables, but some are more complex, and describe the balances that must 

happen in the system. In the model the constraints are the following:  

 Two constraints set the minima and maxima of the primary decision resource variable, 

as well as the binary variable. It states that the cleared capacity must be less than the 

binary times the maximum, and more than the binary times the minimum.  

 One constraint prevents the total transmission between two zones to be higher than its 

limit. 

 One constraint ensures that the export from a zone 1 to a zone 2 is equal to import of 

zone 2 from zone 1 

 The energy balance constraint is more complex. It guarantees that, for a given zone 

and requirement, the total resource cleared plus the import is more than the cleared 

demand curve plus the export. Moreover, because of the storage, this energy balance 

has in fact to be different whether it concerns peak requirement, or total requirement. 

Indeed for the total requirement, the right-hand side (demand side) has to include the 

sum of cleared storage resource times their bidded ratio.  

 Three more constraints are needed to handle the risk management. The analysis is led 

market-wide, because it would cause a too large increase of cost if it were to be led on 

a zonal basis, but the model is general enough to be extended to deal with regional 

risk. The first constraint sets that the relevant variable is not less than any resource 

variable. The two others (one for peak, one for total requirement) are global energy 

balances. They are almost the same as the previous energy balances, but summed on 

all zones, and containing a new term which is the main risk variable. As the algorithm 

tries to minimize the total resource cost, this variable will be at least equal to the 

largest resource variable, but it will not be more, because it would provoke a too large 

raise of resource cost without increase the cleared demand. 

 

5.2.5 Objective Function 

The aim of FFCM Main is to find the crossing point between supply and demand curves, for 

each zone. This corresponds to the maximization of the total surplus, being the sum of 

consumer surplus and producer surplus. Those 2 values are shown on Figure 0.3. The 
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producer surplus corresponds to the total benefits received by the producers, paid at clearing 

price, and the consumer surplus is the cost the consumer have saved compared to their 

preference (stated by the demand curve). The objective of the market then becomes the 

maximization of the welfare, both for consumers and providers.  

Actually, as can be seen on Figure 0.3, the total surplus can be calculated as the difference 

between what is called the demand curve revenue and the total resource cost.  

 

 
Figure 0.3: Producer surplus, consumer surplus 

 

As the total resource cost corresponds of course to the cost of paying each resource, the 

demand curve revenue is a fictive revenue, translating the benefits to clear as much demand as 

possible. This means, that this is the integral of the cleared demand curve.  

 

5.2.6 Clearing Price 

The clearing price is calculated as the shadow price of the energy balance constraint for each 

zone, plus the shadow price of the global risk management energy balance constraint. The 

shadow price is indeed the change in the objective function caused by a change in the 

constraint.  

It can also be calculated from the value of the cleared capacity and the breakpoints value of 

the demand curve. Both methods have been used, and the results were never differing by more 

than 0,03€/MW.day.  

 

5.2.7 Competition analysis 

FFCM Competition calculates an optimum point, maximizing the competition on the market. 
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The constraints and variables are the same as previously, plus one additional variable and 2 

additional constraints: 

- One parameter accounts for the total resource cost calculated in FFCM Main. 

- One parameter contains the capacity cleared on the demand curve of each zone and 

requirement, as calculated in FFCM Main. 

- One parameter, defined by the market operator, is the sensitivity of the analysis. The 

higher it is, the more the program is allowed to exceed the initial resource cost, and 

decrease the demand cleared. 

- The new variable is the market share of a participant. It is calculated as the sum of all 

cleared resource offers submitted by a participant. In order to keep a feasible program, 

the total resource cleared is considered constant, and therefore it does not matter if the 

market share is divided by this value or not. 

- One new constraint states that the new total resource cost cannot be more than the 

initial one plus a margin defined by the sensitivity 

- The other constraint ensures that the cleared demand is not less than what previously 

cleared minus the sensitivity. 

- The objective function is the sum on all participant of the squared market share, as is 

the HHI defined.  

The objective function based on the squared market shares of the participant makes this 

program a QIP (Quadratic Integer Programming), while FFCM Main is a MIP (Mixed Integer 

Programming).  

While FFCM Main is a MIP (Mixed Integer Programming), the objective function of FFCM 

Competition makes it a QIP (Quadratic Integer Programming). This is possible only if all of 

the constraints are still linear, and only the objective comprises quadratic terms. The 

algorithm used to solve that kind of problem is different.  

