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H i g h l i g h t s  

 The flexibility requirement is modeled in the capacity market model. 

 The price of flexibility is derived to compensate for generation flexibility. 

 The participation of energy storage in the capacity market is facilitated. 

 Revenue adequacy and generation profitability are analyzed. 

Abstract: Capacity markets can co-exist alongside the energy and ancillary markets to ensure the medium-term and long-term supply adequacy by remunerating the 

generation resources for their availability. With the substantially increasing deployment of renewable generation, the system needs more flexibility to quickly mitigate 

the additional variability and uncertainty caused by the renewable generation. However, the present capacity market model does not differentiate the flexibility of

generating units, so it might not give appropriate pricing signals to more flexible units that are usually more expensive. This is particularly important considering the 

increasing penetration levels of renewable generation on the electric grid, which increases the need for flexible units. This paper proposes a novel capacity market

model considering flexibility requirement (FR) under the high penetration levels of renewable generation. Therefore, the proposed model can give the market-

clearing price (MCP) for not only peak load generation capacity but also flexibility requirement. Thus, flexible units will tend to receive more economic incentives 

than non-flexible units. In the case studies, the profitability of different generation resources under the proposed capacity market model is analyzed and compared to 

the present capacity market model. The results show that the proposed method can maintain system reliability with regard to both peak load and flexibility requirement 

efficiently. 

Keywords: Flexibility, capacity market, wind power, solar power, generation investment, system reliability 

𝐺௠௠௔௫
Nomenclature Maximum capacity of the i-th generation 

Parameters 
𝑅𝑅௜ Ramp rate ratio of generation i to its maximum capacity 

𝑆௝
௠௔௫𝑎ௗ , 𝑎௪, 𝑎௦ Coefficients for the flexible resource requirement of Maximum capacity for the j-th solar generation 

𝑊௠
௠௔௫

demand (𝑑), wind power (𝑤), and solar power (𝑠) Maximum capacity for the m-th wind generation 

Variables 
𝑎௡ௗିௗ , 𝑎௡ௗି௪, Coefficients for the flexible resource requirement in net-

𝐷 𝑎௡ௗି௦ demand for demand (𝑛𝑑 െ 𝑑), wind power (𝑛𝑑 െ 𝑤), and ௟ Cleared demand in the j-th segment of VRR curve 

solar power (𝑛𝑑 െ 𝑠), respectively 
𝐸௞ Energy storage capacity in the capacity market model of 

𝑐௜ Offer price for supplying the generation capacity the k-th energy storage 

$/(MW*day) of the i-th conventional generator 
𝐺௜ Cleared conventional generation capacity for the peak 

𝑐௪,௠ Offer price $/(MW*day) of the m-th wind power load in the capacity market model of the i-th generator 

generator 𝑆௝ Solar capacity for the peak load in the capacity market 

𝑐௦,௝ Offer price $/(MW*day) of the j-th solar power generator model of the j-th solar power generator 

𝑐௘,௞ Offer price $/(MW*day) of the k-th energy storage unit 𝑊௠ Cleared wind power capacity for the peak load in the 

𝐶𝐶௪ Capacity value factor of the m-th wind power generation capacity market model of the m-th wind power generator. 

𝐶𝐶௦ Capacity value factor of the s-th solar power generation 𝜆 Dual variable of the peak load generation constraint 
𝑑௟ Price of the VRR curve j-th segment of the (reliability 𝜇, 𝜋 Dual variable of the flexibility requirement constraints 

value of incremental load capacity) 𝜔௜
௠௜௡, 𝜔௜

௠௔௫ Dual variables of the i-th conventional generation 
𝐹𝐶௜ Flexibility capacity of the i-th flexible resource capacity lower and upper limits 
𝐹𝑅 Flexibility requirement in capacity market 
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𝜐௦௠௜௡ , 𝜐௦௠௔௫ Dual variables of the s-th solar generation capacity lower 

and upper limits 

𝜗௞
௠௜௡, 𝜗௞

௠௔௫ Dual variables of the k-th energy storage capacity lower 

and upper limits 

𝜏௝
௠௜௡ , 𝜏௝

௠௔௫ Dual variables of the j-th load capacity lower and upper 

limits 

𝜍௜
௠௔௫ Dual variables of the i-th generation flexible capacity 

constraint 

All other variables are introduced in the text. 

1. Introduction 

The increasing deployment of renewable generation has brought 

significant challenges to maintaining reliable power system operation [1,2]. 

Ideally, an electric power system needs an optimal combination of energy, 

capacity, and flexibility to maintain reliability to both sustain the peak load and 

accommodate the system uncertainty such as the netload variation and 

unexpected outages [3,4]. Recent developments in renewable generation are 

significantly changing the generation portfolio in many power systems in the 

United States and other countries [5–7]. These changes lead to operational 

issues such as “duck curve” phenomenon in California Independent System 

Operator (CAISO) system [8] and ramping capacity shortages in CAISO and 

the Midcontinent System Operator (MISO) systems [9,10] during periods when 

renewable generation increases and decreases its output in a short time. 

Different electricity markets around the world are proposing various market 

designs to address the operation challenges with vast renewable integration [11] 

such as the sequential electricity market model for Northern European power 

system [12], the joint energy-reserve power exchanges in the European market 

[13] and flexibility services procurement in a renewable dominated system [14]. 

Although there are different ways to maintaining system generation 

resource adequacy, capacity market is adopted by several major ISOs in the 

United States to ensure adequate medium- and long-term security of generation 

supply by remunerating generators for their capacity availability [15,16]. The 

capacity market is a relatively long-term forward (typically 1-3 years ahead) 

market designed to provide capacity payments for generation resources [17,18]. 

Specifically, the capacity market should provide 1) reasonable returns for 

generation producers, 2) at just and reasonable costs for energy services, while 

3) meeting system reliability targets [19]. Present capacity market designs [20] 

in several ISOs—such as PJM, New York ISO, and ISO-New England— 

maintain peak load reliability by implementing an administratively determined 

variable resource requirement (VRR) curve that reflects the value of load [21– 

23] as shown in Fig. 1 (blue line). The value of load represents the potential 

cost of load not served in the system. Supply curves of the generation capacity 

(red line in Fig. 1) are based on the generation capacity offers. The intersection 

of the VRR curve and the supply curve gives the market-clearing price (MCP) 

for the generation capacity. 

Although this mechanism can maintain peak load generation capacity 

adequacy, system reliability is not decided only by generation adequacy during 

peak load periods, but also by system flexibility, such as the ability to provide 

fast ramping, especially under high penetration levels of renewable generation 

[24,25] to mitigate wind and solar power variation. In present capacity market 

models, the flexibility requirement (FR) is not included explicitly, which leads 

to less incentive for flexible resource investment because the flexible 

generation is generally more expensive than less flexible generation [5]. In 

addition, FERC has issued order 841 to ask ISOs to open all markets for energy 

storage [26]. Although some researchers proposed the capacity value 

evaluation for energy storage to enable them to participate in the capacity 

market [27], the flexibility of energy storage was modeled only in the energy 

and ancillary services markets [28] and was ignored in their capacity 

compensation. In Great Britain, the underlying reason to redesign the existing 

capacity market mechanism is to encourage investments and the deployment of 

flexible resources such as batteries. For instance, in February 2018, the capacity 

market auctions witnessed record low prices due to very high participation of 

the conventional generators, which were seeking additional revenue, while a 

very small amount of the more flexible battery storage was contracted [3,29]. 

