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Abstract — The capacity market ensures that there are 

sufficient available resources to meet the power demand in the 

future and the power is delivered to its customers at a 

competitive price. As a part of its operation, the capacity market 

operator known as the Independent System Operator (ISO) 

holds the bids for securing the future energy supply and gives 

capacity payments to generators and power plants to facilitate 

new infrastructure development and produces long term price 

signals. ISO buys the energy in wholesale from generators and 

power plants and sells it to the customer at a retail price. ISO 

also performs the load balancing or regulation of the power 

when the power demand increases or decreases. The province 

of Ontario does not have a capacity market in place and instead 

it works on a contracting framework to supply power to its 

customers. US has four capacity markets known as Midwest 

ISO (MISO), New York ISO (NYISO), Pennsylvania Jersey 

Maryland Interconnection (PJM) and New England ISO 

(ISONE). This paper intends to introduce a new capacity 

market design using financial options in which capacity 

providers and renewable energy sources bid in a market for both 

energy and capacity. Options are used when there is uncertainty 

in the future about how much energy needed to be purchased 

and with what price. There is also an uncertainty about the total 

capacity may be required in the future and also the price of 

reserve is not certain in the future. 

 

Keywords— North American capacity markets; Electricity 

supply; Energy vs. capacity; Independent system operators; Regional 

transmission organizations; Network reliability, Option prices  

Nomenclature 

          Stock market : 

t Month in future, current time t = 0  

n Total number of months in the contract 

λs Current value of stock price 

s Volatility of financial instrument 

rs Interest rate 

Cs, Ps Call and put option premiums for stock at time 

t 

Ks Strike price of stock option at time t 

N(x0) Cumulative distribution function of the 

standard normal distribution at point x0. 

d1s, d2s  Interim parameters of Black and Scholes 

formula for stock market 
OC
iλE  Locational marginal price of energy at bus 

result of optimization for call option 
QC
wλE  Quoted price of energy by wth wind generator 

for call option 

 
1 R. Ghaffari and B. Venkatesh are with Ryerson University, Toronto, ON, 
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QC
kλE  Quoted price of energy by kth reserve provider 

for call option 

𝐾𝑤,𝑡,𝑐 
Optimal call option strike price of capacity for 

capacity at month t 

𝐶𝑤,𝑡,𝑐 
Optimal call option premium of capacity  at 

month t 

  

𝐾𝑤,𝑡,𝑒 
Optimal call option strike price of energy at 

month t 

𝐶𝑤,𝑡,𝑒 
Optimal call option strike price of energy at 

month t 

𝐸𝑈𝑤,𝑡
̅̅ ̅̅ ̅̅ ̅ Maximum energy to be purchased  by wth wind 

generator at month t 

𝐸𝑈𝑤,𝑡 Contracted energy to be purchased  by wth 

wind generator at month t 

𝐸𝐶𝐾,𝑡
̅̅ ̅̅ ̅̅ ̅ Maximum energy to be sold  by Kth wind 

storage at month t 

𝐸𝐶𝐾,𝑡 Contracted energy to be sold  by Kth wind 

storage at month t 

𝑃𝑈𝑤,𝑡
̅̅ ̅̅ ̅̅ ̅ Maximum capacity per hour to be purchased  

by wth wind generator at month t 

𝑃𝑈𝑤,𝑡 Contracted capacity per hour to be purchased  

by wth wind generator at month t 

ƛ𝑡𝑒 
Market equilibrium for energy at month t 

ƛ𝑡𝑐  Market equilibrium for capacity at month t 

𝐶𝑤,𝑐  Total premium paid by wth wind generator 

x
 

A random variable which represents the 

amount of wind energy absorbed per hour 

I. INTRODUCTION 

HE  objective of the capacity market is to maintain the 

power system reliability by ensuring the generation, 

demand-response and imports to meet the peak demand 

requirements [1]. Capacity markets generally contain 

the following four components [2]: 

 Energy– Energy for today 

 Capacity – Energy for 3 years from now 

 Regulation – Energy for cycling on and off 

 Reserves – Energy for an unexpected event 

Energy is defined as the required instantaneous power for 

today. The capacity means the power for 3 years from now. 

Regulation corresponds to the power for cycling on and off and 

reserves are the storage or standby generation capacity to 

provide power for an unexpected event. 

A supplier or independent system operator (ISO) buys 

electricity from the generators or power plants and supplies it 
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to the homes through a national distribution network [3]. 