 

5.3  Mathematical model 

 

5.3.1 Sets and Indices 

There are 8 sets and associated indices: 

  ∈    set of Zones 

  ∈    set of Participants 

  ∈    set of Resources 

  ∈    set of parts of the demand curve 

  ∈    set of discrete intervals  for the demand curves 

  ∈                    set of Products 

  ∈                     set of Requirements 

  ∈    set of segments of the resource offers 
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5.3.2 Input Parameters 

 

Resource Parameters: 

 

         minimum of capacity of resource   on segment   (MW) 

         maximum of capacity of resource   on segment   (MW) 

       Bid price of resource  ,segment   (€/MW.day) 

      ∈ [   ]  Bidded storage ratio of resource  , segment   

      ( ) ∈    Resources in zone   

         ( ) ∈    Resources offering the product   

             ( ) ∈    Resources satisfying the requirement   

             ( ) ∈    Resources belonging to participant   

  ( ) ∈    set of products satisfying requirement   

 

Zone Parameters: 

 

             The size of the discrete interval   of the segment   of the demand curve 

(MW) 

           The quantity breakpoint of the demand curve of zone  , requirement  , part 

  (MW) 

       
 

  price on the demand curve corresponding to the discrete interval   of part   

(€/MW.day) 

         price breakpoint of the demand curve of zone  , requirement  , part   

(€/MW.day) 

            Transmission limit from zone    to zone    (MW) 

 

5.3.3 Variables 

 

Resource Variables: 

 

         Cleared capacity on segment   of resource   (MW) 

       {
                                     

           
 

 

 

Zone Variables 

 

           cleared capacity on the discrete interval   of part   of demand curve     (MW) 
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       cleared capacity on the demand curve     (MW). It is calculated as 

 
      ∑         

(   )∈   

 
(5.1) 

         
     Export from zone    to zone    of product   (MW) 

         
     Import of zone     from zone    of product   (MW) 

           Capacity (requirement  ) transfer from zone    to zone    (MW),calculated as: 

 
         ∑         

          
  

  ∈ ( )
 

 
(5.2) 

 

Risk management variables: 

    The amount of capacity that can be lost. Represents the largest cleared resource (MW) 

 

5.3.4 Constraints 

 

 Resource minimum cleared capacity: When resource   is selected to contribute to the 

capacity, a minimum capacity of      should be cleared on it. 

 (   ) ∈    : 

                  (5.3) 

 

 Resource maximum cleared capacity: When resource   is selected to contribute to the 

capacity, a maximum of      can be cleared on it.  

 (   ) ∈    : 

                  (5.4) 

 

 Transmission limits constraints: The maximum capacity which can be transferred from 

   to    cannot exceed the transmission limit       . 

 (       ) ∈                     

                  (5.5) 

 Import-Export constraint: ensures that the export from zone 1 to zone 2 is equal to 

import of zone 2 from zone 1. The         condition only reduces the number of 

constraints and avoid redundancies.  

         ∈                              

         
           

           
           

  (5.6) 

 

 Energy Balance:  

Peak Requirement Balance: For one zone, the sum of imports minus the exports, plus cleared 

resources must be at least equal to the cleared demand. 

  ∈     
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∑           

  ∈  

  ∑      
(   )∈   

 ∈        (    )      ( )

          
(5.7) 

 

Total Requirement Balance: For one zone, the sum of imports minus the exports, plus cleared 

resources must be at least equal to the cleared demand plus the extra need of base capacity 

brought by cleared storage. 

  ∈    

 

∑              

  ∈  

  ∑      
(   )∈   
  ∈     ( )

            ∑           
(   )∈   

  ∈     ( )

 
(5.8) 

 

Risk Management constraints: 

 Largest Cleared Resource: This constraint sets the variable    to the value of the 

largest cleared resource. The quantity of capacity which should be cleared to cover a 

possible project failure should be at least equal to the biggest capacity cleared on a 

single project.  

 (   ) ∈           ∈             ( ) 

 
    ∑     

  ∈  

 
(5.9) 

 

 Global energy balances: Market-wide, the sum of cleared resources capacity must be 

equal to the sum of zone cleared demand plus the capacity of the largest cleared 

resource.  

 
∑      

(   )∈   

  ∈            (    )

          ∑         

  ∈  

 
(5.10) 

And 

 
∑      

(   )∈   

            ∑         

  ∈  

  ∑           
(   )∈   

 
(5.11) 

 

5.3.5 Objective Function 

The aim of the program is to maximize the total surplus, which is the difference between the 

demand curve revenue and resource cost. It is the same as minimizing the difference between 

total resource cost and demand curve revenue. For a given solution, there is an optimal 

solution that minimizes the use of capacity transfers between regions. In practice, a fictive 

cost is added, whose purpose is to force the algorithm not to inefficiently use transmission 

lines (through loops for example).  
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Total Resource Cost: 

 
   ∑     

(   )∈   

       
(5.12) 

 

Demand Curve Revenue: 

 
   ∑         

(       )∈       

          
(5.13) 

 

Objective: 

 
              ∑         

 

(     )∈  

          
  

(5.14) 

 

The fictive penalty   has to be quite low, because otherwise it would influence the prices, 

calculated based on the shadow prices of the energy balance constraints. Moreover, it does not 

need to be too high, its only purpose is to prevent the algorithm from using capacity transfer 

when not necessary. The value 0.001 has been chosen after a few tests, showing that it did not 

modify prices, but had the effect we wished. 

 

5.3.6 Extension: Competition analysis 

As stated before, FFCM Competition needs additional parameters, variables, and constraints, 

and has a different objective, which is now based on a squared variable. But as all previous 

and new constraints are linear, we can solve this problem which is a QIP (Quadratic Integer 

Problem).  