Although the clearing price of capacity market was low, the need to incentivize 

flexibility is high. In 2017, the capacity market in the United Kingdom 

introduced a new de-rating factor for batteries [30]. This rule preferred the 

longer duration energy storage systems and incentivize the energy storage with 

their energy duration instead of their flexibility. In 2019, a new capacity 

mechanism took effect in France to clarify how storage, own-consumption, and 

closed distribution systems are involved in the capacity mechanism [31]. Ref. 

[32] reviewed the evolution of the capacity market in the US electricity market. 

It concluded that the capacity market must continue to evolve to achieve cost-

effective policies for resource adequacy. 

Fig. 1.Variable resource requirement demand curve 

Recently, PJM proposed a framework for renewable generation in its 

capacity market to leverage the flexibility of renewable generation during 

different seasons [33]. The proposal focuses on the peak load capacity without 

considering the system flexibility requirement, which might become more 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.



 

 

  

    

  

 

   

 

 

    

 

 

  

 

  

     

 

 

 

   

   

 

 

 

    

     

  

  

  

 

   

  

  

  

   

  

 

 

 

 

 

 

    

  

  

 

 

 

 

   

 

  

   

 

   

    

 

 

  

    

  

   

 

 

 

 

 

 

 

 

 

 

   

    

 

  

critical with increasing penetration levels of wind and solar generation. CAISO 

proposed that the load serving entities should procure enough flexible resources 

[34] to maintain system reliability. However, CAISO does not have a central 

capacity market to price flexibility. In January 2017, under the government of 

Alberta’s direction, the AESO launched the design and implementation of a 

capacity market includes some flexibility requirements with resources 

submitting their ramp capability [3,35–37]. This proposal, if successfully 

implemented, can relieve the system flexibility shortage but still leave the 

compensation of flexible resources an open question. Although several ISOs 

such as CAISO and MISO proposed the flexible ramping products in their 

energy market to handle ramp issues, the unique characteristic of the capacity 

market to providing a stable flexibility price is a supplement to their designs to 

incentivize the flexibility in the energy market. Also, the price of flexible 

ramping products in the energy market is based on the opportunity cost 

[14,38,39]. When the penetration of the zero marginal cost renewable 

generation is high, the opportunity cost in the energy market for generators 

providing flexible ramping products will also reduce to be close to 0. Therefore, 

the compensation of the flexibility under high renewable penetration level will 

be inadequate. Thus, it is not surprising that similar mechanisms, including 

flexibility are being considered for capacity market design in other ISOs. 

With this motivation, this paper proposes a new capacity market model 

that explicitly includes flexibility requirement (FR) to satisfy the ramp 

requirement because of load, wind, and solar power fluctuations. Through this 

model, the flexible units (especially the energy storage) can obtain extra 

revenue by providing flexibility. Therefore, the proposed capacity market 

model can analyze the impacts of integrating high penetration levels of 

renewable generation on system reliability regarding both peak load and system 

flexibility, as well as the profitability of different types of generation and energy 

storage. The main contribution can be summarized as: 

1) System flexibility requirement related to demand, wind, and solar power 

ramps is explicitly considered. Thus, system reliability regarding not only 

the peak load but also flexibility can be better maintained. 

2) The prices for both the peak load generation capacity and flexibility are 

explicitly derived. Instead of a uniform price signal for all generation 

resources in the current capacity market model, the proposed model sends 

different generation resources price signals according to their available 

generation capacity and flexibility. 

3) Flexible generation, especially energy storage, can participate in this 

capacity market to providing flexibility instead of only considering their 

de-rated generation capacity. 

4) Co-simulation of the proposed capacity market model with the energy 

market model is performed to demonstrate the efficacy of the proposed 

model to maintain both peak load reliability and flexibility. 

Note that the proposed model does not suggest a replacement of flexible 

ramping products in the DA and real-time market operation of several ISOs. It 

is a supplement to existing capacity market designs in the mid to long term 

consideration to incentivize the flexible generation. 

The rest of this paper is organized as follows. Section 2 proposes the new 

capacity market model explicitly considering the flexibility requirement. 

Section 3 presents system FR estimation from historical data. Section 4 

performs case studies to demonstrate the impacts of FR on the capacity MCPs 

and to analyze the influence of renewable generation penetration. Also, the 

generation profitability under the current capacity market model and the 

proposed model is studied. Section 5 concludes the paper. 

2. Capacity Market with Flexibility Requirement 

2.1 Flexibility Requirement in Capacity Market 

This section proposes the overall formulation of the proposed capacity 

market model, including flexibility requirement. The objective function of 

capacity market problem is to maximize the social welfare, which is to 

minimize the capacity procurement cost for the generation capacities minus the 

value of the load. In actual implementation, the VRR curve (Blue curve shown 

in Fig. 1) is piecewise linearized in the model formulation, which means that a 

number of segments will be used to approximate the VRR curve. Here, a new 

constraint regarding the flexibility requirement (FR) is added in the model to 

maintain system flexibility adequacy. In peak load generation capacity 

constraints, the capacity values of renewable resources are considered. Demand 

response can participate in the capacity market in several ISOs [32]. The 

formulation of demand response is similar to other generation techniques. 

Therefore, demand response is not included in this paper for model simplicity. 

min ∑௜∈௦௚ 𝑐௜𝐺௜ ൅ ∑௠∈௦௪ 𝑐௪,௠𝑊௠ ൅ ∑௝∈௦௦ 𝑐௦,௝𝑆௝ ൅ ∑௞∈௘௦ 𝑐௘,௞𝐸௞ െ ∑௟∈௦ௗ 𝑑௟𝐷௟

 (1) 

∑௜∈௦௚ 𝐺௜ ൅ ∑௠∈௦௪ 𝑊௠ ൅ ∑௝∈௦௦ 𝑆௝ ൅ ∑௞∈௘௦ 𝐸௞ ൌ ∑௟∈௦ௗ 𝐷௟ : 𝜆 (2) 

0 ൑ 𝐺௜ ൑ 𝐺௜
௠௔௫: 𝜔௜

௠௜௡, 𝜔௜
௠௔௫ (3) 

0 ൑ 𝑊௠ ൑ 𝐶𝐶௪𝑊௠
௠௔௫: 𝜑௠௠௜௡ , 𝜑௠௠௔௫ (4) 

0 ൑ 𝑆௝ ൑ 𝐶𝐶௦𝑆௝
௠௔௫: 𝜐௝

௠௜௡ , 𝜐௝
௠௔௫ (5) 

0 ൑ 𝐸௞ ൑ 𝐶𝐶௘𝐸௞
௠௔௫: 𝜗௞

௠௜௡, 𝜗௞
௠௔௫ (6) 