Supplier predict how much electricity is going to be needed in 

the next hour and buys it from the generators [4]. 

A. Framework of capacity market 

The ISO sets a target level of capacity also known as the 

resource adequacy requirement (RAR) based on the peak load 

forecast [5]. The Load-Serving Entities (LSEs) secure the 

capacity to meet obligations to serve their customers. The rated 

capacity is provided by the qualified resources such as 

generation, demand-response and imports through a bidding 

process involving the quantities and prices of the qualified 

resources. Based on the supply and demand, the clearing prices 

are set. In order to get paid, the resources must bid into Day-

Ahead Markets (DAMs) based on the applicable forward and 

commitment periods evolving to multiple years. The electricity 

interconnections in the US are managed by the Eastern 

Interconnection, Western Interconnection and ERCOT. 

Following regional entities ensure that grid doesn’t fail causing 

blackouts [6]: Western Electricity Coordinating Council 

(WECC), Midwest Reliability Organization (MRO), Southwest 

Power Pool (SPP), Texas Reliability Entity (TRE), SRC 

Reliability Corporation (SERC), Florida Reliability 

Coordinating Council (FRCC), Reliability First Corporation 

(RFC),Northeast Power Coordinating Council (NPCC). FERC 

(Federal Energy Regulatory Commission) is responsible for 

regulating whole sale electricity market. Organized competitive 

markets operated by independent system operators (ISO) or 

regional transmission organizations (RTO) in North America 

[7]. ISO or RTO manages the transmission system and 

individual owners and operators of generation submit offers to 

run new generation on a competitive basis. As demand goes up 

more generators are switched online and as the demand goes 

down more generators are switched offline. In case of shortage 

in power supply due to the failure in a major power plant, the 

ISO uses the spinning standby generators to balance the grid. 

B. Design of a new capacity market in Ontario 

There is no explicit capacity market in Canada instead, there 

is a contracting framework in place [8]. In order to meet its 

RAR, Canada uses a mixture of existing resources and 

government policies such as Long-Term Energy Plan [9]. IESO 

is working to design the capacity market in Ontario with the 

support of the majority of stakeholder groups [10]. The details 

of the capacity auction design are still being developed and are 

not finalized yet. While comparing different proposals for the 

capacity market design, IESO has used the criteria of 

transparency (of market signals), fairness (equal participation 

for all resources), efficiency (to provide incentives for efficient 

participation in the market) and cost (to meet the system needs 

at lowest cost over the long run) for their evaluation. It is 

intended to procure a single product through capacity auction 

i.e., the availability of resources to generate energy when called 

upon. The auction will take place annually to purchase the 

product for six month summer and winter commitment periods. 

The auction process is divided into four periods called pre-

auction period, base auction period, forward period and 

commitment period. During the pre-auction period, the 

resources complete the eligibility requirements, register for the 

auction and qualify their capacity. During the base auction 

period, the auction uses the demand curve to select the cleared 

capacity. During this period, the auction is also optimized to 

meet the locational and seasonal requirements at the lowest 

cost. Forward period is a 3-4 year period and commitment 

period is a 1 year period. Forward period allows the IESO to 

rebalance the auctions. The capacity is delivered during the 

commitment period to receive the payments. If the resources are 

unable to meet their obligations, appropriate penalties are 

applied.  

The following subsections highlight the proposed method for 

the selection of auction parameters, eligibility and performance 

criteria and the design of demand curve. 

C. Auction Parameters 

1) Length of forward period 

It is proposed that the length of the forward period will be three 

to four years therefore the base auction will be held three to four 

years prior to the commitment period. 

2) Commitment period 

During the commitment period, the resources will meet their 

obligations. The auction for the commitment period will be held 

annually and it will cover the six month winter and six month 

summer period. 

3) Location based auctions 

The auction will consider the deliverability of capacity into and 

out of transmission constrained zones across the province. The 

auction will optimize to satisfy both global and zonal capacity 

requirements, and produce locational capacity prices. 

4) Rebalancing auctions 

Rebalancing auctions will be held annually between the base 

auction and delivery year. No holdback will occur in the base 

auction to be satisfied in the rebalancing auctions. 

5) Market power mitigation 

Gaming and market power mitigation measures will be required 

where auction design alone is insufficient to eliminate 

opportunities to exercise seller-side or buyer side market power. 

To the extent possible, auction design should try to minimize 

the need for out-of-market mitigation. 

6) Commitment of new resources 

Multi year commitment options will be considered to enable 

new resources that clear in the auction to have the opportunity 

to lock-in their clearing price for more than one year, subject to 

some conditions. 