Parameters: 

     Total resource cost calculated in the main program 

     
   the cleared demand calculated in the main program for zone  , requirement   

  ∈ [   ]  the sensitivity of the analysis 

Variable:  

 
    ∑     

(   )∈   

  ∈            ( )

 
(5.15) 

 

Additional constraints: 

 Cost constraint: the cost of improving the competition should not exceed    .  

      
     

   
 (5.16) 

 

 Demand constraint: The cleared capacity should not be less than initially. 
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 (   ) ∈       

           
  (5.17) 

 

Objective function:  

 
      ∑   

 

 ∈ 

 
(5.18) 

 

5.4  Solving Algorithm 

 

5.4.1 Procedures 

The whole program uses 5 different procedures.  

 

 

 

Reading: The data file is read, and input parameters are set to their assigned value.  

Pre-Process: The demand is created: 

o Demand curve breakpoints are calculated based on the reliability requirement:  

                                  (   ) 

                                  (   ) 

                 

         

o The demand curves are linearized, to be cut in sub-segments.  

 

 

FFCM Main: The first mathematical program is run, composing the main procedure of this 

program.  

Reading 

Pre-process 

FFCM Main 
(Calculations of major market results) 

Post-process 

FFCM Competition 
(Winner Determination) 
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Post-Process: Important data are stored in a file for future use. The total resource cost, the 

zone cleared demand are stored in a parameter for use in the second clearing.  

FFCM Competition: solves the competition analysis, by minimizing the HHI. It uses data 

from previous clearing.  

 

 

5.4.2 CPLEX: Introduction 

The program has been implemented using AIMMS, developed by Paragon Decision 

technology. The solver used is CPLEX, a commercial branch-and-bound solver. It allows the 

solving of many different types of problems, including MIP (Mixed Integer Programming), 

like the initial clearing (FFCM Main), or MIQP (Mixed Integer Quadratic Programming), like 

the competition analysis (FFCM Competition).  

A mathematical problem is composed of variables, constraints, and an objective function to 

minimize or maximize. The constraints from a polygon, and define a set of feasible points. 

The optimum point is by definition situated on an edge of the polygon. CPLEX implements 

branch-and-bound and branch-and-cut.  

 

Simplex: this algorithm solves linear programs, composed of continuous variables, linear 

constraints and objectives. . It is an iterative process, which improves the solution until it 

reaches an optimum. In the project the simplex algorithm is used to solve the linear relaxation.  

 

Branch-and-cut: For a given MIP problem, a LP problem can be built and solved on the 

convex set of the initial problem. Once an optimal solution to the LP problem is found, and an 

integer constraint is violated, it uses a cutting plane algorithm, whose purpose is to create new 

linear constraints satisfied by all feasible integer points, and violated by the current solution. 

Those are then added to the problem, which is solved once again. This iterative process stops 

when either no cutting planes are found, or an integer solution is found. 

 

Branch-and-bound: The principle of the branch-and-bound algorithm is to split the problem in 

2 problems (or more) with 2 new constraints on a variable: one stating that this variable must 

be greater than a certain value, and the other one stating that it should be less than this value. 

The feasible set of the initial problem is now split in 2 sets, and each of the new linear 

programs are solved with the same methods. This splitting procedure ensures that at least one 

point violating integer constraints is removed from the solution space.  

 

Example: 

Assume a 2-dimensions problem with 2 nonnegative integer variables x and y , and 3 

constraints C1, C2, C3. The objective is the maximization of a function f(x,y). The problem is 
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presented on Figure 0.4. The program can proceed as following: 

 Step 1: The simplex algorithm solves the linear program (without integer constraints). 

It starts at point 0: (0;0) and tries to find a better solution by moving along the sides of 

the constraints polygon. There are 2 choices: vertically or horizontally. The algorithm, 

for some reason, goes vertically and finds a new point P1. Then it moves along the 

sides of the constraint polygon and finds P2, then P3.  

 Step 2: P3 is not a feasible solution, since it is not integer. The Branch-and-Cut 

algorithm finds a cut which keeps all feasible solutions but discards P3. A possible cut 

is represented on Figure 0.4.  

 Step 3: The simplex algorithm finds a new solution P4 by moving along the 

constraints from P3. Another cut can be found, then the simplex is called once again, 

and gets closer to the soultion.  

 Step 4: If there are no more available cuts, or if it takes too many iterations, the 

branch-and-bound algorithm is used: it separates the feasible domain in two (or more) 

sets, and can quickly discard some of them, for example if the upper bound of a set is 

less than a solution in another.  

 Step 5: The algorithm find (3;3) as a solution.  