0 ൑ 𝐷௟ ൑ 𝐷௟
௠௔௫: 𝜏௟

௠௜௡, 𝜏௟
௠௔௫ (7) 

∑௜∈௦௚ 𝐹𝐶௚,௜ ൅ ∑௞∈௘௦ 𝐹𝐶௘,௞ ൒ 𝐹𝑅  ∶ 𝜇 (8) 

𝐹𝐶௚,௜ ൌ 𝑅𝑅௚,௜𝐺௜: 𝜍௜
௠௔௫ (9) 

𝐹𝐶௘,௞ ൌ 𝑅𝑅௘,௞𝐸௞: 𝜃௞
௠௔௫ (10) 

𝐹𝑅 ൌ 𝑎ௗ ∑௟∈௦ௗ 𝐷௟ ൅ ሺ𝑎௪⁄𝐶𝐶௪ሻ∑௠∈௦௪ 𝑊௠ ൅ ሺ𝑎௦⁄𝐶𝐶௦ሻ∑௟∈௦௦ 𝑆௝ : 𝜋 (11) 

Note 𝑐௜ , 𝑐௪,௠ , 𝑐௦,௝ , and 𝑐௘,௞ are the offer price of the generation 

capacity on the supply curve of capacity market for the conventional generation, 

wind power, solar power, and energy storage respectively. These prices might 

not be the actual investment prices for the corresponding generation capacity 
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directly. They are the prices on the supply curve for the corresponding 

generation resource. 𝑎௪, 𝑎௦, and 𝑎ௗ are obtained from the ramp cumulative 

distribution function (CDF) curves with a 95% percentile value. The objective 

function in (1) includes the generation capacity cost, minus the value of load. 

Eq. (2) represents the generation capacity adequacy requirement for peak load 

reliability. The generation resource capacity limit is shown in (3). Constraints 

(4) to (6) are the wind, solar and energy storage capacity limits considering 

their capacity values. Constraint (7) is the demand constraint for the demand 

on the j-th segment of the piecewise VRR curve. Constraint (8) and (11) are 

system flexibility requirements. Constraint (9) and (10) are the flexibility 

capacity limits of conventional generation and energy storage. In the current 

capacity market model, there is no flexibility requirement constraint, and Eq. 

(8) to (10) are not included [40]. 

To obtain the prices associated with each resource, the Lagrangian 

function of model (1)-(11) is shown in (12). 

𝐿 ൌ ∑௜∈௦௚ 𝑐௜𝐺௜ ൅ ∑௠∈௦௪ 𝑐௪,௠𝑊௠ ൅ ∑௝∈௦௦ 𝑐௦,௝𝑆௝ െ ∑௟∈௦ௗ 𝑑௟𝐷௟ െ 𝜆൫∑௜∈௚ 𝐺௜ ൅ 

௠௔௫ሺ𝐺 ∑௠∈௦௪ 𝑊௠ ൅∑௝∈௦௦ 𝑆௝ ൅ ∑௞∈௘௦ 𝐸௞ െ ∑௝∈௦ௗ 𝐷௝൯ െ ∑௜∈௚ 𝜔௜ ௜
௠௔௫ െ 𝐺௜ሻ െ 

∑௜∈௚ 𝜔௜
௠௜௡𝐺௜ െ ∑௠∈௦௪ 𝜑௠௠௔௫ሺ𝐶𝐶௪𝑊௠

௠௔௫ െ𝑊௠ሻ െ ∑௠∈௦௪ 𝜑௠௠௜௡𝑊௠ െ 

∑௝∈௦௦ 𝜐௦௠௔௫൫𝐶𝐶௦𝑆௝
௠௔௫ െ 𝑆௝൯ െ ∑௝∈௦௦ 𝜐௦௠௜௡𝑆௝ െ ∑௞∈௘௦ 𝜗௞

௠௔௫ሺ𝐶𝐶௘𝐸௞
௠௔௫ െ 𝐸௞ሻ െ 

𝜗௞
௠௜௡𝐸௞ 𝜏௝

௠௔௫൫𝐷௝
௠௔௫ െ 𝐷௝൯ 

௠௜௡𝐷 ∑௞∈௘௦ െ ∑௝∈௦ௗ െ ∑௝∈௦ௗ 𝜏௝ ௝ െ 𝜇൫∑௜∈௚ 𝐹𝐶௚,௜ ൅ 

∑௞∈௘௦ 𝐹𝐶௘,௞ െ 𝐹𝑅൯ െ 𝜋൫𝐹𝑅 െ 𝑎ௗ ∑௟∈௦ௗ 𝐷௟ െ ሺ𝑎௪⁄𝐶𝐶௪ሻ∑௠∈௦௪ 𝑊௠ െ 

ሺ𝑎௦⁄𝐶𝐶௦ሻ∑௟∈௦௦ 𝑆௝൯ െ ∑௜∈௚ 𝜍௜
௠௔௫൫𝑅𝑅௚,௜𝐺௜ െ 𝐹𝐶௚,௜൯ െ ∑௞∈௘௦ 𝜃௞

௠௔௫൫𝑅𝑅௘,௞𝐸௞ െ 

𝐹𝐶௘,௞൯ (12) 

Then, the optimal conditions for each resource are derived, as shown in 

Eq. (13) to (20). 

డ௅

డீ೔ 
ൌ 𝑐௜ െ 𝜆  ൅𝜔௜

௠௔௫ െ𝜔௜
௠௜௡ െ 𝜍௜

௠௔௫𝑅𝑅௜ ൌ 0 (13)

డ௅ 
ൌ 𝑐௪,௠ െ 𝜆  ൅ 𝜑௠௠௔௫ െ 𝜑௠௠௜௡ ൅ 𝜋ሺ𝑎௪⁄𝐶𝐶௪ሻ ൌ 0 (14)

డௐ೘ 

డௌ

డ௅

ೕ 
ൌ 𝑐௦,௝ െ 𝜆  ൅ 𝜐௦௠௔௫ െ 𝜐௦௠௜௡ ൅ 𝜋ሺ𝑎௦⁄𝐶𝐶௦ሻ ൌ 0 (15) 

డா

డ௅

ೖ 
ൌ 𝑐௘,௞ െ 𝜆  ൅  𝜗௞

௠௔௫ െ 𝜗௞
௠௜௡ െ 𝜃௞

௠௔௫𝑅𝑅௘,௞ ൌ 0 (16)

డ௅ 

డ஽೗ 
ൌ െ𝑑௟ ൅ 𝜆  ൅  𝜏௟

௠௔௫ െ 𝜏௟
௠௜௡ ൅ 𝜇𝑎ௗ ൌ 0 (17) 

డ௅ 
ൌ 𝜍௜

௠௔௫ െ 𝜇 ൌ  0 (18)
డி஼೒,೔ 

డி஼ 

డ௅

೐,ೖ 
ൌ 𝜃௞

௠௔௫ െ 𝜇  ൌ  0 (19)

డ௅

డிோ 
ൌ 𝜇 െ 𝜋  ൌ  0 (20) 

Thus, the MCPs for each resource are shown in (21)-(25). The capacity 

prices of the resources include not only the price to serve peak load but also 

consider the contribution of the resource to provide flexibility. If the resource 

provides more flexibility, it will be paid more. In contrast, if the resources need 

the system to provide more flexibility, they should pay more. 