7) Cost recovery 

The cost of capacity procured through the capacity auction will 

be recovered through market uplift. Market participants 

withdrawing in Ontario will be charged capacity costs on a 

monthly basis, based on their consumption during the five hours 

of greatest demand in the previous year. 

D. Eligibility and Performance 

Resource eligibility: To be eligible to participate in the auction, 

resources must be able to demonstrate a reasonable likelihood 

they will be able to meet their obligations in the commitment 

period. The auction will allow for the participation of resources 
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that are not already under contract or regulation for the delivery 

period. 

1) Registration requirements  

Any organization wishing to participate in the auction will need 

to be an authorized capacity auction participant. Additional 

registration requirements will be established to demonstrate that 

auction participants have met eligibility requirements. 

2) Qualified capacity 

All capacity participating in the auction will be qualified as 

Unforced Capacity (UCAP), such that the reliability value from 

1 MW of UCAP is an equivalent product across all resources. 

UCAP values will be established for both seasons. 

3) Resource obligations  

Cleared resources will be required to meet applicable 

development milestones before the commitment period to 

provide reasonable assurance of delivery. Cleared resources 

will also have performance obligations during the commitment 

period, including a must-offer provision into the energy market. 

4) Performance penalties 

Penalties will be assessed to resources for failing to meet 

obligations in the forward and commitment periods. Penalties 

for non-performance will range from claw back of capacity 

payments to more significant penalties for non-performance 

during critical system events. 

5) Measurement and verification 

In the forward period, cleared resources will provide 

documentation to verify pre-delivery milestones are being met. 

In the commitment period, availability will be measured based 

on offer data. Availability will be verified through compliance 

with dispatch instructions, random testing, and submission of 

additional data as required. 

E. Demand Curve 

1) Profile of downward sloping demand curve  

The auction will use a downward sloping demand curve, with a 

straight line. A kink to the demand curve could be introduced 

in the future, but is not required for the initial auction. 

2) Net cost of new entry  

The auction will require an independent study to be undertaken 

regularly to establish the Net Cost of New Entry used in setting 

the downward sloping demand curve. This study would inform 

the selection of a reference unit, estimation of the annual 

capital, fixed operating and maintenance costs, and future net 

energy market revenues used to calculate Net CONE. A 

methodology to update CONE between studies will also be 

developed. 

3) Target capacity requirement  

The target capacity will be set to satisfy a total system loss of 

load expectation (LOLE) of no more than 0.1 days per year. 

4) Min/Max capacity limit  

The auction will not clear below a minimum quantity under 

which a decrease in reliability is deemed to be unacceptable at 

the time of the auction. The auction will not clear in excess of a 

maximum quantity that will be determined by the profile of the 

downward sloping demand curve 

5) Maximum auction clearing price  

The Maximum Auction Clearing Price will be set at a multiple 

of Net Cost of New Entry and/or Gross Cost of New Entry. This 

should represent an upper bound of the estimated Net Cost of 

New Entry. 

  

Outline: 

Section II gives a brief in Option Pricing theory and the theory 

of Black and Scholes options. Thereafter section III proposes 

the auction methodology and complete optimization 

formulation for energy and capacity markets is presented in 

section IV. Finally the results of the proposed method is 

presented in two different examples in section V. 

II. OPTION PRICING THEORY 

There are two types of options: call option and put option. 

Call option gives the buyer the right to buy a stock or 

commodity or underlying asset for a certain strike price by a 

certain maturity time. Put option gives the buyer the right to sell 

a stock or commodity for a certain strike price at a certain 

maturity time. Fig. 1 shows the basic concept of option pricing. 

A European option can only be exercised on maturity time. An 

American option can be exercised at any time before the expiry. 

An option may be purchased by paying a “premium” or an 

“option price”. The underlying asset is a financial asset that can 

be stocks or any type of commodity which is tradable. The 

maturity time defines the time period within which buying or 

selling the commodity at strike price is possible. The strike or 

exercise price gives the value which is the base of the trade. The 

premium is the price that option buyer (option holder) has to 

pay to own the option. The payoff of an option depends on the 

price of the commodity at the maturity. An option is called in 

the money if at maturity time results in a positive value to the 

option buyer. If not the option is called out of money. The option 

buyer only exercises the option if it is in the money. If the option 

is out of money, it won’t be exercised and the option buyer loss 

is the amount of premium which is already paid. The longer 

time until the maturity time, the higher premium would be.  