 

 
Figure 0.4: Branch-and-Bound iterations 
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The use of those algorithms in Aimms allowed the solving of the main clearing in about 15 

seconds, even though there are around 125,000 constraints and 475,000 variables (of which 

5000 integer).  
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6  

Simulating the French Forward 

Capacity Market 

 
6.1  Dataset Description 

We use 2 datasets: 

- The first one represents PJM’s market, and is provided by Alstom. This dataset has 

been modified to suit the French Forward Capacity Market model, and small changes 

have been applied.  6 zones were modelled based on the original PJM geographical 

decomposition. However, the overall total requirement, HHI, market shares, resource 

locations, and resource bids have been entirely preserved.  

- The second one has been made from PJM’s dataset. It has been greatly modified to 

suit the French market. Parameters have been added, among others transmission limits, 

storage ratios. Importance has been attached to the competition of the market: the 

dataset shows a HHI of about 3800, with EDF having a market share of 59%, which 

matches the current situation in France.  

For both dataset, the total requirement is calculated from the demand forecast, multiplied by 

15%, which matches PJM’s methods. The peak requirement is then evaluated based on the 

difference between the total requirement, and the maximum base capacity already existing in 

the market.  

The purpose of having 2 datasets is to show the adaptability of the process. It must be able to 

provide suitable results (i.e acceptable cleared capacity level, prices and capacity transfer) for 

both sets.  

Table 0.1 shows the major differences between PJM and the French dataset: 
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 French market PJM 

Number of zones 22 6 

Total requirement 107.8GW 143.8GW 

Peak requirement 35.3GW (32.7%) 64.7GW (45%) 

Price Cap 319.15 €/MW 462 $/MW 

HHI 3724 475 

Highest market share 56.9% 10.7% 

Total offered resources 135.6GW 172.2GW 

Offered peak resources 36.6GW (27%) 82.6GW (48%) 

Storage About 600MW of storage No Storage (no data) 

Table 0.1: Simulation datasets comparison 

 

 

6.2  Test plan 

The simulations we led on the FFCM can be divided in two parts. The first one is based on the 

French dataset. Its aim is to show different cases, as to analyse the benefits or disadvantages 

of specific mechanisms: 

- Base case scenario: the dataset is not modified.  

- No transmission limits: all limits are set to a high value.  

- No risk management: the constraints on risk management are removed 

- Increase of peak resource prices in one zone 

- No additional constraint on storage clearing 

- Competition level: from the base case scenario, FFCM Competition is run. 

- Competition level with increased sensitivity 

The second part concerns the PJM dataset. The aim now is to assess the adaptability of the 

model. A few scenarios will be studied: 

- Base case scenario 

- No import limits: all limits are set to a high value 

- No risk management 

- Increase peak resource prices in one zone 

- Competition level: from the base case scenario, FFCM Competition is run 
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6.3  Results from simulations 

This part presents the results from simulation. The aim is to give an overview of the outputs, 

but the detailed solutions and tables can be found in annex.  

 

6.3.1 French Dataset 

 

Base Case: 

The simulation of the base case scenario returns price ranging between 19€/MW (for 

“Centre”) to 319.14€/MW (“Bretagne”). Figure 0.1 shows a map of France, with 

administrative regions, their clearing prices and transmissions. A red arrow means that the 

capacity transfer reached the maximum, an orange arrow meaning it is above 50% of the 

limit. The bracketed prices are peak prices, if different from the total.  

Though zonal prices are not that high compared to PJM’s RPM prices (Figure 0.6), they are 

consistent with the location of resources and demand. Figure 0.1 showed indeed that the 

regions Centre, Poitou-Charentes, Limousin and Aquitaine produced much more than they 

consumed. As expected and intended, the region Bretagne is import constrained, and the 

incentive to build new generation in this area is very high.  
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Figure 0.1: Base Case Scenario – France – Price map 

 

It has to be noted that Midi-Pyrenees, which has great amount of hydropower, imports 

capacity from Aquitaine. This is due to two reasons: first, it is mostly base capacity, and 

secondly, it is because the dataset is adapted from PJM’s, as to suit in a best manner the 

French data. But there are of course inconsistencies.  

A total of almost 17.3GW of capacity cleared in the region Centre, which is more than 15% of 

total cleared capacity. Besides, concerning the risk management, the largest cleared project 

for peak requirement was of 435.6MW, and of 930MW for total requirement. It is also 

interesting to note that the total resource cost is of 871,359 €/day 
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Without risk management: 

The following Table 0.2 summarizes the differences 

 

  Base Case No risk 

management 

Difference 

Total Resource Cost (€/day) 871,359 832,363 - 39k (4.7%) 

Total Price 

(€/MW.day) 

Centre 19 17 - 2 

Poitou, 

Limousin, 

Aquitaine 

24.6 28.24 +3.64 

Corse 229.82 229.82 0 

Pays-De-La-

Loire 
78 78 0 

Bretagne 319.14 319.14 0 

Others 49.96 50 +0.04 

Peak Price (€/MW.day) 132 109.76 -22.24 

Capacity cleared in Centre 

(MW) 
17,278 16,350 - 928 

Table 0.2: French dataset – without risk management 

 

The risk management was very costly for the system (+4.7% of total cost), but only the 

consumers in the region Centre will pay it since it is the only region that sees an increase of 

clearing price. This means that, in order to compensate the loss of a project, additional 

capacity has been cleared in the cheapest region: Centre.  

