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Highlights

[ ] 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.
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Nomenclature

Parameters

QAgq, Ay, A

And—dr And-wr

Ana-s

Coefficients for the flexible resource requirement of
demand (d), wind power (w), and solar power (s)
Coefficients for the flexible resource requirement in net-
demand for demand (nd — d), wind power (nd — w), and

solar power (nd — s), respectively

Ci Offer price for supplying the generation capacity
$/(MW*day) of the i-th conventional generator

Cw,m Offer price $/(MW*day) of the m-th wind power
generator

Cs.j Offer price $/(MW*day) of the j-th solar power generator

Cek Offer price $/(MW*day) of the k-th energy storage unit

CCy Capacity value factor of the m-th wind power generation

G Capacity value factor of the s-th solar power generation

dy Price of the VRR curve j-th segment of the (reliability
value of incremental load capacity)

FG; Flexibility capacity of the i-th flexible resource

FR

Flexibility requirement in capacity market

Gmax
RR;
smax
wmax
Variables
D,

Ey

Maximum capacity of the i-th generation
Ramp rate ratio of generation i to its maximum capacity
Maximum capacity for the j-th solar generation

Maximum capacity for the m-th wind generation

Cleared demand in the j-th segment of VRR curve
Energy storage capacity in the capacity market model of
the k-th energy storage

Cleared conventional generation capacity for the peak
load in the capacity market model of the i-th generator
Solar capacity for the peak load in the capacity market
model of the j-th solar power generator

Cleared wind power capacity for the peak load in the
capacity market model of the m-th wind power generator.
Dual variable of the peak load generation constraint
Dual variable of the flexibility requirement constraints
Dual variables of the i-th conventional generation

capacity lower and upper limits
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yin, ymax Dual variables of the s-th solar generation capacity lower

and upper limits

min qmax
19k 'Yk

Dual variables of the k-th energy storage capacity lower

and upper limits

T, e Dual variables of the j-th load capacity lower and upper
limits

¢max 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.
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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
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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 Ziesg CiGi + Zmesw CW,me + Zjess Cs,ij + Zkees Ce,kEk - Zlesd dlDl

1
Siesg Gi + Tmesw Win + Ljess Sj + Zkees Ex = Liesa Di: A @
0 < G; < G"™: Wi, X 3)
0 < Wy, < CC, W% pin, pmax @
0 < §; < CC S ymin, ymax ®)
0 < Ey < CCEP™:9mm, 9[rex 6)
0 < D, < Dax; gjnin, gnax @
Yiesg FCgi + Lkees FCox = FR : b ®)
FCyi = RRgiGy: " ©)
FC,j = RR,Ey: 0" (10)
FR = ag Yyesa D1 + (@ /CCW) Tmesw Win + (as/CCs) Tiess Sj i1 an

Note ¢;, Cwm, Csj, and ¢,y 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. a,,, as, and a, 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 = Yiesg €iGi + Tmesw CwmWin + Ljess €5,;S; — Yiesa diDy — A(Tieg G +
Ymesw Wn + Zjess Si + Tkees Ex — Ljesa D) — ieg 0" (GI"™ — G;) —
Ticg 07" Gi = Lmesw P (CC W™ = Win) = Zomesw P Win =
Yjess VI (CCS™ = 87) = X jess VIS — Tees O (CCEF™ — Ey) —
Siees I Ex — Ljesa T (D" = D;) — Tjesa 1" Dy — (Tieg FCyy +
Ziees FCej = FR) = w(FR = @4 Ziesa Di = (@w/CCw) Tmesw Win =
(a5/CCs) Yiess ;) = Tieg ST (RRgiGi = FCqy) — Ykees O (RRo By =
FC,y) 12)

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

Eq. (13) to (20).
o _

36, = G~ A+ " — " — GMRR; = 0 (13)
JL i
M =Cwm — A+ (p:))*}ax - (prrnnm + T[(aw/CCw) =0 (14)
:—SLj=cS,j—l+vs"”‘"—vs"”'"+7r(aS/CCs)=O (15)
dL i
35 = Cok = A+ O = 1" — O]“RRo = 0 (16)
L= —dy A T — M 4 gy = 0 (17
L
0L _ max oy =
e = S —u=0 (18)
L _ pgmax _ , _
e = O =0 19)
L
aeg =M T=0 0

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;, = 2+ ¢"“RRy, @1
MCPy,, = 2 — p(a,/CCy) (22)
MCPg; = A — u(ay/CCy) @3)
MCPy, = A+ 67°“RR,, (24)

MCPp, = A + pay (25)
In the current capacity market model shown in APPENDIX A, when

flexibility requirement is not included, MCPs are listed in (26).
MCP;, = MCPy,, = MCPs, = MCPg, = MCP), = 1 (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.
Yjesa MCPp D; = ¥ jesa(A + paq)D; (27
Yiesg MCP;,G; + Xmesw MCPy, W + Yjess MCP,S; + Ykees MCPg, By =

ZL’Esg(/1 + (;{naxRRi)Gi + Zkees(/1 + HIZ"QXRRe,k)Ek + Zmesw(/1 -

ﬂ(aw/ccw))Wm + Zjess(’l - #(as/ccs))sj (28)
Then substitute Eq. (2) into Eq. (27):
Zjesd AD]’ = A(Ziesg Gi + Ymesw Win + Zjess Sj + Ykees Ek) (29)

When u >0, Eq. (8) is binding. From Eq. (18) and (19), ¢/*** =
671 = p. Then with Eq. (9) and (10),