Options have a major difference from futures which is the lack 

of obligation to transact [12, 13].  
 

 
 

 

 
 

 

 
 

                       

                           Fig. 1: The basic concept of option pricing 

 

 There are several different models for pricing options. The 

most famous ones are binomial tree option pricing models and 

Black and Scholes model. The binomial tree model was first 

discussed by Cox, Ross and Rubinstein in [14, 15]. The basis of 

binomial tree model is a "discrete-time" movement of the stock 

price over time which assumes a Gaussian distribution. The 

Black and Scholes model can also be used when the limiting 

distribution is assumed to be lognormal which means that the 

Option  

Holder 

Option  

Seller 

Premium 

Rights: 

Call: Right to buy 

Put: Right to sell 
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price movement is continuous. The Black and Scholes model 

for option pricing was first introduced in [13]. The formulae 

were developed by three economists Fischer Black, Myron 

Scholes and Robert Merton. The Black and Scholes model is 

used to calculate the price of European put and call options on 

a particular stock, ignoring any dividends paid during the 

option's lifetime. The Black and Scholes model can be used 

when the limiting distribution is considered as a normal 

distribution which means that the price movement is 

continuous.  

The value of a call option premium on a stock in the Black 

and Scholes model can be calculated as a function of the 

following variables at hour t: 

   d2s.NKs.ed1sλs.NCs rs.t             (1) 

Where: 

ts

t/2)s(rs  s/Ks)ln(
d1s

2




              (2) 

tσsd1s(t)d2s                    (3) 
N(x0) is the cumulative density function of the standard normal 

distribution at point x0: 














 




x0

inf

.dx
x

e
2π

1
N(x0)

2

2
1

              (4) 

The value of put option premium can be calculated using: 
trseKss  Cs  Ps                  (5) 

Volatility for a stock can be computed using a set of hourly 

historical values recorded for TH+1 steps as below. Consider a 

set of stock price values s, the volatility may be computed as 

below: 

 
  


































TH

1t

2
TH

1t

TH
1

1)-λs(-t

λs(-t)
ln  

1)-λs(-t

λs(-t)
ln

1-TH

1
   σs

       

(6) 

In theory Black and Scholes model is only correct if the short 

term interest rate, rs is constant. In practice the formula is 

usually used with the interest rate, rs being set as equal to the 

risk free interest rate on an investment that lasts for time T [16]. 

When the stock price becomes very large, a call option is almost 

certain to be exercised and then becomes very similar to a 

forward contract because when λs becomes very large, d1s and 

d2s become very large too and therefore N(d1s) and N(d2s) are 

both close to one. Also when the stock price becomes very 

large, using the above analysis (4), we can conclude that the put 

option would be worthless. When the stock price becomes very 

small, d1s and d2s become very large negative values. N(d1s) 

and N(d2s) are both close to zero and call option price would 

be close to zero as well. 

III. PROPOSED MODEL FOR CAPACITY AUCTION 

 Fig. 2 shows the schematic of the proposed option market. 

The wind entities W1, W2,.. and storage capacity providers C1, 

C2,C3,..who wish to join this market use this method. For the 

capacity, the amount of one hour required capacity at any hour 

during a certain month in the future are quoted. In other words, 

the capacity provider must make sure that during any specific 

month there is a certain amount of capacity available for every 

hour within that month. For example maintaining 2MW 

capacity has its own strike price and selling 3MWh energy to 

renewables has its own strike price as well. Battery storages 

can charge themselves from daily market or other sellers in the 

daily market which are not participating in our capacity/energy 

option market. All option prices for both energy and capacity 

and also optimal amounts of energy and capacity can be 

calculated in optimization process. We assume that there is no 

network limitation for the market and losses are negligible. 

 

 
 

Fig. 2: A Schematic of capacity market 

                                                 

IV. OPTIMIZATION FORMULATION 

   The objective function in our model is to maximize social 

welfare amongst the option market participants to determine 

control variables for both energy and capacity: 

  

 

𝑂𝐵𝐽𝑓 = ∑ (∑ 𝐸𝑈𝑤,𝑡

𝑁𝑊

𝑤=1

𝑡0+𝑛

𝑡=𝑡0

. ƛ𝐸𝑤,𝑡 

𝑄 + 𝑃𝑈𝑤,𝑡 . ƛ𝐶𝑤,𝑡
𝑄

− ∑(𝐸𝐶𝑘,𝑡

𝑁𝑘

𝑘=1

. ƛ𝐸𝑘,𝑡
𝑄𝑆𝑇 + 𝑃𝐶𝐾,𝑡 . ƛ𝐶𝑘,𝑡

𝑄𝑆𝑇)) 