The decrease of clearing price in Poitou-Charentes, Limousin and Aquitaine comes from the 

additional low-cost project cleared in Centre.  

The peak price increase translates the fact that the peak supply is actually very short compared 

to the requirement. Therefore a slight additional need of 435.6MW leads to a price increase of 

more than 22€/MW.day 

 

No Transmission limits:  

All existing limits are set to a high value.  
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  Base Case No transmission 

limits 

Difference 

Total Resource Cost (€/day) 871,359 837,479 - 34k (3.9%) 

Total Price (€/MW.day) 19 – 319.14 49.16  

Peak Price (€/MW.day) 132 132 0 

Imports of Bretagne (MW) 

Total/Peak 
2100/898 3142/898 +1042/0 

Table 0.3: French dataset – no transmission limits 

 

Bretagne now imports 150% of its initial limit, corresponding to 65% of its reliability 

requirement. Moreover, Basse-Normandie had to import 830MW of capacity from Haute-

Normandie for this. This would create the need for a very high voltage line to be built in a 

place subject to storms and high speed winds 

 

Peak price increase in Nord-Pas-De-Calais: 

The peak prices of resource offers in this region have been multiplied by 4. Though this is not 

realistic, it allows providing noticeable results.  

 

  Base Case Peak price 

increase 

Difference 

Total Resource Cost (€/day) 871,359 982,582 +111k 

Total Price (€/MW.day) 19 – 319.14 similar  

Peak Price (€/MW.day) 132-319.14 142.82-319.14 +12.82 

Cleared Peak Resources in 

Nord-Pas-De-Calais 
3397 3232.1 -165 

Table 0.4: French dataset – peak price increase in Nord-Pas-De-Calais 

 

Nord-Pas-De-Calais clears 165MW of peak resources less, but 40MW of additional peak 

capacity is selected in different zones (Midi-Pyrenees, Haute- and Basse-Normandie, 

Aquitaine). There is less peak capacity cleared market-wide, leading to a price increase.  

 

No storage constraint: 

We delete the storage part in the energy balance constraint.  
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  Base Case No storage 

constraint 

Difference 

Total Resource Cost (€/day) 871,359 866063 - 5.3k (0.6%) 

Total Price (€/MW.day) 19 – 319.14 similar  

Peak Price (€/MW.day) 132-319.14 similar  

Offered Storage market-wide 588.9 588.9  

Cleared Storage market-wide 560.3 (95%) 562.4 (95.5%) +2.1 (0.5%) 

Table 0.5: French dataset – no storage constraint 

There is not much difference, probably because the bidded prices of storage resources are 

low. However, the 562.4MW of cleared storage represents a need for additional capacity of 

107MW, which is not much, but in reality one can expect more storage to clear.  

 

Competition analysis: 

The competition analysis is run with a cost sensitivity of 0.5% and 2%. The results are 

presented in  Table 0.6 below.  

 

 Base 

Case 

Sensitivity 0.5% 

Value               Difference 

Sensitivity 2% 

Value               Difference 

HHI before 

solve 
3724 3724 3724 3724 3724 

3 highest market 

shares before 

solve 

56.9% 56.9% 56.9% 56.9% 56.9% 

20% 20% 20% 20% 20% 

4.8% 4.8% 4.8% 4.8% 4.8% 

HHI after solve 3888 3846 42 (-1.1%) 3803 -85 (-2.2%) 

3 highest market 

shares after 

solve 

57.1% 56.7% -0.4% 56.3% -0.8% 

23.7% 23.7% 0 23.7% 0 

4.8% 4.8% 0 4.8% 0 

Total resource 

cost 
871,359 875,715 +0.5% 888,786 +2% 

Zonal prices  Increase of about 0.02 €/MW Increase of about 0.02 €/MW 

Table 0.6: French dataset – market competition analysis 

 

After FFCM Competition, EDF systematically loses market share. The HHI decrease is not 

much, but at least more projects from new entrants get selected. Zonal prices seem to see a 

slight increase of about 0.02€/MW. For a typical family, this would mean an increase of about 
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4-5c€/year.  

Figure 0.2 and Figure 0.3 show the decrease of the HHI and of EDF’s market share when 

increasing the sensitivity. No particular law can be found on the results, but both values seem 

to behave almost linearly. Therefore it is up to the operator to decide of a value for the 

sensitivity of the analysis. To get a decrease of 1% of EDF market share, a cost of about 

16M€/year would be necessary.  

 
Figure 0.2: HHI decrease with sensitivity 

 

 
Figure 0.3: EDF market share decrease with sensitivity 

 

 

 

6.3.2 PJM dataset 

Base Case: The simulation of the base case scenario returns price ranging between 

84.16$/MW and 109.86 $/MW. Figure 0.4 shows a map of PJM market, with zones, their 

clearing prices and transmissions. A red arrow means that the capacity transfer reached the 

maximum, a grey arrow that it is below limit.  
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Figure 0.4: Base Case Scenario – PJM – Price map 

 

Prices are less than those during the last PJM auction. Indeed the prices were of about 125 

$/MW in unconstrained regions and 214 $/MW in PS-North, a part of PSEG, not defined here 

because of lack of data. But the constrained area in our case is still concerning EMAAC, 

which is matching PJM’s last results.  