𝑀𝐶𝑃
೔ 
ൌ 𝜆  ൅  𝜍௜

௠௔௫𝑅𝑅௚,௜ (21) 

𝑀𝐶𝑃ௐ೘ 
ൌ 𝜆  െ  𝜇ሺ𝑎௪⁄𝐶𝐶௪ሻ (22) 

𝑀𝐶𝑃ௌೕ 
ൌ 𝜆  െ  𝜇ሺ𝑎௦⁄𝐶𝐶௦ሻ (23) 

𝑀𝐶𝑃ாೖ 
ൌ 𝜆  ൅  𝜃௞

௠௔௫𝑅𝑅௘,௞ (24) 

𝑀𝐶𝑃஽೗ ൌ 𝜆  ൅  𝜇𝑎ௗ (25) 

In the current capacity market model shown in APPENDIX A, when 

flexibility requirement is not included, MCPs are listed in (26). 

𝑀𝐶𝑃
೔ 
ൌ 𝑀𝐶𝑃ௐ೘ 

ൌ 𝑀𝐶𝑃ௌೕ 
ൌ 𝑀𝐶𝑃ாೖ 

ൌ 𝑀𝐶𝑃஽೗ ൌ 𝜆 (26) 

2.2 Revenue Adequacy 

In a sustainable market design, revenue adequacy should be maintained, 

which means the payment paid by the demand shown in Eq. (27) should not be 

less than the revenue paid to the generation resources shown in Eq. (28). With 

MCPs in (21)-(25), the following proof is presented. 

∑௝∈௦ௗ 𝑀𝐶𝑃஽ೕ𝐷௝ ൌ ∑௝∈௦ௗሺ𝜆 ൅ 𝜇𝑎ௗሻ𝐷௝ (27) 

∑௜∈௦௚ 𝑀𝐶𝑃 ೔
𝐺௜ ൅ ∑௠∈௦௪ 𝑀𝐶𝑃ௐ೘

𝑊௠ ൅ ∑௝∈௦௦ 𝑀𝐶𝑃ௌೕ𝑆௝ ൅ ∑௞∈௘௦ 𝑀𝐶𝑃ாೖ𝐸௞ ൌ 

∑௜∈௦௚ሺ𝜆 ൅  𝜍௜
௠௔௫𝑅𝑅௜ሻ𝐺௜ ൅ ∑௞∈௘௦൫𝜆 ൅ 𝜃௞

௠௔௫𝑅𝑅௘,௞൯𝐸௞ ൅ ∑௠∈௦௪൫𝜆 െ  

𝜇ሺ𝑎௪⁄𝐶𝐶௪ሻ൯𝑊௠ ൅ ∑௝∈௦௦൫𝜆 െ  𝜇ሺ𝑎௦⁄𝐶𝐶௦ሻ൯𝑆௝ (28) 

Then substitute Eq. (2) into Eq. (27): 

∑௝∈௦ௗ 𝜆𝐷௝ ൌ 𝜆൫∑௜∈௦௚ 𝐺௜ ൅ ∑௠∈௦௪ 𝑊௠ ൅ ∑௝∈௦௦ 𝑆௝ ൅ ∑௞∈௘௦ 𝐸௞൯ (29) 

When 𝜇 ൐  0 , Eq. (8) is binding. From Eq. (18) and (19), 𝜍௜
௠௔௫ ൌ 

𝜃௞
௠௔௫ ൌ 𝜇. Then with Eq. (9) and (10), 

𝜇൫∑௝∈௦ௗ 𝑎ௗ𝐷௝ ൅ ∑௠∈௦௪ሺ𝑎௪⁄𝐶𝐶௪ሻ𝑊௠ ൅ ∑௝∈௦௦ሺ𝑎௦⁄𝐶𝐶௦ሻ𝑆௝൯ ൌ 

∑௜∈௦௚ 𝜍௜
௠௔௫𝑅𝑅௜𝐺௜ ൅ ∑௞∈௘௦ 𝜃௞

௠௔௫𝑅𝑅௘,௞𝐸௞ (30) 

In the next, 

∑௝∈௦ௗ 𝜇𝑎ௗ𝐷௝ ൌ ∑௜∈௦௚ሺ𝜍௜
௠௔௫𝑅𝑅௜ሻ𝐺௜ ൅ ∑௞∈௘௦ 𝜃௞

௠௔௫𝑅𝑅௘,௞𝐸௞ ൅ 

∑௠∈௦௪൫െ𝜇ሺ𝑎௪⁄𝐶𝐶௪ሻ൯𝑊௠ ൅ ∑௝∈௦௦൫െ𝜇ሺ𝑎௦⁄𝐶𝐶௦ሻ൯𝑆௝  (31) 

Finally, combining Eq (29) and (31), the revenue adequacy can be 

maintained shown in Eq. (32): 

∑௝∈௦ௗ 𝑀𝐶𝑃஽ೕ𝐷௝ ൌ ∑௜∈௦௚ 𝑀𝐶𝑃 ೔
𝐺௜ ൅ ∑௠∈௦௪ 𝑀𝐶𝑃ௐ೘

𝑊௠ ൅ ∑௝∈௦௦ 𝑀𝐶𝑃ௌೕ𝑆௝ ൅ 

∑௞∈௘௦ 𝑀𝐶𝑃ாೖ𝐸௞ (32) 

If the flexibility requirement for net demand is used in the model, Eq. 

(11) is changed as: 

𝐹𝑅 ൌ 𝑎௡ௗିௗ ∑௝∈௦ௗ 𝐷௝ ൅ ሺ𝑎௡ௗି௪⁄𝐶𝐶௪ሻ∑௠∈௦௪ 𝑊௠ ൅ ሺ𝑎௡ௗି௦⁄𝐶𝐶௦ሻ∑௟∈௦௦ 𝑆௝ (33) 

The next section will present the formulation of the flexibility 

requirement. It is noteworthy that the correlation among the variations of 

system demand, wind power outputs, and solar power outputs will also be 

discussed. Therefore, to consider this correlation, FR corresponding to system 

net-demand is used. In addition, FR at different temporal resolution is also 

considered, which represents the ramp requirement at three temporal resolution 

such as 5 minutes ramp, 15 minutes ramp, and one-hour ramp requirements. 

The coefficients 𝑎௪, 𝑎௦, 𝑎ௗ, 𝑎௡ௗିௗ, 𝑎௡ௗି௪, and 𝑎௡ௗି௪ vary with the time 

resolution of the FR. This will be presented in the next section and analyzed in 

Section 4.3. 