                                                                                               

(7) 

 

Subjects to: 

 

Limits on capacity Purchase by renewables per time step t: 

 

 0 ≪ 𝑃𝑈𝑤,𝑡 ≪ 𝑃𝑈𝑤,𝑡
̅̅ ̅̅ ̅̅ ̅                                                         (8) 

Limits on capacity offer per time step t:  

 

0 ≪ 𝑃𝐶𝐾,𝑡 ≪ 𝑃𝐶𝐾,𝑡
̅̅ ̅̅ ̅̅ ̅                                                       (9) 

 

Limits on energy Purchase by renewables per time step t: 

 

 0 ≪ 𝐸𝑈𝑤,𝑡 ≪ 𝐸𝑈𝑤,𝑡
̅̅ ̅̅ ̅̅ ̅                                                       (10) 

 

Limits on energy offer per time step t:  

 

0 ≪ 𝐸𝐶𝐾,𝑡 ≪ 𝐸𝐶𝐾,𝑡
̅̅ ̅̅ ̅̅ ̅                                                     (11) 

 

ISO 

 

  C3 

  C2   C1 

         W1 

        W2 

Capacity 
Market 
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Energy balance per time step t: 

 

∑ 𝐸𝑈𝑤,𝑡 = ∑ 𝐸𝐶𝑘,𝑡
𝑁𝑘
𝑘=1

𝑁𝑊
𝑊=1                                                     (12) 

 

Total capacity balance (MW) per time step t: 

 

∑ 𝑃𝑈𝑤,𝑡 = ∑ 𝑃𝐶𝑘,𝑡
𝑁𝑘
𝑘=1

𝑁𝑊
𝑊=1                   

                                  (13) 

 

For every vendor w and each time step t: 

 

For Energy: 

 

𝐾𝑤,𝑡,𝑒 + 𝐶𝑤,𝑡,𝑒 = ƛ𝑡𝑒                                                             
(14) 

 

Options: 

 

𝐶𝑤,𝑡,𝑒 = ƛ𝑡𝑒 . 𝑁(𝑑1𝑠𝑡) − 𝐾𝑤,𝑡,𝑒 . 𝑒−𝑟𝑠.𝑇𝑡 . 𝑁(𝑑2𝑠𝑡)                 (15) 

 

𝑑1𝑠𝑡 =
ln(

ƛ𝑡𝑒
𝐾𝑤,𝑡

)+(𝑟𝑠+
𝜎𝑠2

2
).𝑇𝑡

𝜎𝑠√𝑇𝑡
                                                    (16) 

   
𝑑2𝑠𝑡 = 𝑑1𝑠𝑡 − 𝜎𝑠√𝑇𝑡                                                         (17) 

 

For Capacity: 

 

𝐾𝑤,𝑡,𝑐 + 𝐶𝑤,𝑡,𝑐 = ƛ𝑡𝑐                                                             
(18) 

Options: 

 

𝐶𝑤,𝑡,𝑐 = ƛ𝑡𝑐 . 𝑁(𝑑1𝑠𝑡) − 𝐾𝑤,𝑡,𝑐. 𝑒−𝑟𝑠.𝑇𝑡 . 𝑁(𝑑2𝑠𝑡)                 (19) 

 

𝑑1𝑠𝑡 =
ln(

ƛ𝑡𝑐
𝐾𝑤,𝑡

)+(𝑟𝑠+
𝜎𝑠2

2
).𝑇𝑡

𝜎𝑠√𝑇𝑡
                                                    (20) 

   
𝑑2𝑠𝑡 = 𝑑1𝑠𝑡 − 𝜎𝑠√𝑇𝑡                                                         (21) 

 

  

𝑁(𝑋0) =
1

√2𝜋
∫ 𝑒−0.5𝑋2

. 𝑑𝑋
𝑥0

−𝑖𝑛𝑓
                                            (22) 

 

Total premium for capacity for each buyer paid at t=0 for 

w=1,.., NW: 

 

𝐶𝑤,𝑐 = ∑ 𝐶𝑤,𝑡,𝑐 . 𝑃𝑈𝑤,𝑡

𝑡0+𝑛

𝑡=0

 

                                                                                              (23) 

V. SIMULATION RESULTS 

The proposed method is tested and demonstrated on two test 

systems. The results are discussed below. 