The different cases will now be summarized in Table 0.7. Detailed results can be found in 

annex. In all cases, peak prices are the same as total requirement prices. This is because peak 

resources are bidded at a low price, putting them in the first place for the merit order 

selection.  

 

 Total 

Resource 

Cost 

($/day) 

Cleared Resources 

Total/Peak 

(GW) 

Zonal Prices ($/MW.day) 

RTO, MAAC, 

SWMAAC 

EMAAC, 

PSEG, DPL 

Base Case 1,485,616 150.89 / 74.66 84.16 109.84 

No transmission 

limits 

1,479,241 

(-0.43%) 
150.95 / 74.82 89.3 89.3 

No risk 1,399,982 149.84 / 74.33 77.22 109.84 
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management (5.76%) 

Increase of peak 

price in 

EMAAC 

1,690,448 

(+13.8%) 
150.55 / 73.43 84.16 150 

Table 0.7: PJM dataset – Simulations summary 

 

The market behaves as wanted. It is important to note that without transmission limits, the 

total resource cost decrease very slightly. This important feature of a market is hence not that 

expensive for the consumers. The risk management however provoke an increase of 5.76%, to 

compensate the loss of a 1GW project. The risk management does not concern the peak 

requirement, since it is not marginal: as there is too much peak resources, the loss of a project 

does not lead to any security issue. Table 0.8 then shows the results of the competition 

analysis.  

 

 Base 

Case 

Sensitivity 0.5% 

Value               Difference 

Sensitivity 2% 

Value               Difference 

HHI before 

solve 
475 475 475 475 475 

3 highest market 

shares before 

solve 

10.7% 10.7% 10.7% 10.7% 10.7% 

10.2% 10.2% 10.2% 10.2% 10.2% 

7% 7% 7% 7% 7% 

HHI after solve 488 481 -7 () 475 -13 (-2.2%) 

3 highest market 

shares after 

solve 

12.25% 12.22% -0.03% 12.22% -0.03% 

9.74% 9.5% -0.24% 9.18% -0.56% 

6.56% 6.54% -0.02% 6.54% -0.02% 

Total resource 

cost 
1,485,616 1,493,044 +0.5% 1,515,328 +2% 

Zonal prices  
Increase of about 0.02-0.05 

€/MW 

Increase of about 0.02-0.05 

€/MW 
Table 0.8: PJM dataset – Competition analysis 

PJM’s market is already very competitive, with a low HHI of 481/10000. The competition 

analysis is not that efficient, lowering the index by only 7 with a cost sensitivity of 0.5%, and 

13 with 2%. Moreover, the zonal prices increase a bit more than in the French case.  

FFCM has hence been adapted to a different market. However, some mechanisms have to be 

reviewed, for example the calculation of peak requirement, which obviously was not useful, 

and the definition of zones, which was here biased by the data availability. FFCM 

Competition proved to be inefficient in this context, probably because it is not needed.  
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7  

Discussion 

 
7.1  Advantages and disadvantages of suggested solution 

Globally the results present a functional capacity market. Regarding the French dataset, the 

constrained regions are indeed those with capacity issues. Some regions with large amount of 

capacity even have a particularly low clearing price, and are export-constrained. The 

transmission model allows the integration of actual network constraints, and so a better 

reliability of the system. Moreover, it is more transparent and adaptable than PJM mechanism. 

Indeed network constraints are evaluated based on the transmission system topology, and 

calculations can be posted by the operator prior to the auctions.  

However, we notice that in our simulations, capacity transfers between unconstrained regions 

are much used, probably in an abusive manner in order to gain a small decrease in zonal price. 

It is possible that the decision process has to be reviewed, so as to limit even more the usage 

of transfers.  

The separation peak/base provides the interesting feature that the capacity market is in line 

with the day-ahead European power exchange Epex Spot. Additionally, peak capacities such 

as hydro power plant or gas turbines are more valuable for the reliability of the system than 

slow-ramping base capacities. However, the model has not been so efficient in the 

simulations, showing that peak prices were not often higher than base prices, particularly in 

constrained regions. This can be explained by the offer prices of peak capacity. Indeed, as a 

day-ahead and intra-day market reflect marginal cost such as fuel costs, a capacity market 

aims at covering fixed investment costs of resources. And as peak capacity fuel costs are most 

of the times much more expensive than base capacity, their fixed costs are on the other side 

lower. Figure 0.1 shows an approximation of variable and fixed costs for different types of 

power plants, adapted from [23].  
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Figure 0.1: Variable and Fixed costs of generation resources 

Adapted from [23] 

 

It is one of the paradoxes associated with electric system reliability: peak units are essential, 

cheaper, but not profitable. Additionally, demand response resources are also among the 

cheapest, as show the results of PJM’s RPM auctions, and are a type of peak capacity. 