3. Statistical Representation of Flexibility Requirement 

This section presents the statistical model to represent system flexibility 

requirement with wind power and solar power at different time resolutions 
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based on actual system historical data. The energy data of wind, solar, and 

demand are obtained from [41–43], respectively. The installed capacity of wind 

and solar power are based on the actual generation portfolio of CAISO, as 

shown in Fig. 2. Note that the energy data has been scaled based on the installed 

capacity. 

The system ramp requirement is used to represent flexibility requirement 

similar to AESO capacity market flexibility consideration [3]. The CDF of the 

absolute ramping for wind, solar, demand, and net demand are shown in the 

APPENDIX Fig. B1 through Fig. B4 with 5-minute, 15-minute, and 60-minute 

time resolution. Fig. B1 to Fig. B4 demonstrate the absolute ramping capacity 

because in the capacity market model, the actual system operating condition is 

unknown; therefore, ramping up and ramping down are not differentiated. The 

95% percentile value of the ramp distribution is used to obtain the statistical 

representation of the ramp requirement for flexibility consideration. The 

percentile level can be adjusted with actual system reliability conditions based 

on system flexibility preference. First, consider load, wind, and solar as 

independent variables. Their FR can be expressed as shown in (34)– (36): 

𝐹𝑅௪ ൌ 𝑎௪𝐶𝑎𝑝௪ (34) 

𝐹𝑅௦ ൌ 𝑎௦𝐶𝑎𝑝௦ (35) 

𝐹𝑅ௗ ൌ 𝑎ௗ𝐶𝑎𝑝ௗ (36) 

where 𝐹𝑅௪ , 𝐹𝑅௦ , and 𝐹𝑅ௗ are the FR of wind power, solar photovoltaic 

(PV), and demand;𝐶𝑎𝑝௪ , 𝐶𝑎𝑝௦ , and 𝐶𝑎𝑝ௗ are the peak capacity of wind 

power, solar PV, and demand. 

Fig. 2. Generation resource mix in CAISO 

Thus, the FR is the summation of the FRs of wind, solar, and demand as: 

𝐹𝑅 ൌ 𝑎௪𝐶𝑎𝑝௪ ൅ 𝑎௦𝐶𝑎𝑝௦ ൅ 𝑎ௗ𝐶𝑎𝑝ௗ (37) 

Table 1. FRs of Generation and Demand 

5-Min 15-Min 60-Min 

Wind 𝒂𝒘 1.51% 4.02% 12.56% 

Solar PV 𝒂𝒔 4.8% 9.01% 24.82% 

Demand 𝒂𝒅 1.7% 3% 7.71% 

Table 1 shows the FR coefficients for different resources at different 

temporal resolutions which are obtained from Fig. B1 through Fig. B3 in the 

APPENDIX. The requirements are represented as the percentages of their peak 

capacities. Table 1 also shows that solar and demand have large FRs in the 60-

minute resolution compared to the 5-minute and 15-minute resolutions. The 

power ramp of solar and demand between different hours are caused by 

sunrise/sunset and customer electricity consumption pattern 

(cooking/bathing/lighting, etc.) instead of random fluctuations [34]. It also can 

be observed that the net demand fluctuation is higher than the demand 

fluctuation, which means that the renewable generation increases system FR. 

Considering the correlation among different resources variations, the 

system FR is derived from the fluctuations of net demand, as shown in Fig. B4 

in APPENDIX. For the net demand FR, a linear regression model [44,45] is 

used to formulate the relationship between the net demand FR and the peak 

capacities of demand, wind, and solar as in (38): 

𝐹𝑅 ൌ 𝑎௡ௗି௪𝐶𝑎𝑝௪ ൅ 𝑎௡ௗି௦𝐶𝑎𝑝௦ ൅ 𝑎௡ௗିௗ𝐶𝑎𝑝ௗ (38) 

where 𝑎௡ௗି௪, 𝑎௡ௗି௦, and 𝑎௡ௗିௗ are the coefficients of the net demand FR 

for different resources, which are obtained from the linear regression model 

[44,45] for simplicity and shown in Table II. 

Comparing Table 1 to Table 2 shows that FR from the summation of 

individual wind power, solar, and demand FR is different from FR calculated 

from the net demand. A detailed analysis will be performed in the case study 

section. 

Table 2. Coefficients of Flexible Resource Requirements for Net Demand 

Wind and-w Solar and-s Demand and-d 

5-Min 0.53% 3.01% 0.6% 

15-Min 1.61% 4.73% 1.3% 

60-Min 4.39% 5.53% 5% 

4. Case Studies 

In this section, the proposed capacity market model including the FR is 

tested on the one-area system and is compared to the current capacity market 

model. The VRR curve in Fig. 3 shows the value of load curve. There are 24 

conventional generation resources, and their parameters are listed in Table 3 

[21]. The first and the fifth columns represent the generation unit number in the 

testing system. The 24th generation resource is an energy storage unit to 

illustrate the impact of energy storage on providing flexibility. The capacity 

value of energy storage system is 25% [27], which uses a dynamic 

programming method to estimate the capacity contribution of energy storage 

during peak load periods. 

4.1 Case Input Data Setting 

The conventional generation resources are separated into three groups: 

Group 1 with units G1 to G11, which have a low capacity price but also the 

lowest flexibility; Group 2 with units G12 to G19 which have the median 

capacity price and median capability for flexibility; Group 3 with units G20 to 

G24 which have the highest capacity price and highest capability to provide 

flexibility. The unit of C is $/MW*day which means that the generator will be 

paid by their available power capacity and availability (days). The unit of Gmax 
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is MW, and RR is a percentage value representing the ramping capability (the 

generator’s ramping capacity is this percentage multiplied with its installed 

capacity). Note that the flexible resource ramping capacity calculated with RR 

has the unit as MW/h in Table 3 showing the hourly capacity data. To simulate 

the 15-minute and 5-minute resolutions, these capacities should be divided by 

4 and 12, respectively. 

Fig. 3. Variable resource requirement curve used in the testing system 

Fig. 4. Capacity values of wind and solar power under different capacities 

Table 3. Generation Parameters 

N. C Gmax RR N. C Gmax RR 

G1 5 60 5% G13 25 70 10% 

G2 6 60 5% G14 30 70 10% 

G3 7 60 5% G15 32 70 10% 

G4 8 60 5% G16 34 40 10% 

G5 9 60 5% G17 36 40 10% 

G6 10 60 5% G18 38 40 10% 

G7 11 60 5% G19 40 40 10% 

G8 12 100 5% G20 42 30 50% 

G9 13 100 5% G21 44 30 50% 

G10 14 100 5% G22 46 30 50% 

G11 15 100 0% G23 48 30 50% 

G12 20 70 10% G24 30 20 100% 

In this study, the capacity price of wind and solar power is lower than 

that of conventional generation at $5/MW*day because wind and solar have a 

lower energy marginal price and can be effectively price takers in the energy 

markets, which can help them earn profits from the energy markets [46]. 