A. Example 1: Four market participants for one year 

In this example four market participants including two 

capacity providers and two renewable energy sources bid in the 

proposed auction model for both energy and capacity. The 

market price volatility for all contracts is assumed to be 20% 

per month. In this example the capacity is procured for the time 

length of a year and each market participant give a separate 

quote for each month for both energy and capacity. Therefore 

there will be 12 sets of quotes per one year. 

 

 

 
TABLE I  

ENERGY QUOTES FOR 12 MONTHS ($/MWh) 

  

Month(t) ƛ𝐸1,𝑡 
𝑄

 ƛ𝐸2,𝑡 
𝑄

 ƛ𝐸1,𝑡
𝑄𝑆𝑇

 ƛ𝐸2,𝑡
𝑄𝑆𝑇

 

1 33.04 30.68 28.32 25.96 

2 33.04 30.68 28.32 25.96 

3 35.4 33.04 28.32 30.68 

4 35.4 33.04 28.32 30.68 

5 37.76 37.76 29.5 29.5 

6 37.76 37.76 29.5 29.5 

7 33.04 37.76 25.96 25.96 

8 36.58 36.34 28.79 28.32 

9 36.58 36.34 28.79 28.32 

10 31.86 31.62 29.97 29.73 

11 31.86 31.62 29.97 29.73 

12 33.04 32.56 30.68 30.68 

 

TABLE I shows two renewable energy entities W1 and W2 

and two capacity providers C1 and C2 quote for energy for each 

month. The quotes given by renewable entities are the 

maximum price they can offer to buy energy and the quotes 

given by capacity providers are the minimum price they are 

willing to sell for each month. TABLEII shows the maximum 

energy required by renewable per month. 

 
TABLE II  

MAXIMUM ENERGY REQUIRED BY RENEWABLES PER MONTH 

(MWh) 

   Month(t) 𝐸𝑈1,𝑡
̅̅ ̅̅ ̅̅ ̅ 𝐸𝑈2,𝑡

̅̅ ̅̅ ̅̅ ̅ 

1 39.45 39.45 

2 31.56 31.56 

3 27.61 27.61 

4 35.50 35.50 

5 39.45 39.45 

6 25.64 25.64 

7 36.29 36.29 

8 37.47 37.47 

9 38.66 38.66 

10 33.53 33.53 

11 41.42 41.42 

12 45.36 45.36 

 

TABLE III shows two renewable energy entities W1 and W2 

and two capacity providers C1 and C2 quote for capacity for 

each month. The quotes given by renewable entities are the 

maximum price they can offer to buy capacity and the quotes 

given by capacity providers are the minimum price they are 

willing to sell for each month. TABLE IV shows the maximum 

capacity required by renewable per month. 
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TABLE I II 

CAPACITY QUOTES FOR 12 MONTHS ($/MWh) 

  

Month(t) ƛ𝐶1,𝑡 
𝑄

 ƛ𝐶2,𝑡 
𝑄

 ƛ𝐶1,𝑡
𝑄𝑆𝑇

 ƛ𝐶2,𝑡
𝑄𝑆𝑇

 

1 16.52 15.34 14.16 12.98 

2 16.52 15.34 14.16 12.98 

3 17.7 16.52 14.16 15.34 

4 17.7 16.52 14.16 15.34 

5 18.88 18.88 14.75 14.75 

6 18.88 18.88 14.75 14.75 

7 18.88 18.88 14.75 14.75 

8 18.29 18.17 14.39 14.16 

9 18.29 18.17 14.39 14.16 

10 15.93 15.81 14.98 14.86 

11 15.93 15.81 14.98 14.86 

12 16.52 16.28 15.34 15.34 

 

TABLE IV  

MAXIMUM CAPACITY REQUIRED BY RENEWABLES PER MONTH 

(MW) 

 

   Month(t) 𝑃𝑈1,𝑡
̅̅ ̅̅ ̅̅ ̅ 𝑃𝑈2,𝑡

̅̅ ̅̅ ̅̅ ̅ 
1 39.45 39.45 

2 39.45 39.45 

3 39.45 39.45 

4 39.45 39.45 

5 39.45 39.45 

6 39.45 39.45 

7 39.45 39.45 

8 39.45 39.45 

9 39.45 39.45 

10 39.45 39.45 

11 39.45 39.45 

12 39.45 39.45 

 

 

Fig. 3 shows the amount of optimal capacity sold by capacity 

providers in one year and Fig. 4 shows the amount of optimal 

energy sold by capacity providers in one year. 