The risk management model provides interesting results. Indeed a project delay or 

cancellation can lead to a high level issue. It is necessary to anticipate those eventualities 

years ahead in the capacity mechanism in order to avoid system failure. One solution is 

simply to strengthen the reliability requirement, but implementing the presented risk 

management solution allows more flexibility and precision, because it increases this 

requirement dynamically by the necessary level. However, this solution is also very costly, 

since it induced a 4.7% raise in resource cost. Indeed it requires the clearing of about 900MW 

of resources above the initial marginal price.  

The storage integration is to become a necessary feature in electricity markets. Storage allows 

load shaving, and thus great economies in peak resources. Until now the most used storage 

device is through pumping and discharge of water in hydro-power plants, but the employment 

of batteries is to grow during the next years. Electric cars for example, are starting to appear 

and are a major concern for TSOs.  

 

The competition analysis allows putting a price on the competition level, which is very 

interesting in the current context. All measures taken to enhance competition in Europe 

necessarily have a price, and the solution presented here provides good information about the 

marginal price of increasing competition, or reducing a provider’s market share.  Although it 

transpires that FFCM Competition is almost useless for an established market like PJM, it 

could decrease EDF’s market share in our simulations of the French market. Although a cost 
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of about 16M€/year is necessary to reduce by 1% their part, it represents for a new entrant the 

capacity equivalent of a large nuclear power reactor. Moreover, those 16M€/year, when 

allocated to consumers, would correspond to an increase of their bill of not more than 1 or 2€. 

Considering that the tariffs provided by new entrant can bring economies of about 15€/year 

for a typical family [6], this can appear like an acceptable price.  

Globally, the implementation of a capacity market always brings a new complexity to the 

system, because the product traded (“capacity”) is entirely different from the one in day-ahead 

and intra-day markets (“energy”). Complexity means also risk for the operator and the 

participants, since the market design can be flawed. It also brings political issues, because it 

will most probably increase end-user energy bills. 

The repercussion of capacity cost to the consumer bill for example is a very complex issue. It 

has to be linked with its peak consumption, should cover the TSO cost, without creating a 

benefit. One way of calculating the capacity price for a consumer c would be to multiply the 

capacity cleared   
  by the price   

  and a factor    representing the consumer capacity usage. 

This factor would be estimated as the average power used during peak hours divided by the 

sum on all consumers: 

 

 
             ( )

       
       

       ( )        
       

       ( ) 
(7.1) 

 

   ( )  
                                       ( )

∑   ( ) 

 (7.2) 

 

However, this has to be considered only if the peak product price is higher than base product. 

Otherwise, consumers who try to flatten their load curve are disadvantaged since they pay a 

higher cost for base capacity.  

Table 0.1 below summarizes the advantages and disadvantages of the proposed solution.  

 

Advantages Drawbacks 

The transmission model allows integration of 

the real network constraints 

The transmission model is more adaptable 

than PJM’s un-transparent process.  

 

The TSO has many transmission parameters 

to evaluate.  

The engine’s usage of capacity transfer is 

abusive 

 

The peak and base products are in line with 

Epex Spot, and offer a better system 

reliability 

 

Peak and Base products must be defined 

according to explicit rules.  

Peak pricing turns out to be often pointless 
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The risk management model allows a precise 

handling of eventualities 

The risk management solution appears to be 

costly 

The storage model ensures that the system 

will not get affected by new storage resources 

The storage model could does not take into 

account technicalities of resources, such as 

charge and discharge actual curves 

FFCM Competition has allowed HHI 

increase 

The competition analysis turns out to have a 

limited efficiency 

Ensures the reliability of the system Globally, adds a complexity to the entire 

energy markets structure.  

A fair billing scheme to end-use customers is 

very complex to build.  
Table 0.1: Advantages and Disadvantages of FFCM 

 

7.2  Adaptability of the solution 

FFCM offers on some level more adaptation than PJM mechanism. Concerning the capacity 

transfer model, the operator only needs to define the zones, which can be for example very 

high voltages nodes of its grid. Then the program itself determines the constrained and 

unconstrained zones. This is the main difference with PJM, which calculates in pre-process 

the constrained zones, then runs the market engine, which sometimes evaluates some 

constrained regions as unconstrained.  

The separation between peak and base capacity can be used by any market, but however the 

reliability requirement and definitions of each product must be defined by the operator. 

Moreover, it turned out that the peak requirement was meaningless for PJM market, which 

disposed of too much of this capacity. An adaptation to another market of this model hence 

can need a refining of products definition.  

The risk management however needs to be adapted to the size of a market. The larger the 

market is, the higher is the probability that an eventuality occurs. Therefore for very large 

market, the risk management would gain to be extended to two or three lost project. It could 

also be used to manage risk at the zone level, taking into account of one project failure per 

constrained zone.  

The demand curve definition used was for a study purpose. It is adaptable to any market, 

depending on the capacity margin the operator agrees to gain or lose, and on the level of price 

volatility wanted. In our simulations, zonal prices could show large differences, but average 

prices between the two types of market were comparable.  