Therefore, they have a higher motivation to offer a lower price in the capacity 

market. Note that the subsidy of renewable generation in several markets are 

not included in this study for model simplicity. Because the capacity values 

will reduce with their capacities and penetration, the capacity values of wind 

and solar generation under different penetration levels in this study are shown 

in Fig. 4. These capacity values are obtained from [47–49], which uses the 

effective load carrying capability (ELCC) to evaluate the renewable capacity 

values. 

4.2 Analysis of Renewable Penetration Level 

This subsection studies the influence of total renewable power capacity 

on the MCPs of the capacity market. The renewable capacities are 50% wind 

power and 50% solar power, respectively. In this study, FR of demand, wind, 

and solar are modeled independently; their FR coefficients are shown in Table 

1. The correlation of the demand, wind, and solar FR will be analyzed in the 

following subsection. Fig. 5 shows the MCPs for the generation capacity 

without considering the FR. It can be clearly observed that with increasing 

renewable generation capacity, the system supply curve shifts to the right, and 

the MCP (at the intersection of the VRR curve and the supply curve) reduces, 

which is reasonable because the capacity offered price of the renewable 

generation is less than that of the conventional generation resources in the 

generation supply curve. The cleared generation capacities in the capacity 

market model without/with considering the FR under different renewable 

generation capacities are shown in Fig. 6 and 7, respectively. Because G1-G14 

are cleared with their maximum capacities in two cases, they are not shown in 

Fig. 6 and Fig. 7. The MCPs are listed in Table 4. The system needed and 

procured FR amounts in the capacity market are listed in Table 5. 

Fig. 5. MCPs without FR under different renewable penetration levels 

Fig. 6 demonstrates that with increasing wind and solar capacities, the 

expensive conventional generation capacity will be replaced by the wind and 

solar power capacity in the capacity market. These expensive generation are 

more flexible compared to other generators. Their replacements would lead to 

the system flexibility inadequacy under high renewable penetration levels. The 

share of wind and solar capacity will linearly increase if flexibility requirement 

is not considered. Contrariwise, when FR is modeled, Fig. 7 shows that when 

the wind and solar power capacity is high (greater than 300 MW in Fig. 7), their 
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capacities cannot be fully cleared in capacity market because of the shortage of 

system’s flexibility. This means that the system does not have adequate flexible 

resources to integrate additional wind and solar capacity. For instance, wind 

power is not cleared when the total wind and solar capacity is higher than 400 

MW. The generation units in Group 3 (G20-G24) will increase their share in 

the proposed capacity market because they have the capability to provide 

flexibility. It can also be observed that when the renewable capacity is low (less 

than 200 MW in this case), the cleared generation capacity does not change 

after considering FR in capacity market model. Under the case of low 

renewable penetration levels, the system is not constrained by flexibility. 

Fig. 6. Generation capacities without FR under different renewable capacities 

Fig. 7. Generation capacities with FR under different renewable capacities 

Table 4 demonstrates that with increasing renewable capacities, the 

MCPs will constantly decrease, and the MCPs for different resources will be 

uniform if the FR is not considered as in current capacity market model. In 

contrast, when the FR is considered, the MCPs for different resources will be 

different when the system is constrained by flexibility. In addition, the MCPs 

are not monotonically decreasing with the renewable capacity in this case. The 

MCPs of generators providing flexibility could increase with renewable 

capacity. When the system is constrained by flexibility under high renewable 

capacity, the price of flexibility will increase that can increase the MPCs of 

generators. When the system is not constrained by flexibility (less than 200 

MW of renewables in the system) the MCPs without/with considering the FRs 

will be the same because the price of flexibility is 0 in this case. 

Table 4. MCPs without/with FR under different wind and solar capacities 

MCP 
Wind + Solar Capacities (MW) 

($/MW*day) 

0 100 200 300 400 500 600 

Without FR 

MCP 42 40 36 3438 36 

With FR 

G1-G10 42 40 35.25 31.11 32.64 30.25 30.74 

G11 42 40 34.5 29.45 31.28 28.5 29.05 

G12-G19 42 40 36 32.76 34 32 32.44 

G20-G23 42 40 42 46 44.88 46 46 

G24 42 40 94.5 161.8 140.1 168.5 164.7 

Wind 42 40 25.53 5 5 -9.73 -13.54 

Solar 42 40 27.73 13.02 16.28 6.78 5 

Load 42 40 35.25 31.10 32.64 30.2 30.74 

Table 5 shows that when the wind and solar capacity is higher than 200 

MW, the system will be short of the necessary flexible capacity if FR is not 

considered in capacity market model. This might lead to a ramping capacity 

shortage in energy market. In contrast, after the FR is considered in the 

proposed model, flexibility adequacy can be guaranteed. 

Table 5. System FR requirement and procurement without/with FR 

Wind+Solar Capacities (MW) 

0 100 200 300 400 500 600 

Without FR 

Needed 

FR (MW) 
63.4 82.1 100.8 119.5 138.2 156.9 175.6 

Procured 

FR (MW) 
101.3 96.1 92.8 90.3 88.8 87.6 86.9 

With FR 

Needed 

FR (MW) 
63.4 82.1 100.8 117.6 115.3 125.6 124.0 

Procured 

FR (MW) 
101.3 96.1 100.8 117.6 115.3 125.6 124.0 

4.3 Impacts of FR Temporal Resolutions 

Table 1 and Table 2 show that the fluctuations of demand, wind, and 

solar vary with the temporal resolution; therefore, FR can change with the 

temporal resolution. In this study, the total renewable capacity is 600 MW with 

50% wind and 50% solar. Note that the generation’s flexibility has been divided 

by 4 and 12 when performing the 15-minute and 5-minute studies. Table 6 and 

Table 7 list the results of different time resolutions for independent and 

correlated cases. Fig. 8 is the cleared generation capacities under different 
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resolutions for independent and correlated cases. Here correlated cases mean 

that the FR is calculated from net demand fluctuation requirements. 

Table 6 shows that the MCPs vary among resources because in this case 

that the system is constrained by flexibility, also as shown in Table 7. It also 

demonstrates that the MCPs for different resources will change with FR 

temporal resolution. In the independent case, the MCPs decrease when the 

resolution increases from 5 minutes to 60 minutes for G1- G19, wind, and load. 

For G20-G24, the MCPs increase with the temporal resolution of the FR. The 

change in the pattern of the MCPs to the temporal resolution is monotonic in 

this case. In the correlated case, the MCPs do not increase or decrease 

monotonically with the temporal resolution. For G1-G19, wind and load, the 

MCPs first decrease and then increase with the temporal resolution. For G20-

24, the MCPs first increase and then decrease with the temporal resolution. For 

both the independent and correlated cases, it can be observed that the change 

patterns in the MCPs to the temporal resolution are opposite between the 

resources of G1-G19, wind and load, and the resources of G20-24. Note that in 

three independent cases, the MCPs for wind resources are lower than its offered 

price ($5/MW*day). This means that the wind resources will not be cleared in 

this market. Therefore, in these cases, the cleared wind power capacities are 

zeros shown in Fig. 8. Table 7 also demonstrates that flexibility adequacy can 

be maintained because the operators can procure enough flexibility capacity 

with the proposed model. 