 

 

 
              

 

 Fig. 3: Optimal Capacity Sold by C1 and C2 

 

 

 

 

 
Fig. 4: Optimal Energy Sold by C1 and C2  

 

Fig. 5 shows the amount of optimal energy option prices in 

one year and Fig. 6 shows the amount of optimal capacity 

option prices in one year. Fig. 7 shows the amount of 

accumulated capacity premium prices in one year. Here the 

amount of premium per 1MW is multiplied by the amount of 

Capacity sold for each month and all will be paid at the time of 

contract. For example if capacity is procured only for four 

months from the time of contract, the total amount of premium 

is about $1314 and if capacity is procured only for one year 

from the time of contract, the total amount of premium is about 

$5277 which must be paid at the time of contract. The same 

process happens for energy in which the amount of premium 

per 1MWh is multiplied by the amount of energy sold for each 

month and all will be paid at the time of contract.  

 

 
Fig. 5 The amount of optimal energy option prices in one year. 

 
Fig. 6 The amount of optimal capacity option prices in one year 
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Fig. 7 The amount of accumulated capacity premiums in one year for each 

capacity buyer. 

 

B. Example 2: Eight market participants for one year 

In this example eight market participants including four 

capacity providers and four renewable energy sources bid in 

the proposed auction model for both energy and capacity. 

The market price volatility for all contracts is assumed to be 

20% per month. In this example the capacity is procured for 

the time length of one year and each market participant give 

a separate quote for each month for both energy and capacity. 

Therefore there will be 12 sets of quotes for 12 months. 

 
TABLE V  

ENERGY QUOTES FOR 12 MONTHS ($/MWh) 

t ƛ𝐸1,𝑡 
𝑄  ƛ𝐸2,𝑡 

𝑄  ƛ𝐸3,𝑡 
𝑄  ƛ𝐸4,𝑡 

𝑄  ƛ𝐸1,𝑡
𝑄𝑆𝑇 ƛ𝐸2,𝑡

𝑄𝑆𝑇 ƛ𝐸3,𝑡
𝑄𝑆𝑇 ƛ𝐸4,𝑡

𝑄𝑆𝑇 

1 72.1 72.1 68.4 70.0 70.0 73.7 73.7 72.1 

2 72.6 72.6 71.0 72.1 72.1 71.6 89.4 72.6 

3 72.6 72.6 72.6 75.8 75.8 71.6 100.0 72.6 

4 74.7 74.7 80.0 81.0 81.0 65.8 100.0 74.7 

5 64.7 64.7 64.7 60.5 58.4 55.2 55.2 57.9 

6 60.0 60.0 60.0 57.9 60.5 60.5 60.5 63.1 

7 56.3 56.3 56.3 56.8 56.8 65.8 65.8 68.4 

8 56.8 56.8 56.8 55.2 55.2 55.2 55.2 73.7 

9 72.1 72.1 68.4 70.0 70.0 73.7 73.7 72.1 

10 72.6 72.6 71.0 72.1 72.1 71.6 89.4 72.6 

11 72.6 72.6 72.6 75.8 75.8 71.6 100.0 72.6 

12 74.7 74.7 80.0 81.0 81.0 65.8 100.0 74.7 

 

TABLE V shows four renewable energy entities W1 to W4 

and four capacity providers C1 to C4 quote for energy for each 

month. The quotes given by renewable entities are the 

maximum price they can offer to buy energy and the quotes 

given by capacity providers are the minimum price they are 

willing to sell for each month. TABLE VI shows the maximum 

energy required by renewable entities per month. 

 

 

 

 

 

 

 

 

 
TABLE VI  

MAXIMUM ENERGY REQUIRED BY RENEWABLES PER MONTH 

(MWh) 

Month(t) 𝐸𝑈1,𝑡
̅̅ ̅̅ ̅̅ ̅ 𝐸𝑈2,𝑡

̅̅ ̅̅ ̅̅ ̅ 𝐸𝑈3,𝑡
̅̅ ̅̅ ̅̅ ̅ 𝐸𝑈4,𝑡

̅̅ ̅̅ ̅̅ ̅ 

1.0 2367 2762 3156 3551 

2.0 2367 2762 3156 3551 

3.0 2367 2762 3156 3551 

4.0 2367 2762 3156 3551 

5.0 2367 2762 3156 3551 

6.0 2367 2762 3156 3551 

7.0 2367 2762 3156 3551 

8.0 2367 2762 3156 3551 

9.0 2367 2762 3156 3551 

10.0 2367 2762 3156 3551 

11.0 2367 2762 3156 3551 

12.0 2367 2762 3156 3551 

 
             