”(Zjesd adDj + Zmesw(aw/CCW)Wm + Zjess(as/ccs)sj) =

Yiesg SI"RR;G; + Yiees OF “*RR k Ey (30)
In the next,
YjesahaaDj = Viesg (6" RR)G; + Tkees O RRe i Ex +
Smesw(—1(a/CCl) )W + T jess(—1(as/CC,))S; (31

Finally, combining Eq (29) and (31), the revenue adequacy can be
maintained shown in Eq. (32):
Yjesa MCPp;Dj = Viesg MCPg,Gi + Lmesw MCPw, Wi + X jess MCPs,S; +
Ykees MCPg, Ey (32

If the flexibility requirement for net demand is used in the model, Eq.
(11) is changed as:
FR = ang_a Xjesa Dy + (@na—w/CCw) Xmesw Win + (@na-s/CCs) iess Sj(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 a,,, as, 4, Ang-aq> Ang-w»> and dpgq_,, 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):

FR,, = a,Cap,, (34)
FR; = asCap, 35)
FRy = azCapy (36)

where FR,,, FRg, and FR,; are the FR of wind power, solar photovoltaic
(PV), and demand;Cap,,, Cap,, and Cap, are the peak capacity of wind

power, solar PV, and demand.

Generation Portfolio Renewables
3%
\’ e 6% 48%

12% » natural gas “ * Solar

* renewables 9% * Wind
large hydro \ geothermal
* nuclear - small hydro

29% other 30% = biofuels

A

Fig. 2. Generation resource mix in CAISO
Thus, the FR is the summation of the FRs of wind, solar, and demand as:
FR = a,Cap,, + a;Cap; + azCap, (37

Table 1. FRs of Generation and Demand

5-Min 15-Min 60-Min
Wind a,, 1.51% 4.02% 12.56%
Solar PV ag 4.8% 9.01% 24.82%
Demand ay 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 = apy_Capy,, + ayq_sCaps + ang_qCapy (38)
where apg_w, Ana—s, and a,q_q 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 ana-s Demand and-q
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.
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Fig. 3. Variable resource requirement curve used in the testing system
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Fig. 4. Capacity values of wind and solar power under different capacities

Table 3. Generation Parameters

N. C | Gmax RR N. C Gmax RR
Gl 5 60 5% GI3 | 25 70 10%
G2 6 60 5% Gl4 | 30 70 10%
G3 7 60 5% GI5 | 32 70 10%
G4 8 60 5% Gl6 | 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%
Gl1 | 15 100 0% G23 | 48 30 50%
Gl12 | 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.

30
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= 300
s —— 200 MW Renewable
= —— 300 MW Renewable
B2
~— 200 { —— 400 MW Renewable
] — VRR
a 100
o T
800 1000 1200 1400 1600

Capacity (MW)
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.
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Fig. 6. Generation capacities without FR under different renewable capacities
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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 38 36 36 34 34
With FR

G1-G10 42 40 3525 3111 32.64 3025 30.74
Gl1 42 40 345 2945 3128 285 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 40 945 161.8 140.1 1685  164.7
Wind 42 40 2553 5 5 -9.73  -13.54
Solar 42 40 2773 13.02 1628 6.78 5
Load 42 40 3525 31.10 3264 302 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

63.4 82.1 100.8 119.5 1382 1569 1756
FR (MW)
Procured

101.3  96.1  92.8 90.3 88.8 87.6 86.9
FR (MW)

With FR

Needed

63.4 82.1 100.8 117.6 1153  125.6  124.0
FR (MW)
Procured

101.3  96.1 100.8 117.6 1153  125.6  124.0
FR (MW)

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

5Min  15Min 60 Min 5 Min 15Min 60 Min
G1-G10 37.06 33.94 30.74 33.96 30.19 33
Gl1 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 2322
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
60 M
5Min  15Min 60 Min | 5Min 15 Min 4
in
Needed FR
12248 12272 12396 | 127.09 12559 93.24
MW)
Procured
12248 12272 12396 | 127.09 12559 93.24
FR (MW)
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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.
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Fig. 9. The values of A 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.
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Fig. 10. The values of u 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 S-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
Groupl 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.

minZiEsg CiGi + Zmesw Cw,me + Zjess Cs,ij + Zkees Ce,kEk -

Yjesa 4;D; (A1)
Yiesg Gi + Xmesw Win + Xjess Sj + Xkees Ex = Xjesa Dj: 4 (A2)
0 < G; < G VT, I9* (A3)
0 < W, < CC, W,ax; pmin pmax (A4)
0 < §; < CCSM*:pin, e (A5)
0 < Ey < CC,EPa*: 9jnin, gmax (A6)
0 < D; < Djrax; gnin, gfnax (A7)

To obtain the prices associated with each resource, the Lagrangian
function of model (A1) -(A7) is shown in (AS).
L= Ziesg CiGi + Zmesw Cw,me + Zjess Cs,jsj -
Zjesd dej - A(Zieg Gi + Zmesw Wm + Zjesssj + Zkees Ek -
YjesaDy) = Tieq 0" (G = G;) — Tieg 0™"G; —
Zmesw (prrr?ux(CCanZLnux - m) - Zmesw ¢minWm -
Zjess Usmax(ccssjmux - Sj) - Zjess U;ninsj -
Zkees ﬁlznax(CCeElEnax - Ek) - Zkees 19,1{'ninEk -
Yjesa T (D" = D)) = Tjesa 1D (AB)

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

(A9) to (A13).
;—:i:ci—“w%”“"—w%""":o (A9)
Ly — A+ QR — gpin =0 (A10)
oL max min
Tﬁ=cs,j—l+uj -y =0 (A11)
aL max min
= Cop = A O — 9 = 0 (A12)
;—;j = —d; + A+ 7" — g = 0 (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;, = MCPy,, = MCPs, = MCPy, = MCP,, = A (Al4)
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
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