Table 6. MCPs under different temporal resolutions 

 Independent Correlated 

5 Min 15 Min 60 Min 5 Min 15 Min 60 Min 

G1-G10 37.06 33.94 30.74 33.96 30.19 33 

G11 36.11 32.60 29.05 32.62 28.37 32 

G12-G19 38 35.28 32.44 35.30 32 34 

G20-G23 45.56 46 46 46 46.516 42 

G24 111.72 139.81 164.7 139.67 173.53 112 

Wind 1.857 -10.50 -13.5 15.60 5 23.22 

Solar 5 5 5 5 8.753 28.84 

Load 37.47 33.99 30.74 34.55 30.258 33 

Table 7. System FR requirements and procurement amounts under different 

temporal resolutions 

 Independent Correlated 

5 Min 15 Min 60 Min 5 Min 15 Min 
60 M 

in 

Needed FR 

(MW) 
122.48 122.72 123.96 127.09 125.59 93.24 

Procured 

FR (MW) 
122.48 122.72 123.96 127.09 125.59 93.24 

Fig. 8. Generation capacities under different time resolutions FR 

Fig. 8 demonstrates that the cleared generation mix changes with FR 

temporal resolution in both the independent and correlated cases. Under an 

increased temporal resolution, more wind and solar capacity can be cleared. In 

addition, the cleared wind and solar capacities are higher in the correlated cases. 

Because the variation of wind and solar has the complementarity of some 

degree. Therefore, in the correlated cases, system FR is lower compared to the 

independent cases. 

4.4 Wind and Solar Penetration Comparison 

This subsection analyzes the impact of different penetration levels of 

wind and solar. The 5-minute time resolution and the correlated case are chosen 

for the analysis. Fig. 9 and Fig. 10 depict the dual prices of the peak load 

capacity constraint Eq. (2) and the flexibility constraint Eq. (8) under different 

wind and solar capacity levels, respectively. In this study, the wind and solar 

capacities vary from 0 to 300 MW. The system peak load is around 1270 MW; 

therefore, the total wind and solar penetration level varies from 0 to around 

47.2% correspondingly. 

Fig. 9. The values of 𝜆 under different wind and solar capacities 

Fig. 9 shows that the dual price of the peak load generation capacity 

constraint monotonically decreases with wind power capacity and first 

decreases and then increases with solar capacity. In addition, solar power has a 

higher impact on this price. For instance, when solar power is 0 MW, this price 
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reduces from $42/MW*day to $36.5/MW*day when wind power increases 

from 0 MW to 300 MW. When wind power is 0 MW, this price reduces from 

$42/MW*day to $32.619/MW*day with solar increasing from 0 to 300 MW. 

From Fig. 4, solar power has a higher capacity value than wind power. 

Therefore, solar will have a higher impact on the peak load generation capacity 

price because it can replace more conventional generation capacity. 

Fig. 10. The values of 𝜇 under different wind and solar capacities 

Fig. 10 demonstrates that the dual price of the FR constraint increases 

with the wind power capacity, and it first increases and then decreases with the 

solar capacity. Solar power has a higher impact on this price. For instance, this 

price increases from 0 to $15/MW*day when the solar power capacity is 0 and 

the wind power capacity increases from 0 to 300 MW. In contrast, it increases 

from 0 to $26.762/MW*day when the wind power capacity is 0 and the solar 

power capacity increases from 0 to 300 MW. Table 1 and II show that the solar 

power has a higher flexibility requirement than that of the wind power. This 

means that 1 MW solar power requires a higher flexible resource capacity than 

1 MW wind power. Consequently, solar power has a higher impact on system 

flexibility price. 

4.5 Generation Revenue Analysis 

This subsection analyzes the revenue of different generation groups and 

renewables without/with considering FR in capacity market. The 5-minute time 

resolution and correlated case is analyzed here. In this study, the revenue from 

energy market is co-simulated. The unit commitment and economic dispatch 

are simulated for the energy market to obtain the energy market clearing price 

and power dispatch. All the temporal constraints, such as the generation 

ramping limitations, the energy storage state of charge constraints and the 

system power flow constraints are considered in the unit commitment and 

economic dispatch model. The marginal energy prices of different generation 

resources in the energy market are from [50]. Only the generation resources 

cleared in capacity market participate energy market simulation. After the 

generation capacities are obtained from the capacity market, energy market is 

simulated with one-year of historical load, wind and solar power output data 

used in Section 3. A daily unit commitment of 24 hours is solved for each day 

to decide the unit status and then the 24 hours economic dispatch is solved to 

decide the generation dispatch and the market-clearing prices (MCPs) of the 

energy market. Then the cleared generation capacities and MCPs are used to 

calculate the generation profit. Table 8 lists the generation revenue results in 

different markets, and the curtailments of load, wind and solar in energy market. 

Table 8 shows that the total generation revenue reduces in the proposed 

capacity market model compared to the current model without the FR. The 

major changes are for Group 3 and the renewables. In current capacity market 

without the FR, wind and solar power can obtain a high revenue because their 

cleared capacity amounts are high in this market. After considering the FR in 

capacity market model, the cleared wind and solar power capacity reduces, and 

consequently, their revenue decreases. For Group 3, its revenue increases 

significantly after considering FR in capacity market model. If FR is not 

considered, the cleared capacity is very low in capacity market model. After 

considering FR, they are cleared with an appropriate amount to maintain the 

flexibility in the system, and therefore they can obtain more revenue in the 

market. 

After considering the FR, the total revenue of both capacity and energy 

markets reduces 0.805% from the current market model, which means that the 

total load payments will change only slightly. It also can be observed that the 

curtailment of load, wind and solar power reduces significantly after FR is 

modeled in capacity market, which leads to a more flexible generation mix and 

a system that can accommodate higher system load, wind and solar power 

fluctuation. 

Table 8. Revenues of different resources 

Without FR ($) With FR ($) 

Capacity Energy Capacity Energy 

Group1 6,978,800 43,095,020 6,916,750 59,890,740 

Group2 740,950 265,440.9 892,060 1,270,483 

Group3 7,300 0 265,720 157,440.1 

Wind 372,300 11,209,690 115,705 13,601,160 

Solar 1,303,050 24,824,910 0 4,972,813 

Total 9,402,400 79,395,061 8,190,235 79,892,636 

Load curtailment 5.234 MWh 0 

Wind curtailment 14.0% 6.7% 

Solar curtailment 15.2% 2.1% 

5. Conclusions 

In this paper, the flexibility requirement is explicitly considered in the 

proposed capacity market model. With the FR endogenously modeled, the 
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operators can procure adequate flexible capacity to mitigate the system 

uncertainty in the mid to long term. The prices for both the generation capacity 

and their flexibility are directly derived. Consequently, different generation 

resources receive appropriate price signals based on their capability to provide 

both generation capacity and flexibility instead of the uniform price signal for 

only generation capacity in existing capacity market model. Flexible generation, 

especially energy storage, can earn appropriate payments from the proposed 

capacity market for providing flexibility. Due to those aforementioned features 

of the proposed model, it might attract more flexible generation investments 

which improve system reliability in terms of operation flexibility. Hence, the 

system can maintain adequate flexibility under high renewable penetration 

levels. It is noteworthy that the temporal resolution of the FR and the 

correlation among the variations of load, wind and solar have significant 

impacts on capacity market clearing if FR is considered. 