Fig. 8 shows the amount of optimal capacity sold by capacity 

providers in three years.The quotes for capacity are shown in 

TABLE VII. TABLE VIII shows the maximum capacity 

required by four renewable energy entities W1 to W4. 
TABLE VII 

                  CAPACITY QUOTES FOR 12 MONTHS ($/MWh) 

t ƛ𝐶1,𝑡 
𝑄  ƛ𝐶2,𝑡 

𝑄  ƛ𝐶3,𝑡 
𝑄  ƛ𝐶4,𝑡 

𝑄  ƛ𝐶1,𝑡
𝑄𝑆𝑇 ƛ𝐶2,𝑡

𝑄𝑆𝑇 ƛ𝐶3,𝑡
𝑄𝑆𝑇 ƛ𝐶4,𝑡

𝑄𝑆𝑇 

1 36.8 34.2 31.6 28.9 23.7 21.0 20.0 18.4 

2 36.8 34.2 31.6 28.9 23.7 21.0 20.0 18.4 

3 39.5 36.8 31.6 34.2 28.9 21.0 18.4 15.8 

4 39.5 36.8 31.6 34.2 28.9 21.0 18.4 15.8 

5 42.1 42.1 32.9 32.9 25.3 21.0 18.4 20.0 

6 42.1 42.1 32.9 32.9 21.0 23.7 18.4 20.0 

7 42.1 42.1 32.9 32.9 21.0 23.7 18.4 20.0 

8 42.1 42.1 32.9 32.9 21.0 23.7 18.4 20.0 

9 42.1 42.1 32.9 32.9 21.0 23.7 18.4 20.0 

10 42.1 42.1 32.9 32.9 21.0 23.7 18.4 20.0 

11 42.1 42.1 32.9 32.9 21.0 21.0 26.3 28.9 

12 42.1 42.1 32.9 32.9 21.0 21.0 26.3 28.9 

 
 

TABLE VIII  

MAXIMUM CAPACITY REQUIRED BY RENEWABLES PER MONTH 

(MW) 

Month(t) 𝑃𝑈1,𝑡
̅̅ ̅̅ ̅̅ ̅ 𝑃𝑈2,𝑡

̅̅ ̅̅ ̅̅ ̅ 𝑃𝑈3,𝑡
̅̅ ̅̅ ̅̅ ̅ 𝑃𝑈4,𝑡

̅̅ ̅̅ ̅̅ ̅ 

1.0 23.67 27.62 31.56 35.51 

2.0 23.67 27.62 31.56 35.51 

3.0 23.67 27.62 31.56 35.51 

4.0 23.67 27.62 31.56 35.51 

5.0 23.67 27.62 31.56 35.51 

6.0 23.67 27.62 31.56 35.51 

7.0 23.67 27.62 31.56 35.51 

8.0 23.67 27.62 31.56 35.51 

9.0 23.67 27.62 31.56 35.51 

10.0 23.67 27.62 31.56 35.51 

11.0 23.67 27.62 31.56 35.51 

12.0 23.67 27.62 31.56 35.51 
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    Fig. 8: Optimal Capacity Sold 

 
 

 Fig. 9: Energy Capacity Sold 

 

 

Fig. 10 shows the amount of optimal energy option prices in 

one year and Fig. 11 shows the amount of optimal capacity 

option prices in one year. 

 
Fig. 10 The amount of optimal energy option prices in three years. 

 
Fig. 11 The amount of optimal capacity option prices in three years. 

 

Fig. 12 shows the amount of accumulated capacity premium 

prices in three years. Here the amount of premium per 1MW is 

multiplied by the amount of Capacity sold for each month and 

all will be paid at the time of contract.  

 
Fig. 12 The amount of accumulated capacity premiums in three years for 

each capacity buyer. 

VI. CONCLUSION 

 This paper proposes a new optimization model for market in 

storage capacity. Renewable entities and storage capacity 

entities participate in the market pool for both energy and 

capacity. Financial options are used as a tool for this market to 

determine premium and strike prices. For energy, the amounts 

of required and offered energy for each certain month in the 

future are quoted and for the capacity, the amount of one hour 

required capacity at any time during a certain month in the 

future are quoted. All option prices for both energy and capacity 

and also optimal amounts of energy and capacity can be 

calculated in an optimization process. 
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