 

  



71 

 

8  

Conclusion 

 
 

This master thesis aimed at understanding the context in which capacity markets have been 

developed, and at studying the adaptation of an existing American market design to France.  

It appears that in a fully liberalized electricity market, it is almost impossible to guarantee the 

reliability of the system without a capacity mechanism. The day-ahead and intra-day market 

revenues are not enough to cover new investments, mainly for peak resources. The 

mechanism put in place by PJM in 2007 (RPM) solves this matter by allocating an additional 

revenue to all resources that clear. Four years later, it seems that the market is functional, 

given the quantity of additional capacity that has entered.  

Before adapting such a mechanism to another market, the context in which it is needed has to 

be studied. In France, the recent liberalization has been decided following European 

directives, but the electricity market is still highly concentrated. Moreover the amount of base 

and peak capacities is entirely different from one country to another.  

The implementation of a French capacity mechanism has been carried out with the 

formulation of a mixed integer linear problem, and an additional quadratic integer problem 

whose purpose was to increase competition. The results of simulation show that, though most 

elements of the design are fully functional, some others require improvements. The separation 

of peak and base products, initially integrated in order to give an incentive to invest in more 

peak capacity, is not as effective as intended because their price on the capacity market is 

completely different as theirs on the energy markets. The competition maximization can help 

new entrants to acquire projects that will expand their share on the energy markets, but it has 

a large cost for the operator, which means, the end-use consumers.  

Globally, the presented capacity market design would allow ensuring the reliability of the 

system, even taking into account network constraints. It can also be adapted to another 

context, subject to adjustments of essential parameters. However capacity markets always 

bring about an additional complexity to the system, to which follow risks and political 

disagreements.  
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9  

Future Works 

 
This model represents a first step in the development of a new capacity mechanism for 

France. But a few elements can be improved, as other features can be studied: 

- The use of products can be refined, especially the definition of peak requirements. A 

better segmentation of products can be done, in such a way that short-term peak 

(combustion turbines, hydropower plants) and semi-peak resources (coal, gas power) 

are differentiated 

- The storage model can be improved: the presented scheme was simple and did not 

take into account intrinsic technicalities of batteries, such as charge and discharge 

curves, or minimum and maximum charge state.  

- There is small incentive for new large project. Indeed because the price of capacity 

auctions can easily vary from a year to another, there is a large risk when investing in 

a new costly resource. It would be interesting to integrate long-term contracting in the 

model, in such a way that new resources could benefit of a fixed price (or at least, a 

minimum price) for up to 5 or 10 years. A decision process would have to be 

implemented.  

- System losses have not been taken into account. Although one could simply increase 

the reliability requirement to compensate for this matter, losses are actually more 

complex to model, and affect the system on a zonal basis, and not only market-wide. 
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Appendix I 

Detailed results  

 
French Data 

 

Offered resources by zone (MW): 

 

 

Reliability Requirements by zone (MW): 

 

 

 

Offered Storage (MW): 

 

First Market Shares (%): 
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Base Case Scenario:  

 

Cleared Resources (MW): 

  

 

Zonal Prices ($/MW): 

 

 

 

Imports (MW): 

  

 

Cleared Storage (MW): 
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Market Shares after solve: 

 

 

 

No Transmission Limits: 

 

Imports (MW): 

  

 

Zonal Prices ($/MW): 
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No Risk Management: 

 
Cleared Resources (MW): 

 

 

 

Zonal Prices ($/MW): 

 

 

Peak Price Increase in Nord-Pas-De-Calais: 

 
Cleared Resources (MW): 

  

Zonal Prices ($/MW): 
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No Constraint on Storage: 

 

Cleared Storage(MW): 

  

Zonal Prices ($/MW): 

 

 

Competition Analysis 0.5%: 

 

Market Shares (%): 

 

 

Zonal Prices ($/MW): 
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Competition Analysis 2%: 

 

Market Shares (%): 

 

 

 

Zonal Prices ($/MW): 
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PJM Data 

 

Offered resources by zone (MW): 

 

Reliability Requirements by zone (MW): 

 

 

 

Base Case Scenario:  

 

Cleared Resources (MW): 

  

Zonal Prices ($/MW): 

 

 

Imports (MW): 

 

Imports (%): 

 

 

First Market Shares before solve (%): 
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No Transmission Limits: 

 

Cleared Resources (MW): 

 

 

Zonal Prices ($/MW): 

 

 

Imports (MW): 

 

 

 

No Risk Management: 

 

Cleared Resources (MW): 

  

Zonal Prices ($/MW): 

 

 

 

Peak Price Increase in MAAC: 

 

Imports (MW): 

  

 

 

 

Zonal Prices ($/MW): 
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Competition Analysis 0.5%: 

 

Market Shares (%): 

 

 

Zonal Prices ($/MW): 

 

 

 

Competition Analysis 2%: 

 

Market Shares (%): 

 

 

Zonal Prices ($/MW): 
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