Note that the proposed model is not a replacement of the current market 

design in the United States; instead, it proposes a supplement mechanism to 

incentivize the flexible generation resource investment which is an open issue 

and needs more studies in the future. There are other market designs in the 

energy and ancillary services markets to incentivize the flexibility, such as the 

flexible ramp products. The proposed capacity market model can coexist with 

these designs to incentivize the flexible generation in different timescales 

instead of replacing these designs in the markets. More comprehensive studies 

to analyze different market designs compensating for the generation flexibility 

will be our future research work. The simulation is performed with the 

simulated data which might be different from actual system’s historical data. 

Future analysis will be performed with actual system data to evaluate the 

proposed model in the actual market operation. 
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APPENDIX A 

The current capacity market model without the flexibility requirement is 

shown below. 

min ∑௜∈௦௚ 𝑐௜𝐺௜ ൅ ∑௠∈௦௪ 𝑐௪,௠𝑊௠ ൅ ∑௝∈௦௦ 𝑐௦,௝𝑆௝ ൅ ∑௞∈௘௦ 𝑐௘,௞𝐸௞ െ 

∑௝∈௦ௗ 𝑑௝𝐷௝ (A1) 

∑௜∈௦௚ 𝐺௜ ൅ ∑௠∈௦௪ 𝑊௠ ൅ ∑௝∈௦௦ 𝑆௝ ൅ ∑௞∈௘௦ 𝐸௞ ൌ ∑௝∈௦ௗ 𝐷௝ : 𝜆 (A2) 

0 ൑ 𝐺௜ ൑ 𝐺௜
௠௔௫: 𝜔௜

௠௜௡, 𝜔௜
௠௔௫ (A3) 

0 ൑ 𝑊௠ ൑ 𝐶𝐶௪𝑊௠
௠௔௫: 𝜑௠௠௜௡ , 𝜑௠௠௔௫ (A4) 

0 ൑ 𝑆௝ ൑ 𝐶𝐶௦𝑆௝
௠௔௫: 𝜐௝

௠௜௡ , 𝜐௝
௠௔௫ (A5) 

0 ൑ 𝐸௞ ൑ 𝐶𝐶௘𝐸௞
௠௔௫: 𝜗௞

௠௜௡, 𝜗௞
௠௔௫ (A6) 

0 ൑ 𝐷௝ ൑ 𝐷௝
௠௔௫: 𝜏௝

௠௜௡, 𝜏௝
௠௔௫ (A7) 

To obtain the prices associated with each resource, the Lagrangian 

function of model (A1) -(A7) is shown in (A8). 

𝐿 ൌ ∑௜∈௦௚ 𝑐௜𝐺௜ ൅ ∑௠∈௦௪ 𝑐௪,௠𝑊௠ ൅ ∑௝∈௦௦ 𝑐௦,௝𝑆௝ െ 

∑௝∈௦ௗ 𝑑௝𝐷௝ െ 𝜆൫∑௜∈௚ 𝐺௜ ൅ ∑௠∈௦௪𝑊௠ ൅ ∑௝∈௦௦ 𝑆௝ ൅ ∑௞∈௘௦ 𝐸௞ െ 

∑௝∈௦ௗ 𝐷௝൯ െ ∑௜∈௚ 𝜔௜
௠௔௫ሺ𝐺௜

௠௔௫ െ 𝐺௜ሻ െ ∑௜∈௚ 𝜔௜
௠௜௡𝐺௜ െ 

∑௠∈௦௪ 𝜑௠௠௔௫ሺ𝐶𝐶௪𝑊௠
௠௔௫ െ𝑊௠ሻ െ ∑௠∈௦௪ 𝜑௠௠௜௡𝑊௠ െ 

∑௝∈௦௦ 𝜐௦௠௔௫൫𝐶𝐶௦𝑆௝
௠௔௫ െ 𝑆௝൯ െ ∑௝∈௦௦ 𝜐௦௠௜௡𝑆௝ െ 

∑௞∈௘௦ 𝜗௞
௠௔௫ሺ𝐶𝐶௘𝐸௞

௠௔௫ െ 𝐸௞ሻ െ ∑௞∈௘௦ 𝜗௞
௠௜௡𝐸௞ െ 

𝜏௝
௠௔௫൫𝐷௝

௠௔௫ െ 𝐷  ௠௜௡𝐷 ∑௝∈௦ௗ ௝൯ െ ∑௝∈௦ௗ 𝜏௝ ௝ (A8) 

Then, the optimal condition for each resource is derived, as shown in Eq. 

(A9) to (A13). 
డ௅ 

ൌ 𝑐௜ െ 𝜆 ൅ 𝜔௜
௠௔௫ െ 𝜔௜

௠௜௡ ൌ 0 (A9) 
డீ
డ௅
೔ 

௠௔௫ െ 𝜑௠௠௜௡ ൌ 0
డௐ೘ 

ൌ 𝑐௪,௠ െ 𝜆  ൅ 𝜑௠  (A10) 

డௌ

డ௅

ೕ 
ൌ 𝑐௦,௝ െ 𝜆  ൅ 𝜐௝

௠௔௫ െ 𝜐௝
௠௜௡ ൌ 0 (A11) 

డா

డ௅

ೖ 
ൌ 𝑐௘,௞ െ 𝜆  ൅  𝜗௞

௠௔௫ െ 𝜗௞
௠௜௡ ൌ 0 (A12) 

డ௅ ௠௜௡ ൌ 0
డ஽ೕ 

ൌ െ𝑑௝ ൅ 𝜆  ൅ 𝜏௝
௠௔௫ െ 𝜏௝  (A13) 

The marginal clearing prices of different resources are their offering 

prices plus the shadow prices of their up/low limits. The MCP for different 

resource are the same as shown below. 

𝑀𝐶𝑃
೔ 
ൌ 𝑀𝐶𝑃ௐ೘ 

ൌ 𝑀𝐶𝑃ௌೕ 
ൌ 𝑀𝐶𝑃ாೖ 

ൌ 𝑀𝐶𝑃஽ೕ 
ൌ 𝜆 (A14) 

APPENDIX B 

The wind, PV and demand ramp probabilistic distribution at different 

temporal scales are demonstrated in the following figures. Three temporal 

scales including 5 minutes, 15 minutes and one-hour ramping are depicted in 

Fig. B1 to B4. One-year historical data from CAISO is used to obtain these 

figures. 
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Fig. B1. Wind power ramp during 5-minute, 15-minute, and 60-minute timescales 

Fig. B2. PV power ramp during 5-minute, 15-minute, and 60-minute timescales 

Fig. B3. Load ramp during 5-minute, 15-minute, and 60-minute timescales 

Fig. B4. Netload ramp during 5-minute, 15-minute, and 60-minute timescales 
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